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Evaluation of use of dry-process rubber modification in asphalt mixtures 

Punyaslok Rath 

Dr. William Buttlar, Dissertation Supervisor 

ABSTRACT 

This study explores four different facets of using dry-process rubber modification in 

asphalt mixtures. The first investigation was motivated by the need to understand the cracking 

mechanism prevalent in the dry-process rubber-modified asphalt mixtures. It has been observed 

that dry-process rubber-modified specimens are characterized differently by different cracking 

tests, and thus, understanding the cracking mechanism is of immense importance, especially when 

mixture design is evolving to be based on mixture performance tests through implementation of 

Balanced Mixture Design (BMD) method. The study devised a new test method to ascertain the 

cracking mechanism of dry-process rubber modification. Results from the novel test methods, 

coupled with image analysis, revealed the presence of crack pining mechanism in the binder-

rubber mastic. 

The next part of the study investigated the long-term aging of dry-process rubber-modified 

asphalt mixtures and compared it to unmodified, and polymer-modified asphalt mixtures in terms 

of their cracking potential determined by three different, widely-used cracking tests, namely, Disk-

shaped Compact Tension (DC(T) test, Illinois Flexibility Index Test (IFIT), and indirect Tensile 

Asphalt Cracking test (IDEAL-CT). Results from this study showed the adequacy of DC(T) test 

to correctly characterize rubber-modified specimens, both short-term and long-term aged, while 

IFIT test was seen lacking in producing reliable results for long-term aged specimens. Analysis of 

test data revealed that rubber modification might decrease the aging susceptibility of asphalt 
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mixture. This could be attributed to the enhanced cracking resistance due to presence of crack 

pinning mechanism. 

The third part of the study focused on the use of dry-process rubber-modified dense-graded 

asphalt mixtures as a popular pavement preservation technique, specifically, thin HMA overlay. 

Standard and modified mixture tests, both cracking and rutting, were used to compare the 

unmodified and rubber-modified mixtures. Additionally, a specialized software, TxACOL, 

specifically used for asphalt overlay design, was employed to investigate the benefits of rubber-

modification. The results were mixed, in the sense that the rubber-modification showed great 

advantage when used over existing asphalt overlay, but a contrasting trend was observed when the 

existing pavement was jointed concrete.  It was acknowledged that a more compliant mixture 

would perhaps be a better option for an asphalt overlay on existing concrete pavement. This study 

highlighted the high criticality of using proper calibrated factors for these tools to reflect the field 

reality of mixture performance.  

The final part of this study looked at a novel method to grade asphalt mixtures’ 

performance, by using mixture performance tests instead of binder tests. The study included four 

plant-produced Missouri mixtures and a number of other mixtures, including rubber -, polymer-, 

and fiber-modified asphalt mixtures. The results highlighted the importance of considering effect 

of the aggregate structure is estimating mixture performance, as done with mixture performance 

tests.  Rubber-modification showed huge improvements in the rutting resistance of mixtures. 

Comparison of recovered continuous binder grade to mix performance grade for rubber-modified 

mixtures revealed large differences in the useable temperature intervals (UTI = PG high 

temperature – PG low temperature, e.g. PG64-22 has UTI = 86°C) obtained from recovered binder 
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testing and mixture testing, further indicating the caveats of determining the performance of a 

mixture using recovered binder, especially when recycled content is used. 
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Chapter 1 Introduction 

1.1. Background 

The process of using ground scrap tire rubber has existed since 1870 in the United Kingdom 

(United States. Environmental Protection Agency 1971), but the experiment of using 

natural rubber in bitumen was conducted almost 30 years before in 1840 (Allison 1967). 

The commercial usage of scrap rubber in asphalt mixtures was developed in Europe and 

US at almost the same time. In the US, Charles McDonald, a materials engineer from the 

city of Phoenix, Arizona, formulated a surface patch that combined asphalt binder and 

scrap rubber in the 1960s. This type of modification not only opened the door for improved 

performance, but also helped address the serious environmental threat posed by mass 

stockpiling of scrap tires (Way, Kaloush, and Biligiri 2011). Certain key terms and 

concepts pertinent to ground tire rubber (GTR) recycling are reviewed in following 

paragraphs, before detailing the objectives of this study.  

Shredded rubber particles used in GTR-modified asphalt mixtures can be obtained 

by one-of-two main processes – ambient grinding or cryogenic fracture (Lo Presti 2013; 

Bukowski 2014). Ambient grinding involves tearing and grinding of rubber in machines 

with mechanically rotating blades, akin to passing rubber through a mechanical shredder. 

The obtained particle sizes can range from 0.5 mm to 5 mm. This method of production 

gives rubber particles a rough texture and a larger surface area, which is generally viewed 

as beneficial in accelerating the asphalt-rubber reaction process (Bukowski 2014). The 

process of cryogenic fracture involves using a hammer mill to fracture frozen rubber sheets 
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into smaller particles. The cryogenic process generally produces rubber particles with 

smoother surfaces, and cubical in shape (Bukowski 2014). Once the GTR particles are 

obtained, the next step is to blend them into asphalt binders or mixtures. Broadly, there are 

two main processes for blending, i.e., dry process and wet process.  

Dry Process. Refers to processes wherein rubber particles are added to the asphalt 

mixture during production. Originally, large dry rubber particles were introduced as part 

of the virgin aggregate combined cold feed. Recently, finer dry rubber products are 

generally injected at the location where RAP, RAS and/or fiber are introduced at the asphalt 

plant. This could either be the lower portion of drum mixer, or in a second drum, or in the 

pugmill, in the case of batch plants. The dry process requires a higher production 

temperature for effective blending of the rubber particles.  FHWA recommends a 

production temperature between 149 and 177 oC (300 to 350 oF) (Hassana et al. 2014; 

United States Department of Transportation 2016)]. In recent usage, crumb rubber particles 

in the range of 30 mesh (0.595 mm) have been used, with a common design strategy 

involving replacement of 1-3% of fine aggregates in the mixture (Bukowski 2014).  

Wet Process. The original wet process was introduced in the United States in 1960s 

and is often termed ‘the McDonald process’ (Ghabchi, Zaman, and Arshadi 2016). Wet 

process rubber modification involves mixing the tire rubber with a binder in mixing tanks 

and allowing them to react for a set time (45 to 60 minutes) and at a set temperature (175 

to 200 oC (350 to 400 oF)) (Ghabchi, Zaman, and Arshadi 2016; Lo Presti 2013). GTR-

modified binder results when rubber absorbs asphalt binder and swells at a high 

temperature. The addition of rubber to form a theoretical, continuous homogenous phase 

with binder will increase the viscosity of the binder blend, making it stiffer and thereby 
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increasing the rut resistance of the mixture. At the same time, softened rubber grains impart 

toughness to the binder system, leading to an increased resistance to various cracking forms 

(Peralta et al. 2012). Typically, ‘wet process GTR’ is used to denote operations whereby 

GTR-modification occurs at the asphalt mixing plant. 

Terminally-blended GTR denotes crumb rubber modification at an asphalt blending 

terminal, requiring subsequent transportation to job sites. Terminology introduced at the 

California Department of Transportation (Caltrans) refers to terminal blends as a wet-

process-no-agitation binder since it supposedly does not require any agitation after its 

production stage (Caltrans. State of California Department of Transportation 2003; Jones, 

Liang, and Harvey 2017). However, researchers have reported cases of settlement in the 

trucks used for transportation of terminal blends, thus affecting the performance of the end 

product (Bukowski 2014). Consequently, a few state agencies have either mandated or used 

additional modifiers such as Vestenamer, a trans-poly-octenamer rubber (TOR) (Missouri 

DOT, Pennsylvania DOT), and extender oils (Caltrans, Oregon DOT, NJDOT) in an effort 

to avoid such constructability issues and to enhance mixture performance (Caltrans 2005; 

Missouri DOT 2016; Stolarski 2014). However agencies such as the Illinois Tollway are 

moving towards the use of low- and high-temperature mixture performance properties to 

ensure that target GTR modification levels are consistently achieved (Illinois Tollway 

2019). 

Rubber-modified asphalt has been found to possess higher fracture energy at low 

temperatures, indicating higher resistance to thermal and block cracking (K. E. Kaloush 

2014; S. J. Lee, Akisetty, and Amirkhanian 2008). The fatigue life of rubber-modified 

asphalt mixtures compares favorably to conventional asphalt mixtures (L. Raad, 
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Saboundjian, and Minassian 2007). Rubber modified asphalt mixtures have also been 

shown to provide good resistance to permanent deformation due to the elastic behavior of 

the rubber particles and show better resistance to moisture-induced damage (Nuha S. 

Mashaan 2012; Nazzal et al. 2016; Bressette et al. 2007). While the earliest use of rubber 

asphalt was in chip seals, rubber-modified asphalt has also been used as an interlayer 

between pavement layers to retard reflective cracking (Bressette et al. 2007; DeLaubenfels 

1985; Shatnawi, Pais, and Minhoto 2012; Sousa et al. 2002; J. Van Kirk 2006). 

Furthermore, asphalt rubber applications are not limited to a single pavement layer. GTR 

mixes have been simultaneously used in multiple layers in pavement systems, such as in 

the leveling course, in a stress-absorbing membrane interlayer (SAMI), and in the surface 

course (J. Van Kirk 2006). Finally, GTR has been used in conjunction with other modifiers 

in asphalt mixtures, such as WMA additives, recycled asphalt materials (RAP/RAS), 

rejuvenators, etc. (Fakhri, Ghanizadeh, and Omrani 2013; Hainian Wang et al. 2012).  

Despite the reported performance benefits, paving agencies still hesitate in 

incorporating GTR in their mixtures due to poor past experiences with the technology. Dry 

process modification, in particular, suffers from the poor track-record built in the 1990s. 

Due to its logistical ease of use and ability to add higher amounts of GTR in the mix, dry 

process was widely adopted in the early 1990’s after the passage of Intermodal Surface 

Transportation Efficiency Act (ISTEA, 1991) which mandated use of rubber in asphalt 

mixtures. Nevertheless, poor implementation and lack of economic technological means to 

produce superior product (finer rubber particles in mesh size rather than coarser), led to 

premature failure of many field projects, resulting in a lack of confidence in the method. 

However, in the past 10-15 years, dry process rubber modification has been at the core of 
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many technological advances that has allowed it to be used in manufacturing of superior 

asphalt mixtures. One of the advancements in the method was use of finer rubber particles 

(minus #30 or #40 mesh size; 400-700 microns) that increase the surface area of rubber 

particles to aid the binder-rubber interaction in shorter time-period. Further, the new dry 

process often does not require replacing finer aggregates in the mix. Instead, rubber 

particles are added on top of the designed asphalt mixtures. All these developments, along 

with various chemical coatings that are now routinely used to aid binder-rubber interaction 

and enhance workability of the mix, have resulted in multiple million tons of dry-process 

rubber-modified asphalt mixtures being placed all over United States. The pavement 

sections have been shown to perform better or similar to other similar but expensive 

technologies, such as wet process rubber modification, and polymer-modification (Shen et 

al. 2014; Rath et al. 2019; Walubita and Scullion, 2008). More importantly, there is a 

growing interest in using dry process rubber as an alternative to the polymer and wet 

process or terminal-blend rubber modification due to the ease of manufacturing and 

elevated savings. This study was thus motivated to look more specifically at dry process 

rubber modification of asphalt specimen. 

This study presents a comprehensive investigation of dry-process rubber 

modification in asphalt mixtures with an aim to better understand its effects on asphalt 

mixtures, which, in turn, will eventually lead to its broader acceptance. The study is defined 

by four problem statements pertinent to the use of dry-process rubber modification. 

Investigation into each one of them using various tools and methods is presented as a part 

of building a better understanding of dry-process rubber modified asphalt mixtures.  
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1.2. Problem Statements and Research Objectives 

1.2.1. Cracking in Dry-Process Rubber Modification 

The onset of rutting or transverse cracking in asphalt pavements can lead to accelerated 

premature failures. Multiple research studies, through lab tests and field results, have 

shown that rubber-modification helps with rutting resistance of the mix (Xiao, 

Amirkhanian, and Juang 2007; Shafabakhsh, Sadeghnejad, and Sajed 2014). However, 

different cracking tests characterize rubber differently. Interestingly enough, the field 

results show that rubber-modified mixes have similar cracking performance as polymer-

modified mixes (Walubita and Scullion 2008; Lastra-González et al. 2016; Souliman, 

Mamlouk, and Eifert 2016). Thus, it has become important to understand or pinpoint the 

underlying cracking mechanism that might exist in a rubber-modified asphalt specimen. 

To that effect, this study presents a newly developed experimental procedure that helps 

understand the cracking mechanism present in rubber-modified asphalt specimen by 

applying the principles of fracture mechanics.  

The objectives of this section are summarized below - 

 Understand the cracking mechanism introduced by rubber modification 

 By virtue of previous point, understand why different cracking tests show different 

results 

1.2.2. Long-Term Aging of Dry-Process Rubber-Modified Asphalt Mixtures 

Oxidative aging of asphalt mixtures is an important area of research as they aid in 

predicting long-term performance of asphalt pavements. In the past decades, asphalt 

mixtures have increasingly become more heterogeneous which has made the previous 
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methods of determining the long-term performance via binder testing outdated and 

ineffective. Furthermore, there have been recent developments in the mixture aging 

protocol that are more suitable and correlate better to the field aging as compared to the 

standard mixture aging technique specified in AASHTO R30 standard. Thus, this study 

aims at applying the most recent mixture aging protocol to unmodified and rubber-

modified mixtures to ascertain their cracking potential. The objectives of this section can 

be summarized as follows: 

 Apply long-term aging protocol as specified in NCHRP Report 871 (part of 

NCHRP 09-54 project) to dense-graded asphalt mixtures 

 Compare cracking performance of dry-process modified asphalt mixture with 

unmodified and polymer-modified mixtures, measured by three common cracking 

tests, namely, Disk-shaped Compact Tension (DC(T) test, Illinois Flexibility Index 

Test (IFIT), and indirect Tensile Asphalt Cracking test (IDEAL-CT) 

1.2.3. Thin Overlay with Dry-Process Rubber 

Over several years, United States has been at the forefront of building an extensive network 

of infrastructure to aid and promote overall development of the nation. At its current state, 

most of the pavement work carried out across the States is all about rehabilitation and/or 

repair techniques applied over the existing infrastructure. One such attractive pavement 

preservation technique (PPT) is Thin HMA (Hot Mix Asphalt) Overlay. Years of field 

results have pointed towards better performing rubber-modified thin HMA overlays in 

comparison to unmodified asphalt mixtures (Harvey et al. 2000; Hu, Zhou, and Scullion 

2014). It is obvious that the cost of producing modified thin overlays would be higher than 

the unmodified options. However, due to its superior performance, the thickness of the 
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rubber modified overlay lift can be lessened to match the performance of the unmodified 

thin overlay. This step would help in balancing out the extra cost of producing modified 

asphalt and make modified thin overlays an even attractive option to be used for pavement 

preservation.  

This study looks at using the dry process rubber in the thin rubber overlays and compares 

it to the unmodified asphalt mixture in terms of performance and costs. Various 

performance tests were undertaken and simulations using TxACOL, a specialized tool for 

designing asphalt overlays, were used to reach logical conclusions about the comparison 

between unmodified and dry-process rubber modified asphalt mixtures.  

The objectives of this section are summarized as follows: 

 Compare mixture performance at various lift thicknesses through experiments and 

simulations  

 Compare and comment on cost savings (if any) by using thinner rubber-modified 

lifts as an alternative 

1.2.4. Mixture Performance Grade through Performance Tests 

Superpave introduced a method of estimating mixture performance through “grading” the 

properties of the used binder. Superpave protocol put criteria in-place to choose good 

quality aggregates (via consensus properties), and the resulting gradation from the 

aggregates (via gradation control points), that would ultimately result in a resilient packing 

structure. Then, the idea behind estimating the mixture performance through binder grading 

was the assumption that the mixture performance depended mostly on the variation of 
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binder properties. For e.g. a hotter climate used a stiffer binder and a colder climate used a 

softer binder to resist rutting and thermal cracking respectively.  

However, over the years of proliferation of various modifiers, especially the 

recycled additives such as Recycled Asphalt Pavements (RAP), Recycled Asphalt Shingles 

(RAS), Ground Tire Rubber (GTR), and even the premium modifiers such as SBS 

(Styrene-Butadiene-Styrene), PPA (Polyphosphoric Acid), grading the mixes with the 

existing Superpave protocol has been less than adequate. The problem, as identified by 

various researchers, lies in the inaccurate characterization of the modifiers in the binder 

tests. Thus, there is a need for the industry to move to a mixture performance test based 

grading. Moreover, the recent decades has seen rapid developments of simple performance 

tests for asphalt mixtures, making it easier to fuel a transition from binder tests to mixture 

tests across the board.  

The novel protocol presented in this study depends on two widely adopted mixture 

performance tests on the high and low end of the test temperature spectrum to characterize 

the mixture performance. Disk-shaped Compact Tension (DC(T)) test was used to 

determine the low-temperature performance and Hamburg Wheel Tracking Test (HWTT) 

for high-temperature performance of the asphalt mixtures.  

The objectives of this section are summarized as follows: 

 To put forth a mixture grading protocol based on mixture performance tests 

 To see the effect of the modifiers on asphalt mixtures based on this protocol 

Figure 1-1 shows the overall schematic of this study.  
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Figure 1-1. Schematic on Research Objectives 
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1.3. Organization of Content 

Moving forward, this dissertation is divided into four main chapters, each addressing one 

of the problem statements as described above. Each section is divided into sections 

pertaining to: 

 Background on the problem that included literature review 

 Work done, experiments and/or simulations, to realize the objectives set out for the 

particular problem statement 

 Discussion and summary of the results presented 

 An estimated scope of the future work 
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Chapter 2 Investigation of Cracking Mechanism 

of Dry-Process Rubber-Modified Asphalt 

Mixtures 

2.1. Introduction 

Sustainability has been one of the major driving forces in the wide array of research that 

has been devoted to the incorporation of recycled materials in asphalt mixtures. Most 

modern asphalt mixtures are designed to include recycled materials like recycled asphalt 

pavements (RAP), recycled asphalt shingles (RAS), ground tire rubber (GTR), and so on. 

Among those recycled material, ground tire rubber has been in usage in the United States 

since the 1960’s when Charles McDonald, a materials engineer from the city of Phoenix, 

Arizona, developed pre-fabricated rubber-modified asphalt patches to repair asphalt 

pavements (Way 2012). In the context of sustainability, the use of rubber from end-of-life 

tires is encouraged as a solution to the menace of disposing off the tires. In the US alone, 

there are more than 280 million tires in landfills (U.S. Tire Manufacturers Association 

2018). From a materials standpoint, the usage of rubber in the United States is a means to 

prevent distress manifestation in the asphalt pavement by adding low-cost, easily available 

elastomers (McDonald 1974; Olsen 1973). 

Rubber modification in asphalt has undergone various changes over the years. The 

rubber particles have become finer and the technologies in-place for modifying the asphalt 

plants to incorporate rubber in mixes have become much better than in 1980s when 

widespread usage of rubber started in the States. Research efforts on rubber modification 
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has spawned various rubber-modification technologies, one of which is the dry-hybrid 

process of incorporating rubber in asphalt mixes wherein modified fine rubber particles are 

added directly to asphalt mixture at production stages (Butz, Muller, and Riebesehl 2012).  

This study looks at the lab and field performance of mixtures made with dry-hybrid 

process rubber modification and further, addresses the differences in the results obtained 

from various mixture cracking tests by devising an experiment to look at the cracking 

mechanism behind rubber modification. The following sections outline the objectives, 

literature review, then go on to present lab and field results, and then describe the novel lab 

method to study the cracking propagation in rubber-modified specimens and discuss results 

obtained from the methods. Finally, the study concludes with an attempt to apply learning 

from the novel test method to the certain mixture cracking tests.  

2.2. Objective and Organization 

This study is divided into three phases. Phase I of this study attempts to answer one basic 

question: “what effects does the dry-process rubber modification have on the cracking 

potential of asphalt mixtures.” This objective is fulfilled by performing laboratory cracking 

tests and comparing the findings to field performance data.  

Phase II of this study attempts to answer a follow-up question: “how does dry-

process rubber modification affect the cracking mechanism of the asphalt system?” This 

objective stems from the mismatch in results obtained from lab and field characterization, 

as will be presented in following sections. This objective is fulfilled by designing a novel 

lab method to understand the cracking mechanism behind rubber modification.  
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Finally, Phase III of this study attempts to apply the learnings of Phase II of the 

study to certain laboratory mixture cracking tests. The aim is to better understand the 

implications of laboratory testing specifications on characterization of rubber mixtures and 

if those can be tweaked to match the lab characterization with the field performance.  

The following sections of this study present brief literature review of pertinent 

topics, followed by introduction to all the materials and methodology used in this study. 

Results from lab tests and field performance data are presented afterwards, and those form 

the platform to introduce the novel lab method devised here to understand cracking 

mechanism of rubber-modified specimens. Finally, the study concludes with an attempt to 

modify an existing lab test method to accurately characterize rubber-modified specimen. 

2.3. Literature Review 

2.3.1. Ground Tire Rubber (GTR) 

One of the recent developments in GTR as material is its ability to be combined with other 

additives such as polymer, warm-mix chemicals, hydrolene, sulphur, etc. To that end, 

various rubber-modifier technologies have been used by agencies to construct pavement 

sections that are more durable. As an example, recently Illinois Tollway placed three 

sections with different rubber modifier technologies, one of which was chemically 

engineered fine rubber particles called ECR, or Engineered Crumb Rubber (P. Rath et al. 

2019). ECR is added directly to asphalt mixture without any change in gradation and has 

been shown to improve asphalt mixture performance in terms of enhanced rutting and 

cracking resistance  (William G. Buttlar and Rath 2017; P. Rath et al. 2019). Multiple 

million tons of ECR-modified asphalt mixture have been placed across US, Europe, and a 

few countries in the Middle East. It has been known to give excellent performance and 
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provide ease of workability and compact-ability to contractors, something that has been 

amiss with previous rubber modifier technologies. Similar products have also been 

developed in Europe (Butz, Muller, and Riebesehl 2012; Sousa et al. 2012; Sangiorgi et al. 

2018; Fornai et al. 2016). This study focusses on using the ECR product as a dry-process 

rubber modification in asphalt mixtures. The aim is to investigate any cracking mechanisms 

introduced by dry-process modification in asphalt mixtures. 

2.3.2. Balanced Mix Design (BMD) 

In simple terms, BMD approach of mix design is based on results from two or more 

performance tests, usually one rutting and one cracking test, effectively characterizing the 

ability of the mixture to resist multiple common distresses. In 2015, FHWA’s Expert Task 

Group (ETG) on BMD defined the approach as, “asphalt mix design using performance 

tests on appropriately conditioned specimens that address multiple modes of distress taking 

into consideration mix aging, traffic, climate and location within the pavement structure.” 

(West et al. 2018). 

Briefly, BMD has three approaches- 1. Volumetric Design with Performance 

Verification, 2. Performance-Modified Volumetric Design, and 3. Performance Design. 

Approach 1 starts with determining the optimum asphalt binder content using Superpave 

method, then verifying the mixture performance through performance tests, and changing 

the Job Mix Formula (JMF) if the mixture fails performance criteria. Approach 2 also 

begins with the Superpave method of deciding optimum binder content, but performance 

test results are used to adjust binder content in an iterative process. Approach 3 has no 

requirements for volumetric measurements and depends solely on the performance test 

results to establish a mix design.  
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Many state DOTs implementing BMD approach usually stick with two tests- one 

for cracking potential and other for rutting (David Newcomb and Zhou 2018). For e.g. 

Illinois DOT uses Illinois Flexibility Index Test (IFIT) for cracking potential and Hamburg 

Wheel Tracking test (HWTT) for rutting. Similarly, Louisiana uses HWTT and SCB-JC 

tests, and Texas uses Overlay Tester (OT) and HWTT for their BMD approach. Though 

unintended, often a single test is used as a proxy for characterizing all the cracking 

distresses. The subjectivity of the mixture performance tests when it comes to 

characterizing various modified mixes for cracking resistance, thus, attains undue 

importance in this method of mixture design.  

2.3.3. Field Experiences of using Dry-Process Rubber 

Xie et al. (2016) reported field results from rubber modified and polymer modified sections 

built in Georgia. A porous European mix (PEM) was used as a base mix, modified with 

76-22 binder for the polymer-modified mix (PMAC) and 10% dry GTR in conjunction 

with PG67-22 binder and 4.5% TOR (transpolyoctenamer- a cross linker used for rubber 

mixes in some states). The authors presented field distress data for rutting, cracking, 

raveling, bleeding, pushing, and potholes. The field observations showed rubber-modified 

sections to have a better rutting performance in comparison to the control polymer-

modified sections, even though the traffic on the rubber sections was higher. In terms of 

cracking, both the mixtures had similar cracking resistance and the cracking was mainly 

characterized as reflective cracking (Xie and Shen 2016).  

Picado-Santos et al. (2019) showed structural and functional assessment of eight 

years of service life on dry-process modified rubber pavement for low and medium traffic, 

constructed in Portugal. The authors used results from Falling Weight Deflectometer 
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(FWD), calculated International Roughness Index (IRI), estimated texture depth, skid 

resistance in an effort to analyze pavement condition. Solely based on those parameters, 

the authors concluded that the rubber-modified pavement, designed to last 10 years, would 

have a minimum durability of 12 years and show acceptable deterioration beyond 16 years 

of pavement life. The authors also presented a statistical analysis comparing the 

conventional unmodified pavement to the rubber-modified pavement, to ultimately show 

the cost-effectiveness of using rubber-modified pavements over a long period of time, even 

for heavy traffic (Picado-Santos, Capitão, and Dias 2019). 

Texas DOT constructed a thin asphalt overlay modified with dry process rubber on 

Pumphrey Drive in Fort Worth in 2007. On conducting survey after 4 years of service life, 

the section showed no signs of cracking or rutting. Recent reports from TxDOT, published 

in 2018, also indicate excellent performance of the section on Pumphrey Drive (Hu, Zhou, 

and Scullion 2014; R. Hajj et al. 2018). Similarly, Illinois Tollway used dry-process rubber 

in their sections placed on I-88 which have shown excellent performance with no cracking 

or rutting issues in four years of service life. Notably, the sections underwent the extreme 

winter event in 2019 where temperatures dropped below 30°F (-34°C), without showing 

any signs of thermal cracking (W. Buttlar et al. 2020; P. Rath et al. 2020).  

2.4. Materials Tested 

The mixtures used in this study are summarized in Table 2-1. All the mixes used in this 

study were produced in the lab, and were dense-graded with an NMAS of 12.5 mm, except 

one that had a 9.5 mm NMAS. Figure 2-1 shows the gradation blends of all the mixtures 

used in this study. It should be noted that no adjustments were made to aggregate gradations 

for incorporation of rubber particles. 
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The dry-process rubber was provided by Asphalt Plus LLC, Chicago and was 

manufactured following an ISO-compliant procedure that produced minus #30 mesh size 

(about 500 microns in mean diameter) rubber particles. The rubber is coated with a non-

elastomeric liquid and is also called as Engineered Crumb Rubber (ECR). In an asphalt 

plant, the ECR is added via a RAP collar to modify the asphalt mixture. In laboratory, all 

the mixes were manufactured in a standard bucket mixer in the lab. For a dry-process 

rubber modification, using of bucket mixer poses the problem of inadequate thermal 

stability and absence of large-scale aggregate-to-aggregate contact to aid binder-rubber 

interaction in the limited time of mixing, akin to the process in a drum or a batch plant. 

Thus, to ensure sufficient rubber-binder interaction of the dry process modification at an 

asphalt plant, a pre-mixed rubber-modified binder is used to manufacture mixes. The ECR 

is added to binder heated to a temperature of 170°C and high sheared at 3500 rpm for 30 

mins, while maintaining the temperature in range of 175-180°C. Following the shear 

mixing, the binder is immediately used to manufacture specimens and no storage time is 

allowed. Additionally, supplemental binder of 0.1% by weight of mixture per 5% ECR 

modification by weight of binder is added to the mix to replenish the loss of lighter ends 

and avoid making the mix overly stiff. Finally, a post-compaction weight of 30 lbs. is added 

on top of the gyratory specimen in the mold to prevent swelling. All the mixtures used in 

this study were short term aged for 2 hours at pertinent temperature decided by the binder 

grade, except for rubber mixtures which were aged at 170°C without any stirring 

irrespective of the binder grade (high temperature used to aid the rubber-binder interaction 

that happens in plants).  

Table 2-1. Details of asphalt mixtures tested in this study 
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Project_ID Mix_ID Base 

Binder 

NMAS

(mm) 

GTR (%) Ndesign 

Project 1_1 Mix1_CTL PG 64-22 12.5 0 35 

 Mix1_12GTR PG 64-22 12.5 12 35 

Project 2_1 Mix2_CTL PG58-28 12.5 0 80 

 Mix2_10GTR PG58-28 12.5 10 80 

Project 3_1 Mix3_CTL PG 64-22 12.5 0 80 

 Mix3_10GTR PG 64-22 12.5 10 80 

Project 3_2 Mix4_CTL PG 64-22 12.5 0 35 

 Mix4_10GTR PG 64-22 12.5 10 35 

Project 3_3* Mix5_CTL PG58-28 9.5 0 70 

 Mix5_10GTR PG58-28 9.5 10 70 

Project 4_1 Mix6_CTL PG46-34 12.5 0 80 

 Mix6_10GTR PG46-34 12.5 10 80 

*same aggregate gradation as Project 1_1 
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Figure 2-1. Aggregate gradations for all mixes used in this study. (Note: Project 1_1 and 

Project 3_3 have the same aggregate gradation) 

2.5. Test Methodology 

This section describes the tests adopted in this study, namely Disk-shaped Compact 

Tension (DC(T)) test, Illinois Flexibility Index Test (IFIT), and IDEAL-CT test.  

2.5.1. Disk-Shaped Compact Tension Test (DC(T)) 

The DC(T) test was developed to characterize the fracture behavior of asphalt concrete 

materials at low temperatures. The test has the capability of capturing the transition of the 

brittle behavior of the mix at low temperatures and brittle-ductile behavior at intermediate 

temperatures (Wagoner, Buttlar, and Paulino 2005). The DC(T) test procedure includes 

conditioning of the fabricated specimen at the target test temperature in a temperature-

controlled chamber for two hours. After the conditioning, the specimens are set in the 
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loading fixture of the DC(T) machine, as shown in Figure 2-2. The test is conducted at a 

constant Crack Mouth Opening Displacement (CMOD) rate of 0.017 mm/sec (1 mm/min) 

(ASTM 2013) which is measured by clip-on gages installed at the crack mouth. A seating 

load of no greater than 0.2 kN (typically 0.1 kN) is applied before starting the test. The test 

is completed when the post-peak load level has reduced to 0.1 kN. The fracture energy can 

be obtained by computing the area under the graph of load vs. fitted CMOD and 

normalizing it by the fracture area. A typical load-CMOD curve is shown in Figure 2-2. 

The fracture energy is computed as follows: 

𝐺𝑓 =
𝐴𝑅𝐸𝐴 

𝐵 𝑥 𝐿
… … … … [2 − 1] 

where, 

Gf = Fracture energy, in J/m2 

AREA = Area under Load-CMOD curve, until the terminal load of 0.1 kN is reached 

B = Specimen thickness, in m, generally 0.050 m (except for field cores) 

L = Ligament length, usually around 0.083 m 

A test temperature of -12oC was chosen for this project, which follows the usual 

technique of testing 10°C warmer than the plan low temperature binder performance grade, 

which was PG XX-22 for majority of Missouri according to the LTPPBind tool. The DC(T) 

thresholds were decided according to the limits set in the national pooled fund study on 

low-temperature cracking by Marasteanu et al. (2012). Given that the study mixture was 

designed for low traffic, a threshold of 400 J/m2 was set as the minimum target for mixture 
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fracture energy, in accordance to the suggestions in the National Pooled Study on Low-

Temperature Cracking Phase-II (Marasteanu et al. 2012). 

 

Figure 2-2. DC(T) specimen (top-left), DC(T) loading fixture (top-right), and typical Load-

CMOD curve from DC(T) testing of asphalt mixtures (bottom) 

2.5.2. Illinois Flexibility Index Test (I-FIT) 

Researchers at the University of Illinois, Urbana-Champaign developed the Flexibility 

Index parameter derived from testing a semi-circular bend (SCB) test specimen at 25°C at 

a constant load-line displacement rate of 50 mm/min (I. Al-Qadi et al. 2015). The 

Flexibility Index was developed based on the observations that the post-peak slope of the 

load-displacement curves obtained from SCB tests was dependent on the mixture type. 

Flexibility Index (FI) was thus formulated as the fracture energy (area under load-

displacement curve divided by fracture ligament area) over the slope of the inflection point 
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in the post-peak load part of the load-displacement curve, as shown in Figure 2-3 (Ozer et 

al. 2016).  

𝐹𝐼 =
𝐺𝑓

|𝑚|
∗ 𝐴 … … … … [2 − 2]  

where,  

𝐺𝑓 = Fracture energy (AREA under the curve normalized by the ligament length and 

thickness of the specimen) 

AREA = Area under the load – displacement curve, until the terminal load of 0.1 kN is 

reached 

m = Slope parameter  

A = Scaling coefficient (=0.01) 

Figure 2-3. A Typical Load-Displacement Curve Obtained from I-FIT Testing (after Ozer 

et al. 2016) 
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2.5.3. Indirect Tensile Asphalt Cracking Test (IDEAL-CT) 

The IDEAL-CT (Indirect Tensile Asphalt Cracking Test) is a simple cracking test for 

asphalt mixtures that computes a load-displacement based index, shown to have good 

correlation with expected mixture performance trends (Fujie Zhou et al. 2017). The 

IDEAL-CT is run at room temperature (25°C) and a loading rate of 50 mm/min. The 

IDEAL-CT was compared to the Texas OT and Illinois SCB tests using over 25 laboratory 

and field plant mixes. All three tests ranked all of these mixes in the same order with respect 

to crack resistance. The IDEAL-CT showed a strong correlation with the field distresses of 

fatigue, reflective, and thermal cracking. According to the authors, the IDEAL-CT is 

straightforward to perform, requires minimal training, and is fast as the test can be 

performed within one minute.  

The cracking parameter for the IDEAL-CT is derived from the load vs. 

displacement curve. The parameters used in calculation of the index is shown in Figure 

2-4. The larger the CT-index, the better cracking resistance of the mixture. The CT index 

equation for a specimen of 62 mm thick is as follows. 

𝐶𝑇𝑖𝑛𝑑𝑒𝑥 =
𝐺𝑓

|𝑚75|
× (

𝑙75

𝐷
) × (

𝑡

62
) … … … … [2 − 3]   

 

where,  

𝐺𝑓 = Fracture energy (area under the curve normalized by the area fractured) 

𝐴𝑅𝐸𝐴= Area under the load – displacement curve, until the terminal load of 0.1 kN is 

reached 
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𝑚75 = Modulus parameter (absolute value of the slope at 75% of peak load)  

𝑙75 = Vertical displacement when the load is reduced to 75% of peak load 

𝑙75/𝐷 = Strain tolerance parameter (when load is reduced to 75% of peak load) 

𝐷 = Diameter of the sample 

𝑡 = Specimen thickness  

Figure 2-4. Parameters used in IDEAL CT index calculation (after Zhou et al. 2017) 

2.6. Mixture Performance Test Results 

The thresholds for the performance tests used in this study are shown in Table 2-2. 

Following sections showcase the results from the cracking tests for all the mixtures.  

Table 2-2. Thresholds for IDEAL-CT, I-FIT, and DC(T) Tests. 

Test Mix Type Minimum Value From 

IDEAL-CT Dense-Graded 65 Zhou 2018 

Superpave 105 

    

Test Mix Type Minimum Value From 
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I-FIT HMA 8.0 IDOT 2015 

SMA 8.0 

    

Test Traffic Level Minimum Value From 

DC(T) Low 400 J/m2 National Low-Temp 

Cracking Study 

(Marasteanu et al. 2012) 
Medium 460 J/m2 

High 690 J/m2 

 

2.6.1. DC(T) Results 

DC(T) fracture energy indicates the ability of the mixture to withstand thermal cracking. 

Figure 2-5 shows the DC(T) fracture energy values for the 12 mixtures tested in this study. 

The results show that with addition of ECR, the fracture energy of the mixture increases, 

implying an increase in thermal cracking resistance of the mixture.  

 

Figure 2-5. DC(T) fracture energy of asphalt mixtures at -12°C 
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2.6.2. IFIT Results 

The FI parameter indicated the cracking resistance of the mixture and is computed from an 

SCB type test conducted at 25°C and 50 mm/min displacement rate. The FI values for 12 

mixtures, shown in Figure 2-6, reveal that the addition of rubber in mixture decreases the 

cracking resistance of the mixture computed in terms of FI.  

Figure 2-6. FI values of asphalt mixtures, tested at 25°C 

2.6.3 IDEAL-CT Results 

IDEAL-CT test was conducted according to ASTM D8825, on 62 mm thick specimens at 

25°C and 50 mm/min displacement rate. Similar to IFIT results, the CT-Index penalizes 

the mixtures for addition of rubber, as shown in Figure 2-7. 

Figure 2-7. CT-Index values for asphalt mixtures tested at 25°C 
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2.6.4. Summary of Mixture Performance Test Results 

Summarizing mixture performance tests, the following observations were made: 

 DC(T) fracture energy increased with addition of rubber, indicating enhanced 

resistance to thermal cracking, 

 FI and CT-Index trends did not match the DC(T) results, and showed that addition 

of rubber resulted in a less crack-resistant mixture.  

This mismatch in characterization of rubber mixes attains special importance in cases 

where balanced mix design (BMD) principles are used to design and adopt a mixture to be 

placed during construction. Essentially, BMD mixture design uses a combination of two 

tests, one cracking and one rutting, to determine the most optimized mixture performance. 

Notably, cracking tests such as the ones used in this study are often grouped together as 

characterizing the overall cracking resistance of the mix. The difference in the test 

characterization affects the decision of a paving agency on whether or not to adopt rubber 

modification. In case of rubber modification, a paving agency using DC(T) as a cracking 

test for its BMD specification is likely to adopt rubber modification in their mix designs 

whereas an agency using IFIT or IDEAL-CT test will not adopt rubber modification.  

While laboratory mixture tests are supposed to provide an indication of field performance 

of asphalt mixtures, in cases where the cracking tests disagree with each other, it makes 

logical sense to turn to field data, if available, for proper guidance. Thus, this study steered 

itself towards collecting and quantifying the field performance of dry-process GTR placed 

on various locations across United States.  
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2.7. Field Performance Measurement  

Apart from the visual inspection and limited field core data available for scrutiny in this 

study, a specialized machine-learning based software, developed by H. Majidifard under 

the guidance of Dr. Y. Adu-Gyamfi and Dr. W. Buttlar at the University of Missouri, 

Columbia, was used to measure PASER rating of the pavement sections. More details about 

the working of the software can be found elsewhere, but the following paragraph provides 

some details on its working and various advantages of the software (Majidifard, Adu-

Gyamfi, and Buttlar 2020; Majidifard et al. 2020). 

The Smart Pavement Monitoring (SPM) software was developed by implementing 

various machine learning and deep learning techniques for distress detection and pavement 

condition ranking. This software offers some advantages over traditional pavement 

monitoring (expensive cost of ARAN vehicles and laser equipment), and as compared to 

previous deep learning-based models. First, this tool excluded the dependency of PASER 

(a pavement condition rating index, given out of 10) on human judgment rendering higher 

accuracy and consistency to the PASER ratings. Second, the models were developed based 

on a comprehensive pavement image dataset, which was annotated considering a wide 

variety of common pavement distress types by pavement experts. Finally, the developed 

models are robust and flexible, cost-effective, and able to predict distress from different 

camera views. The fact that these first-generation models appear to have an acceptable 

average prediction error suggests that it may be very useful for DOTs and paving agencies, 

as a means to evaluate road section conditions without running multi-million dollar image 

collecting vans.  
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The software has the capability of running the analysis using the available image 

dataset for the roads from any cloud-based service, or images can be provided by the user.  

Once image dataset is uploaded to the software, it detects the distresses for each image and 

provides the number of detected distresses versus their corresponding GPS coordinates. 

This information can be used for maintenance purposes for the future. Currently, the 

software is calibrated to produce predicted PASER rating versus the section profile which 

is the common pavement condition rating in the state of Missouri. However, the software 

has the capability to be calibrated by various pavement condition ratings like PCI, CRS, 

PSR, etc. depending on the user request. 

In this study, the software was used to evaluate the pavement condition of three 

sections situated in different states that have used dry process GTR modifications in their 

projects.  

2.7.1. I-88, Dekalb, Chicago, IL (IL Tollway) 

In the summer of 2016, Illinois Tollway placed ECR (dry process GTR) mixtures in the 

passing lane of an I-88 section, by the side of an SBS-modified mixture placed in the 

driving lane in 2015. The details of the mixtures are given in Table 2-3. In May 2019, the 

authors of this study conducted a visual inspection of this study. Notably, in the winter 

season of 2018-19, many states across the US, including Illinois, experienced a record-

breaking winter where temperatures plummeted below -30°C at the location of this section. 

Thus, despite the short service life, the severe cooling events could have caused thermal 

cracks on the surface.  

Visual inspection revealed formation of thermal cracks in the SBS section, while 

the ECR (dry process GTR) section had no visible thermal cracks. Figure 2-8 shows the 
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best representation of the section, wherein a thermal crack started from the shoulder and 

then proceeded to the driving lane with SBS-modified mix, but the crack was arrested once 

it reached the ECR mix placed on the passing lane. Both the sections did not exhibit any 

other form of distresses. 

Field cores were collected from both the sections and tested in DC(T) and IFIT 

tests, with results shown in Table 2-3. Following observations were made: 

a. SBS section had lower fracture energy compared to the ECR section. Note that 

the SBS section had undergone additional 8-12 months of aging before the onset 

of 2018-19 winter, but the ECR section has a higher amount of recycled content 

in the mixture. 

b. SBS section had substantially higher FI value compared to ECR section, even 

after the additional aging.  

c. The ECR section, despite having a substantially lower FI and higher recycled 

content, did not exhibit any form of cracking, while the SBS section, with a 

high FI showed onset of thermal cracking. 

The SPM software computed the PASER rating of this section (driving and passing 

lane combined) to be 9.7, as shown in Table 2-3, which means the pavement is in excellent 

condition with very few cracks, as confirmed by visual inspection. 
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Figure 2-8. Picture of a crack propagated through the SBS modified mix and stopped at the 

DP-GTR mix (Mile Post: 61.00 East Bound of I-88 route) 

Table 2-3. Cracking test results from the DP-GTR and SBS field cores and PASER Rating 

Mix Year Base Binder Type ABR % DC(T) [J/m2] FI 
PASER 

DP-

GTR 
2016 

PG 46-34 +10% 

GTR 

46.7 905 3.2 

9.7 

SBS 2015 SBS 70-28 35.5 830 10 

ECR 

SBS 
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2.7.2. I-75, Perry, GA 

GDOT placed a mile-long test section using chemically modified dry process GTR on a 

northbound lane on I-75 beginning at the mile post 137, near Perry, GA. Further details 

about this project can be found elsewhere (Hines 2007). The GTR section was laid side-

by-side an SBS-modified Porous European Mix (PEM) in August 2007. This pavement 

section was expected to last 5-7 years, but recent field visits have shown that the pavement 

lanes are still in good condition. SPM software was used to extract PASER rating for this 

section and was found to be 8.5 for the year 2019 (see Figure 2-9), which is high for a 10+ 

year old pavement. Similar performance has also been reported for dry process rubber 

section on SR 247, near Macon, GA, by Shen et al. (2014) (J. Shen, Xie, and Li 2014). 

Picture taken in 2007 Pictures from SMP, 2019 

 

 

Figure 2-9. Pictures from I-75, Perry, GA 
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2.7.3. Davison, MI 

An ECR section was laid in 2016 in Davison, MI on Cambridge Drive between S. State 

and S. Dayton Street. It is a residential street which functions as an outlet for all the city 

school busses twice a day during the school year. The road is in direct sunlight with 

minimal shading from bordering trees and is also used as an access road to an apartment 

complex. The placed mix was a dense graded mix with 12.5 mm NMAS, 4.9% binder 

content and 10% GTR. Recent visual inspection reveal that the road is still in good 

condition with no cracking or visible rutting distresses. The PASER rating was found to be 

8.1 for the year 2019, through the SMP software.  

2.7.4. Summary of field results 

Clearly, the lab characterization of dry process GTR or ECR mixtures do not match the 

field results. While DC(T) seems to be picking up the benefits of rubber modification and 

matches with the field results, IFIT and IDEAL-CT results penalize rubber modifications 

and more importantly, do not correlate well to the field results.  

This conflict raises the need to answer the question of what exactly goes on in the 

asphalt mixture with introduction of dry-process rubber in its system; why do different tests 

show different results? The authors set out to devise a novel lab experiment method to 

determine the underlying cracking mechanism in play for the dry-process rubber 

modification. The following sections describe the new method and presents the findings 

from the method. 
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2.8. Binder Cracking Test  

The objective of the lab test method was to determine how the dry process rubber is 

inhibiting the crack propagation, and further, how does it compare to the other 

modifications or lack thereof. The approach taken to answer this question was to study the 

crack propagation through application of fracture mechanics principles in rubber-modified 

mixtures. However, crack propagation in each asphalt mixture specimen is different due to 

unique aggregate and mastic arrangement/orientation. Furthermore, even though dry 

process rubber is added to aggregates (and not binder like the wet process rubber), the 

rubber particles ultimately react with the binder to change the properties of the 

mastic/mixture. Thus, to isolate the effect of rubber on the cracking potential of asphalt 

mixtures, this lab method was performed on specimens made of binder only (with no 

aggregates).  

Few studies have used binder-only specimens to determine the effect of modifier 

by computing various fracture mechanics-based parameters such as fracture energy, KIC, 

and so on. Little and Mahboub (1986) were the first ones to use a three point bending beam 

configuration with a notch (Single-Edge Notched Beam or SENB), adopted from ASTM 

813, for computing fracture mechanics based parameter, J-integral, to characterize 

modified asphalt binders. The authors performed the test at the glass transition 

temperatures for unmodified and sulphur-modified binder and showed that J-integral 

values were a good parameter to effectively characterize modified binders (Little and 

Mahboub 1985).  Hesp and his co-workers used a similar configuration but with slight 

modification to the notch tip, adopted from ASTM E399-90, and computed fracture 

toughness (KIC) and fracture energy (GIC) values instead of J-integral values to characterize 
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various polymer modified binders. The authors reasoned that at low temperatures, GIC 

becomes equal to critical values of J-integral (JIC) and GIC values are much easier to 

compute than the J-integral values (Hoare and Hesp 2000). Lee and Hesp (1994) used the 

method to characterize polythene-modified asphalt binders. The authors conducted the test 

at -20 °C to avoid the viscoelastic effects of asphalt binder. The results showed an increase 

in the KIC and GIC values with an increase in polythene percentage (N. Lee and Hesp 

1994). Hoare et al. and Anderson et al. used the method to see the effect of different kinds 

of polymer modification on asphalt binders (Hoare and Hesp 2000; Anderson et al. 2001). 

Champion et al. used the test to correlate the computed KIC values with the morphology of 

and the interfacial adhesion in the polymer-modified binder (Champion et al. 2001).  

Andriescu et al. used a Double Edge Notched Tension (DENT) specimen to 

compute the essential work of fracture at intermediate temperature for fatigue 

characterization of modified binders. The authors also computed fracture energy (Gf) 

parameter to compare the low temperature properties of the binders (Andriescu, Hesp, and 

Youtcheff 2007). Roque et al. developed a modified dog-bone specimen to compute the 

fracture energy of the specimen and showed the difference between various modified 

binders at intermediate temperatures (Roque et al. 2012). Hakimzadeh et al. used a compact 

tension (CT) geometry to compute KIC and Gf values following the ASTM E399 standard. 

The authors showed that rubber modified specimen performed better than polymer-

modified and unmodified binder (Hakimzadeh et al. 2017).  

Following the literature cited above, the authors chose to proceed with the compact 

tension (CT) specimen fracture test at low temperature following ASTM E399. The CT 

geometry provided enough ligament area to see the effect of rubber on a slowly propagating 
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crack and compare it with other binder systems (neat and SBS polymer modified). 

Additionally, the availability of a larger fracture face allowed examination of the 

morphology of fractured faces for different binders/mastics using an electron microscope. 

A Compact Tension (CT) mold was made of aluminum along with a removable plastic lid, 

with loading holes and notch, as shown in Figure 2-10 (a & b). Asphalt binder was poured 

into the mold after carefully coating it with petroleum jelly and parchment paper (Figure 

2-10 b) to allow release from the mold without damage to the specimen. The test protocol 

followed for curing specimens is described below: 

 After the binder was poured, the mold was allowed to sit at room temperature for 

90 minutes.  

 The mold was then transferred to a cooling chamber set at -15 °C and held for 30 

minutes.  

 The specimen was then demolded quickly to avoid heating and deformation (Figure 

2-10 c) and gage points were affixed with glue (using similar techniques as those 

used in the DC(T) test -  ASTM D7313).  

 Finally, the specimen was placed in the testing chamber and conditioned for 2 

hours, similar to DC(T) testing protocols.  

The sample forming technique described above was developed based on experience 

gained from early trials, some leading to broken specimens.  This was also true of test 

temperature and loading rate considerations, which are discussed in more detail later in this 

section. For instance, cooling the specimen at room temperature for 30 or 60 minutes 

resulted in an uneven surface at the center of the specimen due to the temperature gradient 

that still existed.  Hence, a 90 minute cool-down period was selected. The conditioning and 



38 

 

demolding temperature of -15 °C was found to stiffen the selected base binder sufficiently 

to allow demolding without excessive deformation. 

                        (a)                              (b)                      (c) 

Figure 2-10. (a) Binder CT Mold; (b) Pouring Binder into the Mold; (c) Binder CT 

specimen After Demolding from the Aluminum Mold 

The fracture test was run at different test temperatures and loading rates, with a 

seating load of 0.02 kN. The seating load was decided based on several failed attempts to 

get a valid load-CMOD curve, e.g., to achieve a sufficiently high signal-to-noise ratio. 

Hakimzadeh et al. (2017) described a similar process in determining suitable testing 

parameters. A PG 64-22 binder obtained from Illinois (properties listed in Table 2-4) was 

selected as the base binder. 

Table 2-4. Properties of PG64-22 Binder Used in Binder CT Test 

 Viscosity (Pa.s) 

Rotational 

Viscometer 

@ 135 °C @ 165 °C 
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 0.084 0.023 

 

 PG High Temperature 

Continuous Grade 

DSR  66.2 °C 

 

 Stiffness (MPa) m-value 

BBR at -12 

°C 

162 0.365 

  

Specimen fracture energy was computed from the load-CMOD curve obtained for 

each specimen using equation [2-1] with B= 40 mm and L = 80 mm. The dimensions of 

the CT specimen were adopted from Hakimzadeh et al. (2017). The thickness was taken at 

40 mm to limit the amount of binder required to make the specimen, and to maintain 

enough thickness to achieve plane strain conditions. Given that, the test was under low 

temperature where the elastic nature of asphalt prevails, and that the ligament length of the 

adopted specimen is large, it is fair to assume that plane-strain conditions exist in this 

particular test procedure (Hoare and Hesp 2000). The specimen dimensions also satisfy the 

required conditions of ASTM E399 of 2 ≤
𝑊

𝐵
≤ 4 for it to be a valid KIC test (ASTM E399). 

However, the E399 standard specifies a loading rate range of 0.33 to 1.67 kN/s (derived 

from the allowable range of change in stress intensity in the specimen) in the test to allow 
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for a valid KIC determination using the relationship given in the standard. Since this test 

was CMOD-controlled, it did not satisfy the loading requirements. Thus, rather than 

compute KIC, the authors instead used the load-CMOD curve to compute the total work 

required to fracture the specimen, divided by the fractured area, to compute total fracture 

energy.  

Additionally, three other parameters were derived from the load-CMOD curve: the 

slope of the secant to the peak load (mPL), the CMOD at peak load (CMODPL), and CMOD 

at the end of the test (CMODend), as shown in Figure 2-11. The mPL parameter assesses the 

sample stiffness during the pre-peak portion of the test. The CMODPL parameter assesses 

the ability of the specimen to tolerate crack opening displacement prior to crack 

propagation.  The CMODend value represents the ability of the specimen to tolerate crack 

opening displacement during the entire test (pre- and post-peak, until the load falls back to 

0.02 kN). 
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Figure 2-11. Parameters Calculated from Load-CMOD Curve to Compare Different 

Specimens 

2.8.1. Preliminary Binder CT Results 

Initial results for the Binder CT test were obtained for unmodified (0% GTR), polymer-

modified, and rubber-modified (5, 10, 20% GTR) specimen at a loading rate of 0.2 mm/min 

and -22°C. It was observed that the unmodified and polymer-modified specimens showed 

similar failure patterns- the specimen was able to bear a certain load before a catastrophic 

failure at the peak load (brittle failure; no post-peak behavior was noted; CMODPL = 

CMODend) (Braham, Buttlar, and Marasteanu 2007).  The rubber-modified specimens, 

however, had a well-defined post-peak behavior, indicating presence of a crack arresting 

mechanism that allowed the crack to propagate under the 0.2 mm/min loading rate steadily 

throughout the test.  

The load-CMOD plots for the unmodified and SBS-modified specimens are shown 

in Figure 2-12a, and for all rubber-modified specimens are shown in Figure 2-12b. Figure 

2-13 shows bar plots of fracture energy, mPL, and CMODPL values for all the specimens, 

as defined earlier. For rubber specimens, a significant increase in fracture energy with 

increasing GTR modification level was observed, with 20% GTR modification resulting in 

more than 6 times the fracture energy of the 5% modified specimen. The plot also shows a 

decrease in the value of mPL with an increase in rubber modification. The progressively 

lower values indicate the specimens’ increasing ability to relax stresses, or avoid an intense 

local build-up of stresses resulting in a slowly propagating crack. Similar slope values were 

noted for 5% and 10% modification, which is due to similar increase in peak load as well 

as the CMODPL for those cases. Cases like these demonstrate the usefulness of obtaining 
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parameters other than traditional measures of fracture energy or simple index values arrive 

at a more holistic understanding of the fracture mechanisms at work in the various 

specimens tested. The CMODPL and CMODend parameters varied more between specimen 

type as compared to variations in peak loads. An increasing CMODPL was observed with 

an increase in rubber content, showing the positive effect of rubber modification in carrying 

higher strains (due to higher crack mouth opening displacement) prior to the propagation 

of a crack. Additionally, the CMODend parameter increased with an increase in rubber 

content in the specimens, at this particular rate and temperature, pointing towards the 

increase in the amount of crack mouth opening displacement (and work) required to drive 

a crack through the specimen.  

                                                          (a)  
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Figure 2-12. (a) Brittle Failure of Unmodified and Polymer-Modified Specimens; (b) Load-

CMOD Plots for Rubber-Modified Specimens Showing Ductile Failure or Crack Arresting 

Mechanism Allowing Steady Propagation of Crack at a Constant Loading Rate 

 

                                                             (b) 
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Figure 2-13. Plot Showing Fracture Energy, CMOD at Peak Load, and Secant Slope to Peak 

Load for All Specimens Tested at -22°C and 0.2 mm/min 

The fracture energy for SBS polymer modified specimens was in range with the 

5% GTR modified specimen.  It is acknowledged that this finding is likely specific to the 

binder and testing conditions used in this study. Figure 2-12a shows that the polymer-

modified specimen was able to carry the highest peak load among all specimens tested. 

Although the mPL (Secant Slope) and CMODPL parameters for polymer-modified 

specimens indicated good resistance to cracking early in the test, the absence of post-peak 

behavior of the specimen points to the possibility of rapid deterioration once a crack starts 

forming in the asphalt mixtures with polymer-modification. On the other hand, the rubber 

specimens, which exhibited long post-peak failure curves, will likely keep cracks tighter 

in the field in comparison.  This should translate to added pavement life, at least from the 

standpoint of resisting low-temperature cracking. 

2.8.2. Effect of Loading Rate 

Following the preliminary results showing the brittle nature of the unmodified and SBS 

polymer-modified binder at low temperatures and the non-brittle nature of the rubber-

modified binders, various loading rates were investigated in the rubber-modified 

specimens. Loading rates of 0.2, 0.5, 5, 10 and 20 mm/min were carried out and the 

resulting Load-CMOD plots are shown in Figure 2-14. The results show that with 

increasing loading rates, the load-CMOD curves exhibited higher peak loads and steeper 

pre- and post-peak slopes. The fracture energy was highest at the lower loading rates 

(results at 0.2 and 0.5 mm/min were very similar), and decreased as the loading rate was 

increased from 0.5 to 20 mm/min. The peak loads showed an increasing trend until the 10 
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mm/min loading rate, but decreased as the loading rate was increased to 20 mm/min. It is 

possible that conducting this test at an even higher loading rate would result in a brittle 

failure or in a low fracture energy event. Similar observations were made for 5% GTR-

modified specimens wherein the peak loads increased until 5 mm/min but decreased when 

the test was conducted at 10 mm/min. The unmodified specimens cracked readily and in a 

brittle fashion (no post-peak behavior) as the loading rate was increased, resulting in zero 

fracture energy value when the loading rate was 5 mm/min. The loading rate analysis for 

the 5% GTR-modification and unmodified specimens have not been reported herein for 

brevity.  

 

Figure 2-14. Effect of loading rate for 20% dry GTR-modified specimen on Load-CMOD 

plot (test conducted at -22°C) 
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Figure 2-15 shows the effect of loading rates on the parameters defined in Figure 

2-11, for the 20% GTR modified specimen. The CMODPL and CMODend parameters 

showed a decreasing trend with an increasing loading rate, due to the narrower load-CMOD 

curves (until the post-peak load of 0.02 kN was reached). However, with a loading rate of 

20 mm/min, the trend reversed with an increase in the CMODPL and CMODend value. The 

secant slope to peak load (mPL) also increases until the 10 mm/min loading rate, dropping 

at the 20 mm/min loading rate. 

                                                                                 (a) 
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                                                                               (b) 

Figure 2-15. Effect of loading rate for 20% GTR-modified specimen on, (a) fracture energy 

and peak loads; (b) CMODPL, CMODend, mPL parameters (defined previously) 

Figure 2-16 shows the fracture energy values for different rubber contents at 

different loading rates, all measured at -22°C. The trends in the plot show a dramatic 

increase in fracture energy as the content of rubber is increased and a decrease in fracture 

energy as the rate of loading in increased.  
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Figure 2-16. Effect of loading rate and test temperature on fracture energy of the binder CT 

specimen with respect to GTR % 

Another important facet of this test is its repeatability. The sample fabrication in 

this test itself is a tedious process and could be the source of variability, for example, if the 

aluminum tubes used to cast loading holes are not aligned perpendicular to the base of the 

mold, then there is a risk of fracturing the specimen in a mixed mode failure instead of 

tensile failure. Further, meticulous attention to detail was needed for the specimens during 

demolding, curing, and testing process. While most of the reported results were from single 

replicates, it was important to examine the repeatability of the test. Thus, additional 

specimens were tested for a few chosen loading rates to examine repeatability of the test. 

The fracture energy values obtained from the replicates are shown in Table 2-5, indicating 

the low variability in the results. 

Table 2-5. Replicate values for select binder CT specimens to examine the repeatability of 

the test 

 Fracture Energy (J/m2) 

Loading 

Rate 

(mm/min) 

0.2 mm/min 0.5 mm/min 5 mm/min 10 mm/min 

0% GTR Rep 1 =  

10.5; Rep 2 = 

9.4 

Rep 1 =  

6.2; Rep 2 = 

8.7 

Rep 1 = 0.7 

(catastrophic/brittle 

failure) 

Rep 1 = 0.2 

(catastrophic/brittle 

failure) 

5% GTR Rep 1 = 64  Rep 1 = 44 Rep 1 =  30.4; Rep 

2 = 30.5 

Rep 1 =  16.3; Rep 

2 = 23.2 

10% GTR Rep 1 = 155 Rep 1 = 141 Rep 1 =  83.8; Rep 

2 = 106.1 

Rep 1 =  65.4; Rep 

2 = 68.7 
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20% GTR Rep 1 = 421  Rep 1 = 423 Rep 1 =  292.5; Rep 

2 =  301.5 

Rep 1 = 285 

 

2.8.3. Effect of Test Temperature 

All the results shown in the previous sections were from -22°C (equal to the PGLT of the 

binder used in this study). As universally known, asphalt is a temperature-sensitive material 

and the fracture energy parameter for asphalt specimens varies with test temperature. Thus, 

the effect of test temperature was also investigated in this study. A warmer test temperature, 

-10°C was chosen to be investigated in this study.  

Figure 2-17 shows the load-CMOD curve for 20% GTR tested at a loading rate of 

5 and 10 mm/min at -22°C and -10°C. As seen from the figure and as was expected, the 

load-CMOD curves at -22°C were narrower (test ending at lower CMOD values) due to 

the brittleness of the binder at lower temperatures. Warmer temperatures resulted in a wider 

load-CMOD curve, indicating a higher fracture energy, as associated with the ability of the 

binder to relax tensile stresses at warmer temperatures. Such behavior has been shown to 

exist for asphalt-aggregate mixtures (Braham, Buttlar, and Marasteanu 2007). Similar 

results were obtained for the 5% GTR modification case. Generally, an increase in test 

temperature (warmer temperature) resulted in an increase in fracture energy. This can also 

be seen by a side-by-side comparison of fracture energy values obtained at -22°C and -

10°C, as shown in Figure 2-18. On comparing the common loading rates at these two test 

temperatures (highlighted with thick black border), it is clear that fracture energy at -10°C 

is much higher than values obtained at -22°C. 
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                                     (a)                                             (b)  

Figure 2-17. Effect of temperature on fracture energy/failure mechanism of 20% GTR-

modified specimen for 5 mm/min (left) and 10 mm/min (right) loading rates 

                                                                         (a)  
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                                                                    (b) 

Figure 2-18. Fracture energy values obtained at -22 and -10°C; common loading rates with 

highlighted black borders 

 

2.8.4. Scanning Electron Microscopy Images 

Once the specimens were fractured, the next step was to study their fractured faces under 

a Scanning Electron Microscope (SEM). Figure 2-19 and Figure 2-20 show the fractured 

faces of the specimens. As can be observed, the SBS polymer-modified and unmodified 

specimens have a glass-like texture on the fracture surface, whereas the rubber-modified 

specimens have an uneven, granulated fracture surface. Given the similar ligament lengths 

and widths, the effective area of the uneven GTR fracture surfaces is clearly higher than 

the glass-like surface.  This implies that more work must be expended to drive a crack 

through GTR modified materials at low temperatures as compared to neat and SBS-

modified systems. This is consistent with the higher fracture energy measured for rubber-

modified specimens and also explains the increased fracture energy observed at increasing 
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GTR modification levels. The aim of this exercise was to try and capture any details of 

crack propagation from the surface characteristics. It was known that rubber modification 

would leave behind most of the rubber particles intact, and thus, it was not a far-fetched 

expectation to see evidence of cracking pinning/blunting on the fractured face. Presence of 

crack pinning has been speculated by other researchers as well, but no visual proof has yet 

been presented anywhere in the literature (Rodríguez et al. 1996; Hoare and Hesp 2000). 

Figure 2-19. Fractured face of (a) Unmodified (PG 64-22); (b) SBS-Modified (PG 76-22) 

Specimen 

      (a)   (b) 
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         (a)         (b) 

Figure 2-20. Fractured Face of (a) 5% GTR-Modified; (b) 20% GTR-Modified Specimen 

For SEM analysis, an FEI Qanta 600F was used in a low vacuum mode. Figure 

2-21 (a) and (b) show the images of polymer-modified binder CT specimen under SEM at 

different magnifications. The polymer-modified SEM images are similar to shown by 

Champion et al. (2001), which show very planar-looking surface characteristics (Champion 

et al. 2001).Figure 2-21 (c)-(h) show rubber-modified specimens’ images from SEM. 

Figure 2-21 c shows dislodged rubber particles on the surface of the specimen. Figure 2-21 

d shows a cluster of “cavities” left behind by the dislodged rubber particles, characteristic 

of crack pinning mechanism in other materials (Wetzel et al. 2006; Xia et al. 2015). Figure 

2-21 e and f show isolated cavities at various spots on the specimen. Note than Images a-f 

are all backscatter images. Figure 2-21g and h show secondary images of an isolated cavity 

in different magnification scales.  
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                                  (a)                                    (b)  

                                  (c)                                    (d)  

                                  (e)                                    (f)  

Cavitation left 

behind by rubber 

particle 

Cavitation left behind 

by rubber particle 
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                                  (g)                                    (h)  

Figure 2-21. Showing the SEM Images for a&b) Polymer-Modified (PG76-22) Binder CT 

Specimen; c) Bonded Rubber Particles to Fractured Face; d-h) Cavities/Characteristic Tails 

Indicating Presence of Crack Pinning Mechanism 

To get even better images, an artificial dye was used to color the asphalt binder, so 

that the contrast between the rubber particles and binder enabled better analysis of the 

topological characteristics of the specimens. Figure 2-22 shows the fractured face of the 

dyed specimen (12 a), zoomed in with an optical microscope (Figure 2-22 b) and with an 

SEM (Figure 2-22 c). Note that fracture energy values reported earlier were computed from 

specimens with no color-modification. 
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(a) (b) (c) 

Figure 2-22. a) Fractured Face of Colored Binder CT Specimen; b) Magnified with an 

Optical Microscope, and c) Magnified with an SEM Showing Embedded Rubber Particles 

Some of the key observations from these SEM images are summarized below: 

a. A cluster of cavities and embedded rubber particles were observed on the fractured 

face, as shown in Figure 2-23. These “cavities” left behind by the rubber particles 

are much like the tails reported to be characteristic of the crack pinning mechanism.  

This has been reported in materials other than asphalt and also surmised to exist in 

rubber-modified asphalt by earlier studies (Wetzel et al. 2006, Smith and Hesp 

2007,  Xia et al. 2015).  
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Figure 2-23. Images Showing Cavity-like Formation around an Embedded Rubber Particle 

b. The SEM images with the cavity-like formation in rubber-modified specimens 

versus the glass-like surface of polymer-modified specimen infer that distinctly 

different cracking mechanisms exists. Polymers such as SBS increase the elasticity 

of the asphalt binder and involve a physical cross-linked network of styrene blocks, 

that weaken at lower temperatures (Pang et al. 2016). However, upon tensile 

loading at low temperatures, once the load capacity of the specimen is reached, the 

specimen undergoes a brittle failure, similar to an unmodified asphalt specimen. On 

the other hand, rubber-binder interaction results in swelling of rubber particles by 

absorption of lighter ends of the binder. In most fabrication processes (such as those 

used in this study) the rubber particles never completely dissolve in the asphalt 

binder and thus, the mastic in GTR mixes retain much of their granular, particulate 

structure (Shu and Huang 2014; Peralta et al. 2010). These granular particles 

impede crack propagation through the asphalt mastic, forcing the crack to take 

longer and more tortuous paths to form new surfaces. Toughening mechanisms 

have been proposed by various studies for rubber, and other modification 
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approaches in asphalt, for instance: Lee and Hesp for polyethylene in asphalt (N. 

Lee and Hesp 1994); Smith and Hesp for glass spheres in asphalt (Smith and Hesp 

2007); Segre et al. for cement-rubber paste (Segre, Ostertag, and Monteiro 2006), 

and; Rodriguez et al. for particulate-filled asphalt (Rodríguez et al. 1996). 

c. The fractured faces of the rubber-modified specimens were observed to have micro-

cracks around the vicinity of the embedded rubber particles, as shown in Figure 

2-24. The process of micro-crack formation and coalescence has been extensively 

reported to exist in asphalt mixtures and binders (Li and Marasteanu 2010; Behnia, 

Buttlar, and Reis 2017). The presence of densely populated micro-cracks in the 

vicinity of rubber particles indicate that introduction of dry rubber particles might 

have arrested or delayed the coalescence of these micro-cracks, and thus, led to an 

increase in the fracture energy.  

 

Figure 2-24. Image showing the presence of micro-cracks around embedded rubber 

particles 
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The SEM images showing dislodged rubber particles and cavities versus the plane 

surface of SBS-modified specimen infer the presence of separate cracking mechanisms in 

both the specimens. The ability of the rubber-modified specimen to bear loads for a longer 

time by steadily creating new surfaces is evident from the fracture surfaces images. It is 

important to note, the surface characteristics were not dependent on loading rates or 

temperatures adopted in this study. It appears that the rubber-modified specimens inhibit 

cracking through pinning the cracks- as evidenced by the presence of cavities on the 

fractured surface. Crack pinning and other similar toughening mechanisms have been 

proposed by various studies for rubber and other modifications in asphalt and other 

materials- Lee and Hesp for polyethylene in asphalt (N. Lee and Hesp 1994), Smith and 

Hesp for glass spheres in asphalt (Smith and Hesp 2007), Segre et al. for cement-rubber 

paste (Segre, Ostertag, and Monteiro 2006), Rodriguez et al. for particulates filled asphalt 

(Rodríguez et al. 1996), and so on. 

2.8.5. Summary and Discussion of Binder-CT Test Results 

Asphalt specimens modified with rubber were tested and compared to unmodified and SBS 

polymer-modified asphalt mixtures under a range of standard and advanced asphalt 

cracking tests. The DC(T) fracture tests showed a positive benefit of adding rubber in the 

asphalt mixture, while the index scores from IFIT and IDEAL tests suggested that adding 

rubber decreases the cracking resistance of the mixes. These discrepancies motivated the 

investigation of cracking mechanism in the rubber-modified specimens, with an emphasis 

on low temperatures (where valid fracture testing could be performed). 

The authors combined new fracture testing methods with detailed image analysis 

techniques to study the cracking behavior of rubber, polymer, and un-modified (neat) 
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asphalt binders and mastics. The new lab method was based on ASTM E399, leading to a 

new binder/mastic Compact Tension (CT) specimen motivated by a recent work by 

Hakimzadeh et al. (2017).  New parameters derived from the load-CMOD curves were also 

introduced. The initial loading rate and test temperatures were chosen based on the 

literature and preliminary trials. Furthermore, the fractured surfaces were studied under a 

Scanning Electron Microscope (SEM), and by adding dye, to obtain a better physical 

understanding of the fracture process zone mechanisms present in GTR- and SBS-modified 

systems, along with unmodified specimens. The following conclusions were drawn from 

the study: 

1. Addition of rubber inhibits the crack from propagating through the thickness of the 

specimen. This is reflected in the load-CMOD curves obtained for each asphalt 

specimen- unmodified, polymer-modified, and rubber-modified. First, the 

unmodified specimens showed a brittle failure; the specimens exhibited 

catastrophic failure after reaching a certain load. Second, SBS polymer-

modification of specimens led to an increase in the peak load, but the failure mode 

remained the same, i.e., the specimen underwent a catastrophic (brittle) failure at 

peak load. Third, rubber modification led to a distinct change in fracture behavior- 

the specimens were able to arrest/inhibit the catastrophic failure.  Instead, the crack 

propagated at a slower, more steady velocity. Finally, as the rubber content 

increased, the ability of the specimen to inhibit failure increased, as characterized 

by an increase in fracture energy required to break the specimen.  

2. At a loading rate of 0.2 mm/min and at -22°C, 5% modification resulted in 64 J/m2 

fracture energy and 20% modification resulting in 421 J/m2 fracture energy. The 
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SBS-modified specimen was closer to the 5% rubber modified specimen with a 

fracture energy of 58 J/m2. It was interesting to note that the SBS-modified 

specimen possessed the maximum peak load before failure observed in the study.  

3. Tests show that with an increase in loading rate, the fracture energy decreases. The 

load-CMOD curves become narrower with higher peak loads and lower CMOD 

behavior is observed. However, beyond a certain loading rate, the peak load starts 

to decrease. This is probably due to onset of brittle failure mechanism wherein the 

loading rate is too high for the specimen to arrest crack propagation. This is 

currently hypothesized to be similar to how IFIT and IDEAL-CT test are 

characterizing rubber-modified mixes and why those tests rank rubber-modified 

mixes so low (see point 6).  

4. Tests show that warmer test temperature produces wider load-CMOD curves, and 

results in higher fracture energy, as expected and also seen in asphalt mixtures.  

5. SEM images of the fractured surfaces from rubber- and polymer-modified 

specimens revealed the presence of “cavities” left behind from dislodged rubber 

particles indicating the presence of a crack pinning toughening mechanism. In crack 

pinning, the propagating crack encounters an embedded rubber particle of a higher 

stiffness than the base binder matrix and requires extra energy to overcome the 

resistance. Mixing of rubber and binder has been thoroughly studied, and as 

reported by many researchers, the rubber is not completely ingested in the binder.  

Rather, it swells by taking on lighter ends from the binder, but a ‘lumpy’ or granular 

mastic results. This morphology appears to inhibit the crack propagation at low 
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temperatures, and probably imparts crack resistance and/or strength to the specimen 

at intermediate and high temperatures. 

6. Given this understanding of the cracking mechanism at play, perhaps the reason 

IFIT and IDEAL test did not characterize rubber favorably is due to their specific 

testing conditions, i.e., tested on mixtures at very high loading rates and at 

intermediate test temperatures, such as 25 °C. For IFIT, significant elastic energy 

is stored in the bulk material (away from the crack due to specimen bending) and 

rather high peak loads are required to start moving a crack through the specimen.  

Once the crack finally starts propagating, the significant stored energy accelerates 

the post-peak crack velocity, hence resulting in a high post-peak load-CMOD slope. 

Similarly, for IDEAL-CT, high strength of the rubber mixtures (characterized by 

high peak loads), coupled with high displacement rate of the test that ends up 

building a lot of stored energy in the specimen does not allow the crack pinning 

mechanism to come to effect (the crack has enough stored energy to go through a 

rubber-binder mastic). Given the formulation of the Flexibility Index (FI) and CT-

Index, these tests are over-reliant on the post-peak slope than the fracture energy or 

strength of the mixtures, which results in lower FI and CT-Index value. 

The logical next step in this work is to apply the learnings from the binder CT test 

results to parameters obtained from mixture cracking tests. As shown in the previous 

sections, the DC(T) test was able to pick up the benefits of rubber-modification, and was 

supported by field results, whereas IFIT and IDEAL-CT tests were not able to accurately 

characterize rubber modification. It was seen from the binder mastic testing that lower 

loading rates and warmer temperatures were able to enhance the performance of rubber 
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modified specimens. Thus, similar modification were tried in IFIT testing for mixtures. 

The next section details the methodology and findings of modified IFIT study. 

2.9. Modifying Illinois Flexibility Index Test Parameters 

As mentioned in the prior sections, warmer test temperatures and lower loading rates seems 

to have enhanced the positive effect of rubber. From the lab cracking tests, it was observed 

that IFIT and IDEAL-CT were not able to pick up the benefits of rubber modification in 

terms of cracking potential of asphalt mixtures, as proven from the field results. Thus, the 

test parameters used in the analysis of IFIT data were modified and mixtures with and 

without rubber were tested to investigate if changing the test parameters helps the test pick 

up the benefits of rubber modification.  

2.9.1. Mixture Details 

The details of the mixes are shown in Table 2-6. Both the mixtures were dense graded, and 

the gradation is shown in Figure 2-25. 

Table 2-6. Mixture Details for IFIT Parameter Modification Testing 

Project 

ID 

Mix ID Binder Used NMAS GTR% Ndesign 

APAC Mix1_CTL PG 64-22 12.5 0 80 

Mix1_10GTR PG 64-22 12.5 10 80 

E3F Mix2_CTL PG 64-22 12.5 0 35 

Mix2_10GTR PG 64-22 12.5 10 35 
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Figure 2-25. Gradation for Mixtures Studied in IFIT Parameter Modification 

2.9.2. Methodology 

For this study, the first mixture was investigated at three test temperatures and four loading 

rates were investigated- 25, 40, 50 °C, and 50, 25 10, 5 mm/min loading rate. The test 

matrix is shown in Table 2-7. Testing of Mix 1 at 50°C and 10 mm/min led to low peak 

loads and resulted in branched cracking in the specimens instead of forming a fractured 

face. Thus, the test matrix for Mix 2 was reduced to two test temperatures- 25 and 40°C, 

and three loading rates of 50, 25, and 10 mm/min, as shown in Table 2-7.  

Table 2-7. Test Matrix for IFIT Parameter Modification Testing for Mix 1 (highlighted in 

green) and Mix 2 (highlighted in blue) 

Loading Rate (mm/min) 50 25 10 5 

Temperature (°C)  
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25   N/A    

40 N/A      

50 N/A N/A  N/A 

2.9.3. Results and Discussion 

Figure 2-26 shows the FI and other parameters obtained from the test, such as fracture 

energy and slope. Expectedly, the FI for ECR-modified mixture at the standard conditions 

(25°C and 50 mm/min). With lowering the loading rate to 10 and then 5 mm/min at the 

same temperature, the ECR-modified mixture was still outperformed by the control 

(unmodified mixture). However, the change of test temperature to 40°C resulted in similar 

FI values for control and ECR-modified mixtures, across all the loading rates (25, 10, 5 

mm/min). Interestingly, the fracture energy for the ECR-modified mixture, as measured by 

IFIT test, is higher than the unmodified mixtures. However, the slope parameter is much 

more influential in computation of FI parameter and nullifies any additional credit the 

mixture gets for higher fracture energy. At 40°C, the fracture energy term becomes 

dominant as the slopes for both the mixes were similar, resulting in ECR-mixes measuring 

for similar or higher FI values. 
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                                                                          (a) 

                                                                          (b) 

Figure 2-26. (a) FI for Mix 1 obtained at different test temperatures and loading rates, (b) 

Fracture energy and post-peak slope obtained from IFIT test for Mix 1 at various test 

parameters  

In Mix 2 as well, the FI values for unmodified and ECR-modified mixtures became 

comparable at 40°C and 10 mm/min loading rate, as shown in Figure 2-27. Paying attention 

(25,50) (25,10) (25,5) (40,25) (40,10) (40,5)

MIX 1 CTL FI 14.9 17.5 15.9 20.0 15.8 15.2

MIX 1 ECR FI 9.2 12.4 9.8 19.5 17.8 14.4
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to slope and fracture energy values, it was observed that for this particular mixture, the 

factor of change for slope value and fracture energy was similar when tested at 40°C and 

10 mm/min, leading to similar FI values. 

                                                                          (a) 

(25,50) (25,10) (40,25) (40,10)

MIX 2 CTL FI 6.7 14.1 19.1 16.2

MIX 2 ECR FI 1.9 3.4 13.8 16.6
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                                                                       (b) 

Figure 2-27. (a) FI for Mix 2 obtained at different test temperatures and loading rates, (b) 

Fracture energy and post-peak slope obtained from IFIT test for Mix 2 at various test 

parameters 

From limited testing, the following observations can be made: 

a. While FI values, or as a matter of fact, any cracking index is dependent on the 

nature of the mixture, testing at 40°C and a lower loading rate of about 10 mm/min 

seems to characterize rubber specimens more favorably than the standard testing 

parameters (25°C and 50 mm/min) 

b. The current FI parameter is over-reliant on the slope parameter. The rubber-

modified mixtures have higher strength compared to the unmodified mixture, but 

the FI parameter does not take that into account while computing the cracking 

resistance of the mixture.  
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c. The premise of developing IFIT was to simplify mixture performance testing and 

do away with temperature-controlling chambers. A change in the direction of 

proposing a new test temperature for rubber-modified specimen might make this 

test unattractive for contractors and paving agencies to use it as a QC test. In this 

study, care was taken to maintain the test temperature by placing the temperature 

chamber as close to the testing machine as possible, and minimizing the time that 

the specimen has to stay out of the temperature-controlled chamber.  

2.10. Summary and Conclusions 

The study was motivated by the lack of understanding of the cracking mechanism of 

rubber-modified mixtures. Several simple laboratory cracking tests, such as Illinois 

Flexibility Index Test and IDEAL-CT test, used for quality control and in the mix design 

phase of asphalt mixtures were not able to characterize rubber mixtures such as to match 

their lab characterization with field performance data. Notably, the disk-shaped compact 

tension test was able to match lab characterization with field performance data. However, 

with more and more paving agencies adopting Balanced Mix Design (BMD) principles for 

asphalt mixture design, these cracking tests are often grouped together as the measure of 

cracking potential of an asphalt mixture. In such a scenario, the mismatch of the lab 

characterization test results for rubber-modified specimens, and more importantly, the 

mismatch with field results, would directly impact a state’s acceptance of innovative 

technology such as chemically treated dry-process rubber modification of asphalt mixtures. 

Thus, there was an immediate need to understand the fundamental cracking mechanism of 

dry-process rubber modified asphalt mixtures.  
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In order to understand the cracking mechanism of rubber-modified mixtures, a 

binder/mastic system was tested in a fracture-based laboratory test. Testing of 

binder/mastic was based on the fact that rubber-modification, irrespective of the mode of 

addition (dry or wet process), ultimately reacts with binder to form a mastic that enhances 

its field performance. Additionally, binder/mastic testing helped isolating the effect of 

rubber, which would have been difficult in mixture testing. The fracture energy results 

from the testing revealed that while unmodified and SBS-modified binders exhibited brittle 

failures, rubber-modified specimens were able to arrest crack propagation and exhibited 

ductile-type failure. Further analysis of the fracture faces of the binder/mastic specimens 

under a Scanning Electron Microscope showed the presence of granular rubber particles 

embedded in the binder, and formation of cavities and micro-cracks around the rubber 

particles. These SEM observations alluded to the presence of cracking pinning 

phenomenon in the mastic, which has been theorized by previous researchers as well.  

Finally, the learnings from the binder/mastic testing were applied on one of the simple 

tests- IFIT. The test parameters were tweaked, specifically, a range of test temperatures 

and loading rates were tried on asphalt mixtures with and without rubber. The goal was to 

investigate if warmer temperatures and lower loading rates result in the rubber specimens 

showing better cracking resistance. In the limited amount of materials tested, it was 

observed that around 40°C and 10 mm/min, the rubber-modified specimen show similar 

cracking resistance as the unmodified specimen. More types of mixtures are needed to be 

included in this study to confirm the findings, in the future. 
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2.11. Future Work 

The following can be summarized as future work to augment the findings of the current 

study: 

 Simulation of the Binder Cracking Test using Discrete Element Modeling or Finite 

Element Modeling to circumvent the tedious laboratory process of conducting the 

test, while enhancing our understanding of rubber-modified specimen under 

different loading conditions. 

 Investigation of IDEAL-CT test in characterizing rubber-modified specimens at 

different loading rates and test temperatures 

 Including more types of mixtures in the IFIT/IDEAL-CT rate and temperature study 

to better understand the effects of rubber-modification on the FI/CT-Index 

parameter. 
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Chapter 3  

Investigation of Long-Term Aging of Dry-Process 

Rubber-Modified Dense-Grade Asphalt Mixtures 

3.1. Introduction 

Throughout the life of an asphalt pavement, it is continuous degraded by environment due 

to oxidative aging of asphalt mixture. Thus, understanding the effects of oxidative aging 

on asphalt mixtures is imperative for designing durable pavements. In the Superpave mix 

design, oxidative aging is considered in the binder testing. Rolling Thin Oven Film Test 

(RTFOT) and Pressure Aging Vessel (PAV) are used to short-term and long-term age 

binder respectively, and then they are tested to determine binder parameters such as G* 

and phase angle. However, the modern mixtures are more heterogeneous than ever, in the 

sense that various recycled materials (recycled asphalt pavement, recycled shingles, ground 

tire rubber, etc.) and various chemical technologies (warm mix additives, rejuvenators, 

etc.) are now routinely used in asphalt mixtures. The effect of these modifications are often 

difficult to capture in binder testing due to failure in recovering a truly representative binder 

sample from mixtures. This puts onus on devising proper mixture aging protocols to study 

the aging process of asphalt mixtures. Recently, such a need has been addressed in the 

NCHRP 09-54 project. This study applies the newly developed mixture aging protocols in 

NCHRP 09-54 project to mixtures with rubber and polymer to investigate their effects on 

long-term aging susceptibility of asphalt mixtures. The following sections discuss pertinent 
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literature, materials, methodology, and finally, the results obtained for different mixtures 

obtained from three commonly used cracking tests. 

3.2. Literature Review 

The current standard for mixture aging dictates aging compacted samples in a force-draft 

oven at 85°C for five days (120 hours). Researchers have pointed out that the current aging 

method induces an oxidative gradient varying from the periphery of the sample to its center, 

whereas the gradient on field varies from top to bottom of the pavement. Further, aging 

compacted samples comes with the risk of distortion. To solve these issues, an NCHRP 

study by Dr. R. Kim and colleagues suggested aging loose mixture samples at 95°C for a 

specified time that is decided based on location of the project, the depth of the mixture in 

a pavement (surface lift versus bottom lifts), and the years of field aging to be simulated 

(Kim et al. 2017). For example, in this study, the mixtures were aged for six days at 95°C 

to simulate field aging at Chicago (IL) location of a surface lift for 8 years of service life. 

The new method was shown to correlate well to field aging of mixtures. More details can 

be found elsewhere (Kim et al. 2017), but a brief review of the process is discussed in 

upcoming sections (see Section 3.4). 

A number of laboratory studies have shown improvements in the asphalt mixture 

performance with addition of rubber in dry-process, and shown an equivalence of 

performance with wet-process and polymer-modified mixtures/binders. Table 3-1 enlists a 

number of such studies. Further, there are multiple million tons of dry-process rubber-

modified asphalt placed all over the United States in different climate zones and traffic 

conditions. Reports from Georgia, Texas, Illinois, Missouri and many other states have 

shown the economic as well as performance benefits of using dry-process rubber 
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modification in asphalt pavements (J. Chen, Xie, and Li 2014; Junan Shen and Xie 2012; 

P. Rath et al. 2019; Fujie Zhou and Scullion 2008; W. G. Buttlar et al. 2019).  

Table 3-1. Summary of laboratory findings on dry process rubber modification of asphalt 

mixtures 

Authors Findings 

Mull et al. (Mull, Stuart, and Yehia 

2002) 

Improved low-temperature properties using 

chemically modified CR1 

Airey et al. (Airey, Collop, and 

Rahman 2004) 

Improvement in rutting resistance 

Neto et al. (Neto, de Farias, and 

Mello 2005) 

Improve in fatigue life 

Cao et al. (Cao 2007) Improve high- and low-temperature 

properties of mixtures 

Fontes et al. (Fontes et al. 2010) Improved rutting resistance; binder 

characterization cannot be used to predict 

rutting for rubber mixes 

Liu (J. Liu 2011) Better low-temperature performance than 

conventional mixture 

Moreno et al. (Moreno, Rubio, and 

Martinez-Echevarria 2012) 

Similar performance to PmB2 at optimum 

dosages and digestion times 

Hassan et al. (Hassan et al. 2013) Improvement in rutting resistance 

Shen et al. (J. Shen, Xie, and Li 

2014) 

Equivalent performance for DP3 and WP4 

Shen et al. (Junan Shen, Li, and Xie 

2017) 

Recovered binders from DP3 similar 

performance as WP4 

Subhy et al. (Subhy, Airey, and Lo 

Presti 2017) 

Improvement in rutting and fatigue 

resistance 

Farouk et al. (Farouk et al. 2016) Finer particles help achieving target density; 

improvement in properties when using pre-

treated CR1 

Nguyen et al. (Tai Nguyen and 

Nhan Tran 2018) 

Improvement in Marshall stability and 

rutting resistance; DP3 as good as WP4 and 

SBS5 in SMAs6 

da Silva et al. (Silva, Benta, and 

Picado-Santos 2018) 

Better fatigue, rutting resistance; slows crack 

propagation 

Wang et al. (He Wang and Buttlar 

2018) 

Excellent performance of GTR7-SMAs6 

Rodriguez-Farnandez et al. 

(Rodríguez-Fernández et al. 2020) 

Decreases long-term aging susceptibility 

1Crumb Rubber 2Ploymer Modified Binder 
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3Dry Process 4Wet Process 

5Styrene-Butadiene-Styrene 6Stone Matrix/Mastic Asphalt 

7Ground Tire Rubber  

While field experience shows the better performance of dry-process rubber-

modified mixtures, resulting in additional years of pavement service life, there are limited 

number of studies that have looked at the long-term aging performance of dry-process 

rubber-modified mixtures in laboratory. Shen et al. (2014) weathered asphalt mixtures 

modified with wet-process, dry-process, and polymer, to study the effects of weathering 

on long-term performance of the mixtures. The authors reported similar performance of 

wet and dry process modification, which was marginally lower than the performance of 

polymer-modified mixtures in terms of fatigue life, particle loss, and rutting. More 

recently, Farnandez et al. (2020) published a study, which showed that modification with 

dry process crumb rubber decreases the long-term aging susceptibility of asphalt mixtures, 

when compared to polymer-modified mixtures. Other studies have looked at similar 

benefits from wet-process rubber modification (Lutfi Raad, Saboundjian, and Minassian 

2001; Emiliano Pasquini, Canestrari, and Santagata 2012).  

However, none of the studies has yet looked at the performance of long-term aged 

rubber-modified asphalt mixtures in terms of mixture cracking tests, while using the latest 

aging protocol. This study is focused on comparing the long-term performance of dry-

process rubber-modified mixture with a conventional (unmodified) and a polymer-

modified (SBS) mixture in terms of their cracking potential measured by three popular 

cracking tests, namely, Disk-shaped Compact Tension (DC(T) test, Illinois Flexibility 

Index Test (IFIT), and IDEAL-CT test. 
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The following sections discuss the materials used in this study, and then follow it 

with results, and related discussions.  

3.3. Materials Tested 

The mixtures used in this study are summarized in Table 3-2. All the mixes used in this 

study were produced in the lab, and were dense-graded with an NMAS of 12.5 mm, except 

one that had a 9.5 mm NMAS. Figure 3-1 shows the gradation blends of all the mixtures 

used in this study. It should be noted that no adjustments were made to aggregate gradations 

for incorporation of rubber particles. For Mix 1 and Mix 2, a PG 64-22 binder obtained 

from St. Louis, Missouri was used, while Mix 3 used a PG 58-28 binder from Illinois. All 

the unmodified and polymer-modified mixtures were designed using Superpave mixture 

design method. The rubber-modified mixture was manufactured by addition of rubber on 

top of the unmodified mixture and adding supplemental binder, as described in Section 2.4 

on page 17. All the mixtures used in this study were short term aged for 2 hours at 170°C 

without any stirring (high temperature used to aid the rubber-binder interaction that 

happens in plants), before the long term aging protocol, as discussed in the next section, 

was implemented. 

Table 3-2. Details of asphalt mixtures tested in this study 

Project_ID Mix_ID Base Binder NMAS(mm) GTR (%) Ndesign 

APAC 1-CTL PG 64-22 (5.2%) 12.5 0 80 

 1-GTR PG 64-22 (5.4%) 12.5 10 80 

 1-SBS PG 76-22 (4.8%) 12.5 0 80 
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E3F 2-CTL PG 64-22 (4.7%) 12.5 0 35 

 2-GTR PG 64-22 (4.9%) 12.5 10 35 

 2-SBS PG 76-22 (5.3%) 12.5 0 35 

IT1834 3-CTL PG58-28 (4.8%) 9.5 0 70 

 3-GTR PG58-28 (5.0%) 9.5 10 70 

 

Figure 3-1. Aggregate gradations for all mixes used in this study 

3.4. Long-Term Aging Protocol 

As discussed in the literature review section, the current standard of long-term aging for 

mixtures has flaws that were addressed in an NCHRP study by Dr. R. Kim and colleagues. 

The new protocol recommends the use of loose mix for long-term aging, which was also 

suggested by other researchers in previous studies (Partl et al. 2012). Use of loose mixture 

solved both the primary issues of the AASHTO R30 protocol (oxidative gradient and 

distortion). Additionally, an increase surface area of the binder was exposed to oven aging, 
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resulting in a more uniformly aged mixture. Further research also pointed out that 

compaction of loose mixture to a particular height, as is done for performance test 

specimens, is not an issue as previously hypothesized. The developers of the new aging 

protocol identified pertinent binder properties to correlate laboratory and field aging, to 

decide on time and temperature for oven-aging a mix. The NCHRP 09-54 study culminated 

with detailed recommendations for oven-aging times based on the climate of the project 

location and depth of the mixture lift in a pavement (surface lift ages more than underlying 

lifts), one example of which is reproduced in Figure 3-2. More details can be found 

elsewhere (Kim et al. 2017). 

Figure 3-2. Example of recommendations for oven aging of loose mixture, reproduced from 

Kim et al. (2017) (Kim et al. 2017) 

This study adopted the NCHRP 09-54 recommendations of oven-aging loose 

mixtures at 95°C to match field aging of 8 years for a surface lift located in Chicago, IL. 

According to the procedure outlined in NCHRP Report 871, the mixtures were first short-
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term aged after mixing (2 hour short term aging was adopted in this study). Then, the mixes 

were then placed in aluminum pans such that the depth of the loose mixtures was limited 

to 1.5-2 inches to be kept in a forced-draft oven at 95°C for 6 days (144 hours), as shown 

in Figure 3-3. The pans were rotated to different shelves in four evenly-spaced time 

intervals during the course of the aging (every 30 hours), such that every pan has similar 

exposure to heat and air flow.  

 

Figure 3-3. Mixtures placed in a forced-draft oven in aluminum pans with depth limiting to 

1.5-2” to achieve uniform aging 

At the end of long-term aging, the mixtures were taken out, mixed on a hot table 

top, and sampled in appropriate batch sizes for compacting performance test specimens 

(pilot specimens were made to ascertain the exact mass required).  

3.5. Test Methodology 

This section describes the tests adopted in this study, namely Disk-shaped Compact 

Tension (DC(T)) test, Illinois Flexibility Index Test (IFIT), and IDEAL-CT test.  
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3.5.1. Disk-Shaped Compact Tension Test (DC(T)) 

The DC(T) test was developed to characterize the fracture behavior of asphalt concrete 

materials at low temperatures. More details are presented in previous chapters (see Section 

2.5.1). A test temperature of -12oC was chosen for this project, which follows the usual 

technique of testing 10°C warmer than the plan low temperature binder performance grade, 

which was PG XX-22 for majority of Missouri according to the LTPPBind tool. The DC(T) 

thresholds were decided according to the limits set in the national pooled fund study on 

low-temperature cracking by Marasteanu et al. (2012). Given that the study mixture was 

designed for low traffic, a threshold of 400 J/m2 was set as the minimum target for mixture 

fracture energy, in accordance to the suggestions in the National Pooled Study on Low-

Temperature Cracking Phase-II (Marasteanu et al. 2012). 

3.5.2. Illinois Flexibility Index Test (I-FIT) 

Researchers at the University of Illinois, Urbana-Champaign developed the Flexibility 

Index parameter derived from testing a semi-circular bend (SCB) test specimen at 25°C at 

a constant load-line displacement rate of 50 mm/min. More details are shown in previous 

sections (see Section 2.5.2). 

3.5.3. Indirect Tensile Asphalt Cracking Test (IDEAL-CT) 

The IDEAL-CT (Indirect Tensile Asphalt Cracking Test) is a simple cracking test for 

asphalt mixtures that computes a load-displacement based index. More details are shown 

in previous sections (see Section 2.5.3). 
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3.6. Mixture Performance Test Results 

The thresholds for the performance tests used in this study are shown in Table 2-2 (see 

Section 2.6 on page 25). Following sections showcase the results from the cracking tests 

for all the mixtures.  

3.6.1. DC(T) Results 

DC(T) fracture energy indicates the ability of the mixture to withstand thermal cracking. 

Fracture energy results at -12°C for the mixtures used in this study are shown in Figure 

3-4. The results show that the rubber-modified mixtures exhibit higher fracture energy 

values with an addition of as low as 30 J/m2 to as high as 100 J/m2 to the fracture energy 

values of the unmodified mixtures. Use of polymer-modified binder dramatically increased 

the fracture energy (2-3 times) in both the mixtures tested in this study, as compared to the 

unmodified mixture. It must be noted that the binder used in the unmodified mixtures is 

not the same base binder used for polymer modification. The polymer-modified binder was 

obtained directly from a refinery at Illinois. However, for the scope of this study, which 

was to look at the effect of aging on unmodified, rubber-modified, and polymer-modified 

mixtures, use of same base binder for all modifications was not critical.  

Long-term aging of loose mixtures for 6 days at 95°C was done to simulate 8 years 

of aging for Chicago (IL) location, according to the protocol discussed in earlier sections. 

Expectedly, all fracture energy values decreased after long-term aging, as oxidative aging 

makes the mixture stiffer, making it more crack-prone (reflected in lower fracture energy), 

as shown in Figure 3-4. Also seen from the results is that the polymer-modified mixture 

had the highest drop in fracture energy post-long-term aging, with both the mixtures 

modified with polymer-binder dropping about 50% of the fracture energy measured before 
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long-term aging. In contrast, the unmodified and rubber-modified mixtures performed 

significantly well.  

This finding is important when the mixture economics and life-cycle costs are taken 

into account. Although prices of asphalt binder vary quite a bit, analysis of available bid 

prices (from 2018) reveal that polymer mixtures cost more than the dry-process mixture 

considered in this study, by 5-10 USD per mix ton (Illinois Tollway 2020). Considering 

Mix 1, where a quick single factor ANOVA analysis reveals that there is no significant 

difference between the fracture energy values for all the three mixtures in the group (p-

value > 0.05), using the polymer mix would drive up the project cost while showing similar 

cracking performance at the end of 8 years of aging, according to fracture energy results.  

In Mix 2, once again, the polymer mix was found to be most susceptible to aging, 

even though it ended up having the highest fracture energy value for the long-term aged 

specimens. The unmodified mixture in this particular case showed the least drop in terms 

of fracture energy for long-term aged specimens. However, one must also consider that the 

fracture energy for the short-term aged specimen of the unmodified mixture was below the 

least requirement for low-traffic condition, which is 400 J/m2. The rubber-modified 

mixture was able to pass the medium-traffic requirement (460 J/m2), and showed similar 

drop in fracture energy on long-term aging as unmodified specimen, making it the best 

choice among the three mixtures in the group considering the short term aged fracture 

energy requirement and the temperature susceptibility. It is worth mentioning that the drop 

in fracture energy on long-term aging is not expected to be linear. According to the 

developers of the test (Dr. W. Buttlar and colleagues), the test shows a least value of about 

200 J/m2 of fracture energy (for a completed valid test), often referred to as the aggregate 
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fracture energy, indicating the least fracture energy contribution of the aggregate skeleton. 

Thus, it is expected that for a mixture with fracture energy of less than the least requirement 

of 400 J/m2, as is the case for Mix 2 unmodified mixture, the drop in fracture energy would 

not be as dramatic/significant as mixture with higher levels of fracture energy.  

For Mix 3, only unmodified and rubber-modified mixtures were available for 

investigation. As mentioned in the previous sections, Mix 3 is an N70 dense-graded mix 

with about 20% RAP, that has been placed on a pavement shoulder on I-355 (mile post 12-

22), which is a part of the Illinois Tollway network of roads. The mix constituents 

(aggregates, binders, additives) were sampled and the mix was manufactured in the 

laboratory, along with the iteration with dry-process rubber (ECR) modification. While it 

was observed that modification of the mixture with 10% ECR (by weight of binder) did 

not boost the fracture energy for the short term aged specimens, it surely enhanced the 

mixture’s resistance to long-term aging, as evident from significantly lower drop in fracture 

energy post-long-term aging of the mixture.  

Figure 3-4. DC(T) fracture energy of asphalt mixtures at -12°C 

1-CTL 1-GTR 1-SBS 2-CTL 2-GTR 2-SBS 3-CTL 3-GTR
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3.6.2. IFIT Results 

The FI parameter obtained from IFIT test for all the mixtures tested in this study is shown 

in Figure 3-5. It was observed that addition of rubber in mixtures reflected poorly on the 

FI scores, dropping from 14.9 to 9.2, 6.9 to 3.3, 9.4 to 4.2 for Mix 1, 2 and 3 respectively. 

Use of SBS-modified binder in Mix 1 resulted in an FI even lower than rubber-modified 

mixture FI (8.3), while the same SBS-modified binder resulted in a dramatically high FI 

(19.2) in Mix 2. The most concerning observation from the IFIT results were the 

significantly low values of the long-term aged specimens, indicating almost negligible 

resistance to onset of cracking for all mixtures. While thresholds for long-term aged 

specimens are not available for IFIT, or any cracking tests, it was noted that most of the 

mixtures tested showed an FI value of below 1 for long-term aged specimens.  

Figure 3-5. FI values of asphalt mixtures, tested at 25°C 

The reason for the really low FI values obtained for long-term aged specimens can 

be inferred from the way FI is calculated. The flexibility index parameter is a combination 

of fracture energy and post-peak slope at the inflection point obtained from the load-

displacement curve. The calculation of post-peak slope is a complicated procedure 
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wherein, firstly, the post-peak load-displacement curve is fitted with an nth order Gaussian 

function (usually, n=3), then the first derivative of the function is plotted to find the 

inflection point, and finally the slope at the inflection point is computed. Thus, this test is 

very sensitive to any non-standard behavior in the post-peak load-displacement curve of a 

mixture. In case of very brittle failures, as is expected from the long-term aged specimens, 

a “snap-back” effect is observed, as shown in Figure 3-6. Essentially, at a particular point 

in the test after achieving peak load (post-peak), the stored energy in the specimen 

overwhelms the crack front and drives it very quickly through the specimen with no 

discernable displacement of the ram head. Such behavior complicates the computation of 

slope parameter of the test, as shown in Figure 3-6, and results in unreliable slope data. In 

the long-term aged specimens that do not show a snap-back behavior, the post-peak slope 

is very steep and dominates the FI computation, resulting in smaller FI values, as shown in 

Figure 3-7.  

  

Figure 3-6. Examples of Brittle Failures with Snap-Back Behavior in IFIT Test 
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Figure 3-7. Examples of Steep Slopes Observed in Long-Term Aged Specimens  

3.6.3 IDEAL-CT Results 

IDEAL-CT test was conducted according to ASTM D8825, on 62 mm thick specimens at 

25°C and 50 mm/min displacement rate. Similar to IFIT results, the CT-Index penalized 

the mixtures for rubber modification, as shown in Figure 3-8. In Mix 1, the control mixture 

with no additional modification was scored as the best mixture, polymer-modified was 

ranked second, and the lowest score was for the GTR-mix. CT-Index ranked the polymer 

mix higher than the rubber-modified mixture. However, after long-term aging, the ranking 

reversed, with rubber mix (CT-Index = 14.9) being scored higher than the polymer mix 

(CT-Index = 10.0). Further, the drop in the CT-Index for rubber was significantly less than 

the other mixtures for Mix 1 (60% for rubber mix versus about 86% for unmodified and 

polymer-modified mix). The CT-Index values for long-term aged specimens clearly 

indicate superiority of rubber mixes when it comes to oxidative aging. 

For Mix 2, the polymer-modified mixture (CT-Index = 190.1) was ranked highest 

in short-term aged mixtures, followed by the unmodified mix (CT-Index = 104.9) and the 

rubber mix (CT-Index = 31.4). The results indicate that after 8 years of aging, the rubber- 
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and polymer-modified mixtures will perform similarly. It should be noted that the rubber 

mix has low CT-Index values for short-term aged specimen, and if CT-Index values are to 

be believed to perfectly correlate to field cracking, the rubber mix will crack long before 

the polymer mix values drops below an acceptable threshold for long-term aged specimens. 

Nevertheless, the fact remains that the rubber- and polymer-modified mixture exhibit 

similar performance after long-term aging. In such a scenario, a rubber mix is the cheaper 

alternative that provides similar performance as the polymer mix.  

 

Figure 3-8. CT-Index values for asphalt mixtures tested at 25°C 

3.8. Summary and Conclusions  

This study aimed to look at the long-term performance characterization of dry process 

rubber-modified dense-graded asphalt mixtures in terms of their cracking potential. Results 

from different cracking tests used in this study can be summarized as follows: 

a. DC(T) showed a benefit of rubber as well as polymer modification for both, short-

term as well as long-term aging. For all the mixtures used in this study, the ranking 
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for mean fracture energy was always Unmodified< GTR-modified< Polymer-

modified. On long-term aging the specimens, the rubber-modified mixtures showed 

the least drop in fracture energy, indicating a decrease in long-term susceptibility 

as compared to unmodified and polymer-modified mixtures.  

b. IFIT characterized the rubber mixtures poorly as compared to unmodified and 

polymer-modified mixtures. The long-term aged specimens exhibited highly brittle 

failures in form of a snap-back behavior under testing conditions, resulting in a 

discontinuous load-displacement curve. This made the calculation of the post-peak 

slope parameter difficult, and in turn, resulted in very low and highly variable FI 

values.  

c. CT-Index showed similar trends as IFIT and characterized rubber mixture poorly. 

However, unlike the IFIT test, continuous load-displacement curves were obtained 

from the test. The drop in CT-Index values for long-term aged specimens was the 

least for rubber-modified mixtures, indicating a decrease in long-term susceptibility 

as compared to unmodified and polymer-modified mixtures. 

This study aimed at investigating the long-term aging properties of dry-process 

rubber mixtures. The results showed that dry process modification might play a role in 

decreasing the long-term aging susceptibility of asphalt mixtures. All the cracking 

parameters decreased with long-term aging, but the rubber mixtures showed the least 

decrease in values for the test that were able to reliably characterize long-term aged 

specimens.  
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3.9. Future Work 

The following can be summarized as future work to augment the findings of the current 

study: 

 Currently, only dense-graded mixtures were considered in this study. More types 

of mixtures can be incorporated, such as SMAs, fine-graded and open-graded 

mixtures. 

 Field cores from projects that have used rubber modification could be tested as a 

part of this study to learn the real effects of field aging on rubber-modified 

mixtures.    
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Chapter 4 Use of Dry-Process Rubber-Modified 

Dense-Graded Asphalt Mixtures in Thin HMA 

Overlays 

4.1. Introduction 

Much attention has been given to the structural design methodology and materials 

characterization required to design new pavements in a more fundamentally sound manner.  

Ironically, most of the pavements placed in the US in recent years is in the form of 

maintenance or rehabilitative overlays as a means of pavement preservation, with the goal 

of restoring surface characteristics. FHWA defines pavement preservation as “programs 

and activities employing a network level, long-term strategy that enhances pavement 

performance by using an integrated, cost-effective set of practices that extend life, improve 

safety, and meet road user expectations.” The “road user expectations” include restoration 

of surface characteristics such as increased smoothness, reduced noise, reduced rutting, 

increased friction, and reduction of surface cracking (FHWA TechBrief 2019). A variety 

of Pavement Preservation Treatments (PPT) are used depending on the requirements of the 

route, as shown in Table 4-1. 

Table 4-1. Common Pavement Preservation Treatments (Galehouse 2003) 

Flexible Pavements Rigid Pavements 
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Chip Seals Dowel Bar Retrofit 

Microsurfacing Ultra-Thin White Topping 

Fog Seal Slab Lifting 

Slurry Seal Diamond Grinding and Grooving 

Profile Milling Joint Resealing 

Crack Fillings and Sealants Spall Repair 

Mill and Resurface - 

Thin Overlays - 

 

There are a number of approaches that can be used to evaluate the relative merits 

of different combinations of overlay thicknesses and materials with varied properties 

(complex modulus, creep compliance, fracture energy, fatigue resistance, rutting 

resistance).  At some point in the life of a pavement, structural capacity has deteriorated 

and/or traffic intensity has increased such that either a rehabilitative overlay or full depth 

pavement replacement is necessary.  In either case, pavement design software can be used 

determine the appropriate thickness required to achieve the necessary pavement structure 

for the new design scenario.  The decision regarding overlay or replacement will be 

influenced by the presence of severe localized deficiencies, such as cracks, ruts, potholes, 

etc., leading to pavement roughness, noise, moisture ingress, and safety concerns (Chou, 

Datta, and Pulugurta 2008; Brown and Heitzman 2013), but one of the key considerations 

is pavement life cycle cost.  The use of thin asphalt overlays as a way to substantially 
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reduce the life cycle cost of paved roads has made overlays both a necessity and a preferred 

option in many road maintenance programs.  

This study will look into the performance and cost analysis of thin overlays 

modified with a dry-process rubber. There are limited studies on the cost-effectiveness of 

using modified mixes in thin overlays to optimize the thickness such that the same degree 

of performance is achieved as a “relatively thicker” thin overlay with an unmodified mix, 

ultimately resulting in high performance at lower or equal costs. The following sections 

review the available literature on thin asphalt overlays, their performance, cost-benefit 

analysis and finally introduces the objectives of this study.  

4.2. Literature Review 

4.2.1. Thin Hot Mix Asphalt (HMA) Overlay as a Pavement Preservation Treatment 

Thin overlays are usually dense graded mixes with an NMAS ranging from 4.75mm to 

12.5mm placed with a thickness of 1.5 inches (27.5 mm) or less (Watson and Heitzman 

2014). ThinlayTM, a term coined by the National Asphalt Pavement Association (NAPA), 

is another term often used to describe thin HMA overlays and adds the limitation of 

minimum lift thickness of 5/8th inch (15.875 mm) to the definition of thin overlays. 

Irrespective of the agency-specific definitions, thin overlays are an attractive pavement 

preservation treatment option because it is manufactured and placed the same way as a 

conventional asphalt pavement. This puts less emphasis on the contractor experience and 

equipment availability, and also reduces the additional tangible cost of implementation 

when compared to the other treatments (FHWA TechBrief 2019). Furthermore, although 

the restoration of surface characteristics is temporary and often shorter in duration 

compared to the lifespan of the original surface, it is nevertheless a cost-effective way to 
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restore pavement serviceability and to protect the underlying pavement foundation (Son 

and Al-Qadi 2015; Chou, Datta, and Pulugurta 2008; FHWA TechBrief 2019). The 

following sections review results from literature emphasizing on two indicators that make 

the option of thin overlays attractive: performance and cost.  

4.2.2. Performance Benefits of Thin HMA Overlay 

Walubita and Scullion provide a summary of thin HMA overlay specification/guidelines 

prevalent in the US and other countries in their report titled “Thin HMA Overlays in Texas: 

Mix Design and Laboratory Material Property Characterization.” The content from the 

report has been reproduced as Figure 4-1 for the convenience of the readers (Walubita and 

Scullion 2008).  As listed, the potential thin overlay designs include Superpave, SMA, 

Smoothseal, ultra-thin HMA, NovaChip, asphalt rubber and so on. Choosing a particular 

option depends on the application (existing pavement surface) and material availability. 

Chou et al. (2008) evaluated the using thin overlays in Ohio and reported that the most 

critical criteria to construct a good performing thin overlay is the condition of the existing 

pavement. The authors further reported that the thin overlays are generally good in resisting 

rutting distress but less effective in improving the cracking potential of the pavement 

(transverse, longitudinal or reflective cracking) (Chou, Datta, and Pulugurta 2008). Qi and 

Gibson (2010) looked at a trial 4.75 mm NMAS mix used as a thin overlay section on an 

accelerated pavement test section in Virginia. The authors reported a significant 

improvement in delay of onset of fatigue cracking on the sections that received the thin 

overlays in comparison to ones that did not receive any such surface treatments (Qi and 

Gibson 2010). Mogawer et al. (2012) evaluated the use of polymer modified asphalt 

mixture with incorporation of RAP content and WMA technology to offset the higher 
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initial cost associated with High Performance Thin Overlays (HPThinOL), used in states 

such as Ohio, New York, New Jersey, Michigan, Arizona, and Maryland. The authors did 

an extensive study with five different binder systems, and concluded that the high 

percentage of RAP (40%) could be used with high polymer modification (~7.5% SBS) 

without affecting the stiffness of the mixture, based on dynamic modulus data. Hamburg 

rut depth data for the mixes indicated a higher rutting resistance for mixtures with polymer 
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and RAP modification, and a reduced moisture susceptibility for mixtures with polymer, 

RAP, and WMA technology (Mogawer et al. 2012). 

Figure 4-1. Thin HMA Overlay Strategies in the US and Other Countries (reproduced from 

Walubita and Scullion, 2019) 

Apart from the usual performance benefits, various research studies have also 

reported noise reduction due to use of thin overlays (Kragh et al. 2011; Bennert et al. 2005; 

Ongel et al. 2008; Ballie and Gal 2000). NCHRP Synthesis 223, published in 1996, cited 
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various case studies with published information on service lives of various pavement 

preservation treatments adopted by different agencies across US. According to the 

information in the synthesis, thin overlays have the maximum life expectancy across all 

the options tried by the agencies (Geoffroy 1996). More studies on the high life expectancy 

of thin HMA overlays are included in the references listed here: Johnson 2000, Liu et al. 

2010, Wu et al. 2010, Ram and Peshkin 2014. Based on the studies the following 

performance benefits can be expected from a thin HMA overlay when sufficient pavement 

structure exists to support an overlay: 

 Improved rut resistance 

 Improved fatigue resistance 

 Helps mitigate reflective, thermal, and block cracks 

 Resistance against moisture sensitivity 

 Long service life (durability) 

 Smoother surface and allows maintenance of surface geometries 

 Reduced tire-pavement noise 

There are various studies that show a relatively high initial investment in thin HMA 

overlays but with higher returns in long term, as discussed in this section. A cost analysis 

by NYSDOT (New York State DOT) revealed that the option of crack filling every 4 years 

and applying a thin overlay every 12 years on a newly constructed flexible pavement was 

3.65 times more cost-effective than doing no maintenance over the period of 24 years 

(Geoffroy 1996).  Similar data from various other agencies was compiled by NAPA, 

showcasing the high life expectancy of thin overlays but with least annual cost taking the 

whole design life of the pavement into consideration (Dave Newcomb 2009; NAPA). Study 
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by Wang et al. in 2012 that included survey results from 29 states in the US showed that 

the initial cost of thin overlays were the highest but the life expectancy of the treatment 

made it a favorable investment (Y. Wang, Wang, and Mastin 2012). Parker (1993) 

evaluated 87 section in the state of Oregon and concluded that thin overlays would be more 

cost-effective in terms of a life-cycle cost analysis, especially in heavy traffic areas for 

pavement preservation (Parker 1993). Morian (2011) performed the cost-benefit analysis 

of various pavement preservation techniques to be recommended for the state of 

Pennsylvania and concluded that the state could benefit from using thin overlays for 

pavement preservation based on the cost-benefit analysis (Morian 2011).  A general 

compilation of thin HMA overlay usage in various states of the US and associated cost-

analysis is presented in NCHRP synthesis 464 (Watson and Heitzman 2014), other studies 

like Burnham and Rettner 2003, Bennert et al. 2005, Hajj et al. 2016, and so on. 

4.2.3. Designing Thin HMA Overlays with Recycled Content (RAP/RAS/GTR) 

Adding to the overlay design challenge, modern, heterogeneous asphalt mixtures now 

contain a proliferation of newer ingredients as compared to state-of-practice before the turn 

of the last century (e.g., in the pre-2000’s).  It is not uncommon to see a mix design 

containing a mixture of recycled materials (RAP, RAS, GTR, REOB), along with 

rejuvenators, PPA, liquid antistrip, fibers, heterogeneous blends of soft and hard (and 

temperature susceptible) asphalt binder components, and even antioxidants (Bressi et al. 

2019; TRB 2014).  It is widely believed that asphalt mixes have become more brittle over 

the past few decades, possibly due to the combined effects of increased recycled material 

content and attention building rut resistance through high gyration Superpave mix design 

targets. Increased brittleness (or ‘dryness’) in mixes has been blamed for the observed 
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increase in various pavement cracking forms.  To be fair, blame can also be assigned to 

increased tire pressures, tire stiffness, deferred maintenance, poor overlay bonding, and 

changes in asphalt binder supply. Some have also hypothesized the effects of changing 

climate. Regardless of the causes, there is clearly a critical need for new tools to aid in the 

design of thin, high-performance, economical maintenance overlays. Such new tools could 

be the use of modified asphalt mixture (with recycled material (RAP/RAS, GTR, so on) or 

additives (WMA, PPA, and so on)) in thin overlays to get enhanced performance while 

keeping improving on the life cycle cost of the treatment. To that effect, this study focusses 

on utilizing rubber-modification to further cut down the thickness of thin HMA overlays 

making the option even more cost-effective. While multiple studies have shown the utility 

of using thin HMA overlays as a preservation treatment on existing pavements, limited 

studies are available on cutting down the thickness, and subsequently the construction 

costs, while using “premium” mixes to obtain enhanced/similar performance.  

Brown and Heitzman reviewed use of thin HMA overlays for pavement 

preservation and low volume asphalt roads. As a part of the review, the authors presented 

an analysis of cost reduction by using thinner HMA overlays with modifications in 

comparison to placing thin overlays made with conventional, unmodified asphalt mixture. 

The authors presented an example of using 1 ½” (37.5 mm) of unmodified asphalt mix 

versus using 1” (25 mm) RAP-modified mix for thin overlay to realize a potential cost 

savings of approximately 32% (Brown and Heitzman 2013). Im et al. compared two 

overlay strategies used by state of Nevada on paving projects on I-80: a traditional 50 mm 

coarse gradation thin overlay lift and a reduced (25mm) fine-graded thin overlay. The 

authors conducted a suite of laboratory tests including dynamic modulus and creep test, 
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semicircular bending test, and Hamburg wheel tracking test. The authors also presented a 

life-cycle cost analysis (LCCA) of the two alternatives. From all the results the authors 

concluded that while both the options will perform satisfactorily, the LCCA indicated that 

the fine gradation thin overlay will be the best optimized option (Im et al. 2018). States like 

California and Arizona make use of rubber-modified asphalt mixture for thin overlays to 

cut down on the required thickness and subsequently bringing down the cost of 

rehabilitation projects. In fact, California was one of the first states to realize the cost-

effectiveness of using reduced thickness of rubber-modified thin overlays compared to the 

usual dense-graded asphalt mixtures (DGAC) used for thin HMA overlays. In the late 

1980s, California constructed various thicknesses of conventional DGACs and rubber-

modified overlays over Rt. 395 in northeastern California and after a few years of 

monitoring the authorities concluded that the performance of substantially thinner rubber 

sections was similar to the DGAC sections. In 1990s, Caltrans set out to validate the work 

and conducted accelerated pavement testing on unmodified and rubber modified sections. 

The performance results showed that a reduction ratio of 3:1 was possible for rubber versus 

DGAC overlay lifts, supporting the field results described earlier (J. Van Kirk and Holleran 

2000; J. L. Van Kirk 1997). On the same lines, Harvey et al. reported a rubber-modified 

overlay to have a same performance as a DGAC asphalt mixture that is 2.1 times thicker 

(Harvey et al. 2000). Kirk et al. report a substantial cost savings by using thinner rubber 

overlays (1/2 - 2/3 of cost of reconstruction) (J. Van Kirk and Holleran 2000). Further 

promising field data exists that supports the use of GTR in thin, maintenance overlays are 

summarized in the flowing studies: Walubita and Scullion 2008; Scullion et al. 2009; Zhou 

et al. 2009; Hu, Zhou, and Scullion 2014; Chou, Datta, and Pulugurta 2008 (Walubita and 
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Scullion 2008; Scullion et al. 2009; Fujie Zhou et al. 2009; Hu, Zhou, and Scullion 2014; 

Chou, Datta, and Pulugurta 2008).   

Unfortunately, a universally accepted method for designing asphaltic maintenance 

overlays is not presently available. Nevertheless, advanced performance tests and 

numerical models are available to researchers to delve deeply into the question of thickness 

versus material properties. This is a timely question in light of new, high performance 

recycled material systems, including those revolving around chemically-treated, dry-

process GTR.  For instance, although overlay life extension has been clearly demonstrated 

with GTR overlays (Hu, Zhou, and Scullion 2014; S. Chen et al. 2019; Hefer et al. 2008), 

the optimal design in terms of overlay thickness and target materials properties remains 

elusive.  Optimal design strategies may vary from agency to agency; however, it is clear 

that life extension, lower life cycle cost, and increased pavement sustainability are the 

parameters to be optimized.   

4.2.4. Thin Overlay Design Software (TxACOL) 

TxACOL was developed under a research project titled “Development of an Advanced 

Asphalt Overlay Design System Incorporating Both Reflective Cracking and Rutting 

Requirements” by Texas Department of Transportation in partnership with Texas 

Transportation Institute (TTI). TxACOL is an overlay thickness design software that uses 

empirical transfer functions to predict stresses, much like PavementME which is nationally 

used for pavement thickness design. The advantages of TxACOL over PavementME lies 

in use of better empirical models and calibration that is specific to thin overlay design (Hu, 

Zhou, and Scullion 2014; Walubita et al. 2013). The software focusses on two main 

distresses prevalent in thin asphalt overlays- reflective cracking and rutting. Zhou et al. 
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(2009) discussed and presented the development of the advanced reflective cracking and 

rutting model that TxACOL uses to predict distresses (Fujie Zhou et al. 2009). The main 

inputs of the software are – dynamic modulus (Level 1), fracture properties computed from 

Overlay Tester (OT), and rutting properties (𝛼 and 𝜇) measured from repeated load tests. 

As outputs, the software predicts reflective cracking in terms of RCR(%) and rut depth. 

The concept of RCR (Reflective Cracking Rate) is shown in Figure 4-2 (reproduced from 

Hu et al. 2014), which essentially is a measure of the number of underlying cracks that 

have successfully propagated to the top of the overlay.  

Figure 4-2. Concept of RCR(%) (Reproduced from Hu et al. (2014)) 

This study employs TxACOL software to compare unmodified and dry-process 

GTR-modified dense-grade asphalt mixtures used as thin asphalt overlays.  

4.3. Overlay Strategies Evaluated 

A number of agencies have policies for minimum asphalt overlay thicknesses and/or set 

guidelines for standard or ‘policy’ asphalt overlay thickness (Dave Newcomb 2009).  For 

the purposes of this study, low-traffic, municipal asphalt overlay applications are focused 

on for testing/simulations.  This is an often overlooked, yet critically important portion of 
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our nation’s roadway system, as low-volume roads encompass roughly three-fourths of the 

road and highway system mileage in the US. The Asphalt Institute defines Thin Lift 

Overlays as typically 1.5” (37.5 mm) or less in compacted thickness and are not intended 

to strengthen the pavement structure, but instead to address pavement function problems 

as part of a Pavement Preservation Strategy. Depending on geographical location, asphalt 

overlays may be used for the rehabilitation of either existing flexible (asphalt) or rigid 

(concrete) pavements.  Thus, both types of existing pavement are considered herein. 

Standard overlays may range anywhere from 1.0 to 4.0 inches (25 to 100 mm) in thickness 

or beyond, but most local agencies routinely specify asphalt overlays in the range of 1.0 to 

2.5 inches (25 to 62 mm).  

An initial part of this study included simulations in PavementME- a mechanistic-

empirical software used for pavement thickness design, and has been inserted as Appendix 

B in this document. PavementME was used to simulate unmodified (control) and GTR 

sections for various thickness. Same approach was used for TxACOL as well, described as 

follows: 

 Unmodified (control) overlay consisting of a dense-graded asphalt mixture 

using PG64-22 binder with three thicknesses - 1.0”, 1.5”, and 2.0” (25, 37.5, 

50 mm); 

 Same dense-grade mix with GTR-modification, with a PG76-22 binder and 

same thicknesses - 1.0”, 1.5”, and 2.0” (25, 37.5, 50 mm). Note that the 2-

grade bump in binder high temperature PG is a result of 10% rubber 

modification.  
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In addition to TxACOL simulation, mixture performance tests were carried out on 

a dense graded mixture, as will be described in next sections. 

4.4. Mixtures Investigated 

For laboratory investigation, a recently sampled MoDOT-approved Superpave mixture 

available at the Mizzou Asphalt Pavement and Innovation Laboratory (MAPIL) was 

chosen. The mixture was a dense-graded, 12.5mm Nominal Maximum Aggregate Size 

(NMAS) mixture, with 5.2% total asphalt content (PG58-28 binder), 25% reclaimed 

asphalt pavement (RAP), and 15.0% voids in the mineral aggregate (VMA). The plan grade 

of the mixture is PG64-22 before rubber modification. Although the 80-gyration Superpave 

mixture (Note:  Many states like GA, VA and Carolina use 65 gyrations for all Superpave 

mixes) has relatively high compaction requirements for a low-volume road application, it 

affords the possibility to extend this investigation to moderate traffic levels in a planned, 

second phase of this study. Furthermore, it is not uncommon for local agencies to utilize 

stiffer, higher gyrations Superpave mixes if they are made available by the local contractor 

at a similar price as a lower gyration mix.  The trade-off is enhanced rutting resistance with 

the possibility of reduced durability.  Lower durability can be caused by the lower asphalt 

content resulting from the higher compaction effort, and from less consolidation under 

traffic, leading to higher void content (and oxidative hardening) during the life of the 

pavement. Regardless, the selected mixture allows a relative comparison of overlay system 

performance to be evaluated, especially in light of the fact that the pavement simulation 

software used (Pavement ME) does not directly account for mixture design gyration level.  

For the ECR mixtures, two main modifications were made to the MoDOT mix that 

follow the recommendations from the supplier (Asphalt Plus):   
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 10% ECR was added by weight of virgin binder;  

 A 0.2% increase in binder content was used to account for the uptake of light ends 

by the dry GTR; and a PG 58-28 binder (softer binder) was used where the -28C 

low temperature grade was selected to enhance low-temperature cracking 

resistance, and the 10% GTR level was selected to promote both rutting resistance 

and overall cracking resistance, while promoting mixture sustainability.   

It should be noted that the TxACOL simulation used PG64-22 as a base binder 

while laboratory mixes used PG58-28 as the base binder. This is due to the incorporation 

of recycled content in the mix. RAP modification is assumed to bump up the grade to 

PG64-22. Further, 10% dry-process GTR modification is assumed to result in a two-grade 

bump on the high temperature binder PG. This assumption is based on the results obtained 

for multiple binders tested with GTR modification, as shown in Figure 4-3. 
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(d) GA_64 (e) OK_70 

Figure 4-3. Continuous failure temperature for PG high temperature grade, shown for five 

different binders obtained from (a) Texas (PG64-22), (b) Illinois (PG64-22), (c) Missouri 

(PG 64-22), (d) Georgia (PG64-22), (e) Oklahoma (PG70-28) 

4.5. Tests Performed 

This section is divided into two sub-sections detailing the cracking and rutting results.  

4.5.1. Cracking Tests 

Three simple cracking tests were used to characterize the mixtures used in this study, 

namely, DC(T), IFIT, and IDEAL-CT. Details about the test methods and thresholds can 

be found in the previous chapters of this document (Section 2.5 and 2.6). While 

characterization with these tests provide important insights into mixture performance, it is 

not as applicable in the case of thin overlays. The mixture performance tests, unlike 

simulations, do not allow a direct investigation into thickness of the pavement. 

Additionally, cracking tests also do not allow consideration of the effects of underlying 

layer, which is a very important factor in thin overlay design. Nevertheless, Figure 4-4 

shows the mixture characterization by the three simple cracking tests. Expectedly, the 
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DC(T) test showed a bump in fracture energy while the other two tests (IFIT and IDEAL-

CT) characterized the rubber mixture as more crack-prone than the unmodified mixture. 

                    (a)                     (b)                     (c) 

Figure 4-4. (a) DC(T) Fracture Energy, (b) Flexibility Index, (c) CT-Index, for Unmodified 

and GTR-Modified Mixtures 

4.5.2. Hamburg Wheel Tracking Test (HWTT) 

Wheel load tracking (WLT) tests are the most common performance tests for measuring 

rutting potential of HMA mixes. The WLT methods simulate traffic by passing over 

standardized wheels simulating real-life traffic loads on HMA specimen at a given 

temperature. The two most common WLT test devices are Hamburg Wheel Tracking Test 

(HWTT) and the Asphalt Pavement Analyzer (APA) (formerly known as Georgia-loaded 

wheel tester). The HWTT is performed in accordance to AASHTO T324 standard 

(AASHTO-T324 2017). A loaded steel wheel, weighing approximately 71.7 kg tracks over 

the samples placed in a water bath at 50°C. The vertical deformation of the specimen is 

recorded along with the number of wheel passes. Hamburg wheel tracking test is 

implemented by many researchers and agencies to address the permanent deformation and 
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rutting problem of the mixtures. In addition, conducting the test at wet condition provides 

the opportunity to measure stripping potential. To this end, the concept of stripping 

inflection point (SIP) is defined and currently used by agencies such as California, 

Wisconsin, and Iowa DOTs. SIP is reported in number of passes and represents the point 

at which the rutting vs. wheel pass curve has a sudden increase in rut depth. This is believed 

to be the point where the asphalt binder starts to separate from aggregates. In this study, 

we implemented the IOWA method to calculate the SIP as follows. 

 Fit a 6th degree polynomial curve on the rut depth vs. wheel pass curve. 

 Take the first derivative of the fitted curve 

 Determine the stripping line using the tangent at the point nearest the end of the 

test where the minimum of the first derivative of the fitted curve occurs. 

 Determine the creep line using the tangent at the point where the second 

derivative of the fitted curve equals zero. 

 Intersect the creep and stripping lines. The wheel pass at which these two lines 

intersect is the SIP. 

While thickness could not be considered for the cracking tests, a creative solution 

was devised for HWTT to consider the lift thickness of asphalt pavement. Apart from the 

standard 62 mm (~2.5”) thick specimen, two other specimen thicknesses- 1.5” (37.5 mm), 

and 1” (25 mm)- were tested matching thin overlay thicknesses considered for TxACOL 

simulation. The non-standard thick specimens were supported beneath by a concrete 

cylinder of required depth, simulating the condition of an underlying pavement. In real life, 

thin overlays are constructed on aged pavements that are very stiff, which is the reason for 
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using a concrete cylinder to be the underlying layer instead of a freshly produced asphalt 

mixture. The rut depth results are shown in Figure 4-5. 

Figure 4-5. Rut Depth Recorded for Unmodified and GTR-Modified Mixtures of Different 

Thicknesses (2.5” (62 mm), 1.5” (37.5 mm), 1.0” (25 mm)) 

Table 4-2 below shows the rut depths of the control mix and the rubber modified 

mixes for different thicknesses. These rut depth values, and stripping inflection points for 

these specimens are used for comparison in subsequent sections of this report. From Figure 

4-5 and Table 4-2, it can be seen that while the 1” (25 mm) thick GTR mixture exhibited 

very low rutting, the 1” thick control mixture exhibited stripping issues (stripping inflection 

point = 13,370 passes). Even more importantly, the rut depth for 2.5” (62 mm) control 

specimen was higher than the 1” (25 mm) GTR mixture, indicating much superior rutting 

resistance imparted by GTR modification. 

Table 4-2. Comparison of rut depth for Hamburg specimens with different thicknesses 

 Control Mix Rubber-Modified Mix 

2.62

4.05

4.77

1.64
2.03

1.74

0.00

1.00

2.00

3.00

4.00

5.00

6.00

2.5" (~62 mm) 1.5" 1"

R
u

t 
D

ep
th

 a
t 

2
0

k 
P

as
se

s 
(m

m
) PG 58-28 PG 58-28 + 10% GTR



109 

 

Specimen 

Thickness: 

62 mm 

(~2.5”) 

No stripping No stripping  

1.5” 

No stripping  No stripping  

1.0” 

No stripping  Stripping Slope = 2.5 

SIP = 13,370 passes 

 

The next section of this study will focus on using the TxACOL software to compare 

the unmodified and rubber-modified mixtures in terms of reflective cracking and rutting.    

4.6. TxACOL Simulation 

4.6.1. General Inputs 

This study sought to investigate the effects of rubber modification on the thicknesses 

required for the asphalt overlays over existing asphalt and concrete roads, using TxACOL 
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software. The following summarizes some of the key inputs and assumptions used in this 

analysis: 

 Version 1.1 of the software used (Developed by Texas Transportation Institute for 

Texas Department of Transportation) 

 Location/Climate: District 14, Austin, TX 

 15-year simulation performed 

 Low traffic setting (ADT-beginning = 2000 Veh/Day; ADT-End = 3500 Veh/Day; 

3 million 18 kip ESALs; default truck/axle configurations used) 

 Asphalt overlay,  

o control section = 2” (50 mm), 1.5” (37.5 mm), and 1” (25 mm) thick, 

Superpave Type D mix, PG 64-22 binder 

o ECR section = 2” (50 mm), 1.5” (37.5 mm), and 1” (25 mm) thick, 

Superpave Type D mix, PG 76-22 (following the assumed 2-binder-grade 

bump for a 10% ECR mix, when starting with a PG64-22 binder and 

modifying with ECR) 

o Superpave type D mix is a dense-graded mix with an NMAS of 9.5 mm, 

and is used on surface layer with a minimum thickness of 1.25” (31.75 mm) 

and a maximum thickness of 2.0” (50 mm), according to Item 344 in 

Mixture Selection Guide for Flexible Pavements by TxDOT. 

 Two pavement structures considered: 

o Asphalt-over-asphalt (ACC_ACC), and  

o Asphalt-over-concrete (ACC_JPCP), where JPCP = jointed-plain concrete 

pavement 



111 

 

 Existing AC layer- FWD Backcalculated Modulus = 500 ksi (at 77°F (25°C)) 

 Existing JPCP layer- Modulus = 4000 ksi  

 Granular bases used for both pavement structures 

 Moderate subgrade strength assumed  

4.6.2. Mechanistic Inputs 

4.6.2.1. Dynamic modulus (E*)  

Dynamic modulus (E*) is one of the most critical parameters used in design of flexible 

pavements. It represents the stiffness of the asphalt mixture under a compressive, repeated-

load over a range of loading frequencies. The software used raw E* values from six 

frequencies and five temperatures, computed in accordance to AASHTO TP62 standard, 

and shown in Table 4-3.  

Table 4-3. Level 1 (Raw E* data) Inputs for TxACOL 

Dynamic Modulus (psi) 

  

  

Unmodified 

Frequency (Hz)  

Temp. (F) 0.1 0.5 1 5 10 25 

14      2,943,145  

         

3,313,321  

           

3,462,673  

          

3,780,786  

               

3,878,228  

         

4,078,704  

40      1,518,319  

         

1,881,477  

           

2,040,948  

          

2,414,958  

               

2,597,086  

         

2,766,630  

70          441,395  

             

667,451  

               

783,982  

          

1,100,968  

               

1,252,460  

         

1,427,981  

100          104,614  

             

184,149  

               

233,196  

             

403,442  

                   

509,395  

             

635,615  

130            45,551  

               

74,885  

                 

94,652  

             

168,614  

                   

208,001  

             

276,073  

              

  

  

Rubber-Modified 

  Frequency (Hz)  
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Temp. (F) 0.1 0.5 1 5 10 25 

14      2,645,513  

         

2,940,859  

           

3,068,430  

          

3,338,890  

               

3,418,460  

         

3,637,556  

40      1,653,273  

         

1,912,332  

           

2,047,696  

          

2,391,761  

               

2,539,207  

         

2,687,646  

70          621,252  

             

839,028  

               

947,546  

          

1,215,387  

               

1,344,543  

         

1,521,921  

100          201,865  

             

308,961  

               

370,233  

             

558,431  

                   

633,038  

             

762,534  

130            68,228  

             

107,604  

               

133,581  

             

232,959  

                   

284,975  

             

338,178  

 

4.6.2.2. Rutting Properties 

Default rutting parameters suggested by the developers of TxACOL were used for this 

study (Fujie Zhou et al. 2009), as shown in Table 4-4 in the next section. 

4.6.2.3. Fracture Properties 

Fracture properties are computed by using the number of cycles to failure from Overlay 

Tester. Currently, overlay tester hasn’t been widely adopted by agencies and is localized 

mainly to state of Texas. Thus, OT cycles were adopted from literature. In this study, OT 

cycles to failure of 750 for rubber-modified and 300 for unmodified mixtures were 

assumed. These assumptions were based on a field section that had 1” (25 mm) dry-process 

GTR overlay in Texas (Scullion et al. 2009; Von Holdt and Scullion 2006). Once OT cycles 

were assumed, the fracture coefficients were computed using regression equations from 

Zhou et al. (2013), as shown below (Fujie Zhou, Hu, and Scullion 2013), 

𝐴 = 0.0044 (𝑂𝑇 𝐶𝑦𝑐𝑙𝑒𝑠)−1.91                                [4-2] 

𝑛 = 0.524 𝐿𝑁(𝑂𝑇 𝐶𝑦𝑐𝑙𝑒𝑠) + 2.047                       [4-3] 
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Finally, Table 4-4 summarizes the rutting and fracture properties of the unmodified 

and rubber-modified mixtures. 

Table 4-4. Model Coefficients for Fracture and Rutting Distresses 

Mix 𝜶  𝝁  A n 

Unmodified 0.7465 0.8102 8.16866E-08 5.035782017 

Rubber-

Modified 

0.7609 0.7265 1.41934E-08 5.51591836 

 

4.6.3. Results 

4.6.3.1. HMA over HMA 

For the case of HMA over HMA, the rubber-modified mixture outperformed the 

unmodified mixture in all the three thicknesses in terms of reflective cracking as well as 

rutting, as shown in Figure 4-6 and Figure 4-7. For 2” (50 mm) of thickness, it took about 

50 months for the rubber-modified mixture to show any signs of reflective cracking, while 

the unmodified mix started cracking in about 30 months. Figure 4-6d shows the equivalent 

thickness of rubber-modified mixture to unmodified mixture such that the reflective 

cracking performance of both the mixtures are similar. It shows that, for the mixture used 

in this study, about quarter inch of the pavement thickness can be shaved off if rubber 

modification is used. The control (unmodified) mixture used in this study seems to be very 

sturdy and does not have a rutting issue (all the rutting is below 0.02”). Nevertheless, the 

increase in rutting resistance due to rubber modification is evident from lower rut depth at 

the end of 180 months (15 years). This result is a direct effect of stiffer (final) binder grade 

of the rubber-modified mixture, on which basis the rutting parameters are decided in the 

software. Further, these rutting results match the HWTT trends shown in previous sections. 
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Figure 4-6. Reflective Cracking Rate for HMA over HMA Overlay of, (a) 2”, (b) 1.5”, (c) 

1.0” thick GTR and Unmodified Mixtures, and (d) Equivalent Thickness of GTR Mixture 

and Unmodified Mixture for Same Amount of RCR  

Figure 4-7. Rutting Prediction by TxACOL Simulation for all thicknesses of Unmodified 

and Rubber-Modified Mixtures in HMA over HMA case 

4.6.3.2. HMA over PCC 

The HMA over PCC results showed opposite trend compared to HMA over HMA cases, 

in terms of reflective cracking. The unmodified mixture outperformed the rubber-modified 

mixture in reflective cracking, as shown in Figure 4-8. For 2” (50 mm) HMA over PCC, 

the rubber-modified pavement cracks quite early compared to the unmodified mixture. For 

1.5” (37.5 mm) HMA over PCC, although the initial cracking starts around the same time, 

the progression of cracking in rubber-modified pavement is much quicker than the 

unmodified section. For 1” (25 mm) HMA over PCC, the performances are similar. Rutting 

prediction in the case of HMA over PCC is higher than HMA over HMA, but still within 
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0.05” at end of 15 year simulation period, as shown in Figure 4-9. The rubber-modified 

mixture outperforms the unmodified mixture in terms of rutting. 
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Figure 4-8. Reflective Cracking Rate for HMA over PCC, (a) 2”, (b) 1.5”, (c) 1.0” Thickness 

Figure 4-9. Rutting Prediction by TxACOL Simulation for all thicknesses of Unmodified 

and Rubber-Modified Mixtures in HMA over HMA case 

The dissimilar trends shown by the overlays in terms of reflective cracking due to 

change in underlying base structure could be attributed to the high relative stiffness 

between the overlay and the PCC pavement. Notably, the PavementME simulation of 

HMA over PCC with Level 1 inputs also showed similar trends, as shown in Appendix B. 

While the higher stiffness in case of rubber mixes helped with reflective cracking when the 

base structure is an existing asphalt pavement (lower stiffness), the presence of a much 

stiffer base structure in case of HMA over PCC, hurts the reflective cracking resistance of 

the HMA overlay. A quick overview of literature on HMA overlay on PCC pavements 

reveals the recommendation to use a compliant and less stiff mix to mitigate reflective 

cracking, while keeping an eye on rut resistance as well (Khazanovich et al. 2013; Trevino, 

Dossey, and Mccullough 2004; Hu, Zhou, and Scullion 2010). It is worth mentioning here 
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that rubber-modified thin overlays have been used on PCC pavements and performed well 

on field (Trevino, Dossey, and Mccullough 2004).  

4.7. Cost of Production 

The estimated cost of the mixtures investigated are shown below in Table 4-5.  The results 

indicate that, although the addition of dry GTR as a performance-enhancing modifier adds 

$7/ton to mix cost (at a 10% add rate, dry GTR additives typically cost about $3.50 per 

mix ton, all-in).  A 43% savings could be realized if a 1” thick GTR overlay can be shown 

as a viable alternative to a traditional 2” thick HMA overlay. In the TxACOL simulation 

of HMA over HMA, the use of 1.5” (37.5 mm) of rubber in lieu of 1.75” (44.5 mm) of 

unmodified mix to obtain similar performance could have tentatively saved 20 cents per 

sq-yd of construction, with better performance in terms of rut resistance (Figure 4-7) and 

thermal cracking (evident by higher fracture energy). This translates to about 3-4% savings 

per mile of road construction (assuming a width of 12 ft. for the road). 

Table 4-5. Cost of Production for Asphalt Mixes, Unmodified and GTR-modified 

Mix Name Thickness Binder GTR Type Cost $/ton Cost$/sq-yd Difference 

Control 

HMA 

2.0” PG 64-22 None 60 6.91 0 

ECR 2.0 2.0” PG 58-28 ECR, 10% 68 7.80 +13% 

ECR 1.5 1.5” PG 58-28 ECR, 10% 68 5.85 -15% 

ECR 1.0 1.0” PG 58-28 ECR, 10% 68 3.90 -44% 

*Difference in cost/sq-yd relative to control HMA; PG58-28 assumed to add $1/mix ton 

to cost as compared to PG64-22 (rack prices range from equal to $25/gallon higher for 

one grade softer than standard base grade in most markets); ECR at 10% dosage rate 

assumed to add a net $7/mix ton. 
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4.8. Summary and Conclusions  

A comprehensive laboratory testing and simulation study using TxACOL was conducted 

to provide a quantitative evaluation of thin, ground tire rubber modified asphalt concrete 

overlay systems as economical alternatives to traditional hot-mix asphalt overlays. 

Unmodified (control) and rubber-modified mixtures were investigated for both cases- 

HMA over HMA and HMA over PCC- and three thicknesses- 2” (50 mm), 1.5” (37.5 mm), 

and 1” (25 mm).  

The results for HMA over HMA showed the benefits of rubber modification. For a 

2” (50 mm) thin overlay, the rubber modification delayed the onset of reflective cracking 

by more than 20 months. Further investigation showed the performance equivalence of 

1.5” (37.5 mm) rubber-modified overlay to 1.75” (44.5 mm) unmodified mixture overlay 

in terms of reflective cracking. Rutting resistance of GTR mixtures was noticeably better 

than the unmodified mixtures even when comparing the 2” (50 mm) unmodified mixture 

with 1” (25 mm) GTR mixture. Conservative cost estimates showed that even a quarter 

inch decrease in thickness with rubber-modified mixture could save 20 cents per square-

yard in construction, which translates to about 3-4% savings per mile of road construction. 

It should be noted that the thickness equivalence is based on reflective cracking alone. 

Given that rubber-modified mixtures have much superior rutting resistance, a softer binder 

could be used to further increase reflective cracking resistance, which will result in even 

lower thickness. 

In case of HMA over PCC, the results showed an opposite trend in terms of 

reflective cracking with the unmodified mixture outperforming the rubber-modified 
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mixture. The rutting performance of rubber-modified mixture was better than the 

unmodified mixture. The probable reason for this is the high relative stiffness of the rubber 

mixture and the existing PCC layer. While the higher stiffness in case of rubber mixes 

helped reduce the reflective cracking when the base structure is an existing asphalt 

pavement (lower stiffness), the presence of a much stiffer base structure in case of HMA 

over PCC hurt the reflective cracking resistance of HMA overlay. Design of asphalt 

mixtures to be placed on concrete pavements as overlays are recommended to be less stiff 

and more compliant to mitigate reflective cracking.  

4.9. Future Work 

Based on the current state of work, the following scope of work can be included in future: 

a. Local calibration of TxACOL software by using field performance data.  

b. Pavement life cycle analysis to highlight true cost benefits of using GTR modified 

thin overlays as an alternative to traditional overlays as a pavement preservation 

technique. 

c. Future investigations should be conducted to evaluate higher traffic level 

applications.  More work is also needed to quantify life extension gained by 

utilizing GTR-modified overlay mixes.  
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Chapter 5 Determining Asphalt Mixture 

Continuous Performance Grade 

5.1. Introduction 

Large-scale construction of pavements with asphalt has now been around for more than a 

century. What started as a patented product imported from the lakes of Trinidad, is now 

being manufactured all over the world for pavement construction. In United States, 94% 

of all roads are surfaced with asphalt mixture. This ubiquitous use of asphalt mixtures 

required a national-level specification to describe the properties that asphalt mixtures 

needed to adhere. Consequently, researchers tried to develop parameters that 

characterized/estimated the performance of the asphalt mixtures with an intention to 

effectively design a strong and durable pavement. 

5.1.1. Early Asphalt Mixture Design Methods 

The Hubbard-Field method for designing asphalt mixtures was one of the first formalized 

methods to design asphalt mixtures. Francis Hveem, from California Division of 

Highways, improved upon the Hubbard-Field method and established the Hveem Mix 

Design Method that measured every aspect of the mix that affected the content of asphalt 

to be used in a mix. Bruce Marshall further improved asphalt design by incorporating 

laboratory tests based on tests from the geotechnical field to compute parameters that 

represented properties which affected the field performance of the asphalt mixtures. These 

mix design methods were based on material flow characteristics, and varied widely with 

material characteristics (Roberts, Mohammad, and Wang 2002).  
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5.1.2. Moving towards Superpave 

Towards the turn of the 21st century, there was a need to move towards a more mechanistic 

approach in designing asphalt mixtures to meet the increasing demands of traffic and to 

better address local climatic conditions. The Strategic Highway Research Program (SHRP) 

funded a national program called Superpave (an abbreviation for Superior Performing 

Asphalt Pavements) to identify and define properties of asphalt binder, aggregates, and 

mixtures, and to correlate them with field performance. In the lead up to the adoption of 

the Superpave, numerous tests were developed and conducted on asphalt binders and 

mixtures. Various parameters were derived from these tests and an attempt was made to 

correlate them to field performance.  

Basic measures such as binder viscosity, mass loss, etc. were quantified and specifications 

thresholds were developed. Additional, fundamental measures from the Dynamic Shear 

Rheometer (DSR) were used to characterize the viscoelastic behavior of the asphalt binder 

and correlated with rutting and fatigue performance of asphalt mixtures. The DSR is used 

to test a thin disc of asphalt binder and measures the complex shear modulus (G*) and 

phase angle (𝛿) at different aging levels. A combination of these parameters at various 

aging levels, in the form of G*/sin𝛿 for rutting and G*sin𝛿 for fatigue were used to 

characterize asphalt binders. For low-temperature cracking characterization, stiffness and 

m-value parameters derived from Bending Beam Rheometer were used. The test uses 

slender beams and applies a creep load to measure the creep stiffness and relaxation value 

for long-term aged binder. Additionally, a Direct Tension Test (DTT) was allowed as an 

auxiliary test for low-temperature and was thought to be especially helpful in 

characterizing certain stiffer, polymer modified binders. Based on the limits specified by 
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the Superpave protocol, the Performance Grade of the binder was determined by rounding 

up to the nearest conservative value as shown in Table 5-1 where increments of 6oC were 

used. 

Table 5-1. Binder performance grade chart (after Roberts et al. 2002) 

High 

Temp. 

Grade 

(°C) 

Low Temp. Grade (°C) 

PG 46 -34 -40 - - - - - 

PG 52 -10 -16 -22 -28 -34 -40 -46 

PG 58 -16 -22 -28 -34 -40 - - 

PG 64 -10 -16 -22 -28 -34 -40 - 

PG 70 -10 -16 -22 -28 -34 -40 - 

PG 76 -10 -16 -22 -28 -34 - - 

PG 82 -10 -16 -22 -28 -34 - - 

 

5.1.3. Moving towards Balanced Mix Design 

The Superpave binder tests and specification has done well in terms of its intended use of 

aiding owner agencies in the purchase of asphalt binders and for selecting an appropriate 

binder for a given application, especially for the unmodified mixtures that were extensively 

used in the 1990s.  Today, modern asphalt mixtures have become increasingly 

heterogeneous, having with high amounts of recycled content and chemical additives, such 

as Recycled Asphalt Pavement (RAP), Recycled Asphalt Shingles (RAS), Ground Tire 

Rubber (GTR), Fibers, Warm Mix Asphalt (WMA), Rejuvenators, Anti-Strips, 

PolyPhosphoric Acid (PPA), etc.  These modifications have often shown benefits, or 

detriments, in terms of mixture performance that cannot always be accurately captured 
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even with complex binder testing schemes. Efforts are still being made to transition to a 

more mixture-based asphalt design specification, instead of relying on binder testing well 

beyond what it was designed to accomplish. For instance, the introduction of the AMPT 

(Asphalt Mixture Performance Tester) test by many DOTs underlines the desire to move 

towards mixture-based design (F. Zhou et al. 2016).  

The introduction of a Balanced Mix Design (BMD) approach, which centers the 

mixture design process on mixture performance test results, is a positive move away from 

over-reliance on binder- or volumetrics-based mixture design, which has prevailed in the 

US since the introduction of Superpave in the early 1990’s. BMD is usually implemented 

using a pair of mixture tests at different temperature spectrums (low-high or intermediate-

high) in an effort to control both cracking and rutting. Thresholds for the tests adopted in 

BMD are chosen based on project-specific factors such as climate and traffic, and mix 

designs that pass these thresholds can be adopted for production (West et al. 2018). 

Examples of tests used for BMD are the Disk-shaped Compact Tension (DC(T)), the Semi-

Circular Bend test (SCB) at low temperature, the Illinois Flexibility Index Test (IFIT), the 

IDEAL-CT, the Texas Overlay Test, and the Hamburg Wheel Track Test (HWTT) or 

Asphalt Pavement Analyzer (APA) for high temperature rut control.  

This study incorporates elements from both the BMD and Superpave approaches, 

resulting in a new mixture-based performance grading system for modern, heterogeneous 

recycled asphalt mixtures.  The new mix PG grading system can be used for mixture design, 

and for mixture evaluation, such as forensic studies of in-situ mixture performance and 

remaining life. In this new approach, the concept of choosing thresholds for mixture tests 

based on project-level design targets (environment, traffic intensity) has been combined 
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with the Superpave approach of testing at various temperatures to find a failure temperature 

for a mixture. The following sections address the motivation of this study and detail the 

methodology followed to achieve the objectives of this study. 

5.2. Motivation and Objective 

At present, the way of fingerprinting a multi-binder, heterogeneous asphalt mixture 

systems (such as when reclaimed asphalt pavement (RAP) or recycled asphalt shingles 

(RAS) are used)  involves the testing of extracted and recovered binder from lab specimens 

or field cores (ASTM D2172, ASTM D5404). However, concerns have been raised over 

the ability to recover a truly representative binder sample from mixtures with 

RAP/RAS/GTR and other chemical additives. Additionally, while modifiers may show 

benefits at the mixture scale, such enhancements might not be captured with testing of the 

recovered binder. This is especially true for modifiers such as GTR or fiber, which may 

undergo chemical or physical separation or alteration during the extraction process (Alavi 

et al. 2016; Li et al. 2006; Diefenderfer, Nair, and Bowers 2018). There is also a 

considerable ongoing debate of the degree of binder blending present in mixtures modified 

with RAP or RAS. The BMD approach dictates designing these modern, highly 

heterogeneous, modified mixtures according to mixture performance tests. Clearly, using 

the same mixture performance tests as those used in BMD is advantageous in terms of 

simplicity and efficiency, and will increase the likelihood of adoption by researchers and 

practitioners. Multiple articles have demonstrated the effectiveness of pairing DC(T) and 

Hamburg tests as bookend performance tests for performance based mix design and 

evaluation (P. Rath et al. 2019; William G. Buttlar et al. 2016; W. Buttlar et al. 2019). This 
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is particularly true for mid-continental climates, such as the Midwest USA, where both hot 

summers and cold winters are routinely experienced. 

 In this study, results from DC(T) and Hamburg Wheel Track Tests (HWTT) 

conducted at multiple test temperatures were used to compute the high and low failing 

temperatures for each mixture studied.  A failing temperature is defined as the temperature 

at which the mix fails to meet the performance property threshold adopted for an individual 

test, where the threshold selected will generally depend on the traffic level, binder grade, 

etc.  

The calculated mix continuous grade was analyzed and compared to the plan grade 

of the binder used in a given mix, as reported by the owner agency (in this study, primarily 

the Missouri Department of Transportation and the Illinois Tollway). The plan grade of the 

mix is defined as the final binder grade targeted, taking into account all modifications 

resulting from the use of recycled materials and other additives. Mixes with modifiers were 

compared to control mixes with no modification to investigate the effect of modifiers on 

mix performance, especially in terms of the resulting continuous mix performance grade 

(PG). The mix PG, by virtue of its direct establishment from mixture performance tests, is 

expected to be a more accurate pointer to expected field performance of the mixtures as 

compared to the binder plan PG grade. The following sections will expand on the mix PG 

concept, delineating and explaining the recommended procedures for arriving at the mix 

PG.  Next, results from performance testing and mix PG determination for a broad variety 

of mixtures is presented, followed by an analysis and discussion of the results obtained. 
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The following sections will expand on the mix PG concept, delineating and 

explaining the steps followed during the process, then the results from the performance 

tests will be discussed, and finally the mix PG of different mixes will be compared.  

5.3. Mixtures Tested 

Depending on the level of comparison, the mixtures used in this study were divided into 

two levels: level 1 are the mixes that are used only for comparison between mix continuous 

PG with plan binder PG, level 2 mixes are modified with rubber or fibers and in addition 

to comparing binder and mix grade, this study analyzes the effect of modification on the 

continuous mix PG.  

 Level 1 Mixes 

Four different mixes with varying amounts of recycled contents were used in this study for 

comparison between mix PG and plan binder PG. These mixes were collected as a part of 

a larger study titled “Performance Characteristics of Modern Recycled Asphalt Mixes in 

Missouri, including Ground Tire Rubber, Recycling Roofing Shingles, and Rejuvenators”, 

published in January 2019 by Missouri DOT (W. G. Buttlar et al. 2019). All the mixtures 

in Level 1 were placed at different locations in the state of Missouri, as shown in Table 5-

2 with other relevant mixture details.  

Table 5-2. Details of Level 1 mixtures 

Section/Directi

on 
Location 

Total 

%A

BR 

%ABR 

by RAP 

%ABR 

by RAS 
Misc. 

MO 13 NB* 
S. of 

Clinton 
16.6 16.6 0 

1.5% Bag House Fines  + 

0.5% Morlife T280 (anti-

strip)  
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US 54 NB 

N. of 

Osage 

Beach 

30.7 30.7 0 1% Morlife T280  

US 54 SB* 

N. of 

Osage 

Beach 

33 0 33 
2.5% IPC-70 +3.5% PC 

2106 + 1.5% Morlife T280  

US 63 SB 
S. of 

Moberly 
35.2 35.2 0 

2.5% IPC-70 +3.5% PC 

2106 + 1.5% Morlife T280  

* NB – North Bound, SB – South Bound 

 

 Level 2 Mixes 

Rubber-Modification: 

Two types of mixes were used with different aggregates and different rubber modification 

to analyze the effect of modification on the mix grade. First, a lab mix that was MoDOT-

approved Superpave dense-graded, 12.5mm Nominal Maximum Aggregate Size (NMAS), 

with 5.2% total asphalt content (PG64-22 binder), 25% reclaimed asphalt pavement (RAP), 

and 15.0% voids in the mineral aggregate (VMA) was chosen for this study. For rubber 

modification, it was modified with 10% dry-process rubber without any change in 

gradation.  

Second, a plant mix that was Oklahoma DOT approved with an NMAS of 12.5 mm, 

4.7% of PG70-28 as base binder, and 65-gyration mix with no recycled content was chosen. 

The mix used 5/8”, 3/8” chips, two types of sands, and screens. For rubber modification, it 

was modified with 5% dry-process rubber without any change in gradation. Both mixes 

were compared with and without rubber modification to analyze the effect of rubber in 

mixture performance.  

Fiber-Modification: 
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Recently a fiber reinforced mixture was laid down in Franklin County, MO. This study 

compares the lab-compacted control and fiber-reinforced mix in terms of mix PG. The mix 

uses ½” and 3/8” aggregates, along with screenings obtained from Capital Quarries, out of 

Sullivan, MO, and stockpiles of natural sand, RAP, and RAS. The RAP and RAS have 

4.7% and 21.6% asphalt content respectively. A warm-mix additive, Evotherm M1 was 

used at a rate of 0.30% by weight of binder. A virgin binder content of 4.4% was used for 

this mix. Specialized fibers were added at a rate of 4.2 oz. per ton of mix. The mix was 

classified as BP-2 with 35 blows in Marshall-type compaction for mix design. The virgin 

binder was graded as PG58-28 and the plan grade was set at PG64-22.  

Polymer-Modification: 

The Oklahoma mixture used in this study used a PG70-28, polymer-modified binder, as 

mentioned before. To see the effect of polymer modification, the base binder, graded 

PG58-28 was obtained, and the mixture was re-designed.  

Table 5-3 shows all the mixes to be investigated in this study along with their 

reference names used hereafter in this study. 

Table 5-3. Reference names for all mixtures 

Mixture Details Mix name 

MO 13 NB MO13_1 

US 54 NB US54_6 

US 54 SB US54_1 

US 63 SB US63_1 
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MODOT Superpave lab mix with no dry GTR TRO_L 

MODOT Superpave lab mix with 10% dry GTR TRO_L10R 

Oklahoma Superpave plant mix with PG58-28 OK_58 

Oklahoma Superpave plant mix with polymer OK_70P 

Oklahoma Superpave plant mix with polymer and 

5% dry GTR 

OK_70P5 

Dense-Grade BP-2 Control mix with no fibers BP2_LCM 

Dense-Grade BP-2 lab mix with fibers BP2_LFM 

Dense-Grade BP-2 plant mix with fibers BP2_PFM 

 

5.4. Test Methodology 

As mentioned before, in this study DC(T) and (HWTT) were performed at multiple test 

temperatures. The following sections will describe the derived test parameters and 

equations used to compute the parameters in detail. 

5.4.1. Disk-Shaped Compact Tension Test (DC(T)) 

The DC(T) test was developed to characterize the fracture behavior of asphalt concrete 

materials at low temperatures. More details are shown in previous sections (see 2.5.1. Disk-

Shaped Compact Tension Test (DC(T)) that shows the excellent correlation of DC(T) 

fracture energy and field transverse cracking. 



131 

 

5.4.2. Hamburg Wheel Tracking Test (HWTT) 

The Hamburg Wheel Tracking Device was originally developed in Hamburg, Germany, in 

the mid-1970s, but has been extensively used in the United States as a mixture evaluation 

tool (Solaimanian, Pendola, and Kennedy 2002; Izzo and Tahmoressi 1999; Hill et al. 

2013). More details can be found in the previous chapters.  

5.5. Continuous Mix Performance Grade 

To determine Continuous Mix PG, the following steps were followed: 

a. DC(T) and HWTT were performed at multiple temperatures (at least two, 

preferably 3 to 4) . 

b. Thresholds for both the tests were selected based on available literature (see Table 

5-4) (Marasteanu et al. 2012; Larrain 2015). 

c. A suitable trend line was fitted with the resulting data points and the temperature at 

which the threshold was breached, called the ‘failure temperature,’ was calculated 

through interpolation between the data points.  

o For a 3 or 4-point data set, an exponential trend line is suggested to be used 

for Hamburg data (discussed more in Section 4.1.).  

o For fracture energy variation, at this point, the trend line style is 

recommended to be decided on a case-to-case basis. However, a linear 

model (straight line data fit) is often suitable for the data at sub-zero 

temperatures. 

d. For the low-temperature side, the mix PG was taken as 10°C cooler than the failure 

temperature, for instance, if the DC(T) failure temperature was -13.2°C, then the 

mix PG low temperature was set at -23.2°C. This was based on the DC(T) test 



132 

 

protocol of fixing the test temperature 10°C warmer than the PG low temperature 

of the binder, and identical to the manner in which the low temperature continuous 

grade of the binder is determined in the bending beam rheometer. 

e. For the high temperature side, the mix PG was set at 14°C warmer than the failure 

temperature.  For instance, if the HWTT failure temperature was 52.3°C, then the 

mix PG high temperature would be determined as 66.3°C. The 14°C shift is based 

on the literature available on the HWTT test temperature for different kinds of 

binders (Larrain 2015). States like Montana use 44°C for PG58-xx, 50°C for PG64-

xx, and 56°C for PG70-xx or higher, Utah uses 46, 50,and 54°C for PG58, 64, and 

70 respectively, Colorado uses 46, 50,and 55, and 60°C for PG58, 64, 70, and 76 

respectively. Based on those test temperatures, as a starting point, a shift of 14°C 

was used in this study. 

f. The estimated high temperature test temperature from fitted trendlines of rut depths 

was limited to 100°C, limiting the high temperature continuous mixture grade to 

114°C. This was done to avoid reporting unrealistic high temperature grades. Given 

that the determination method is based on interpolation/extrapolation, there could 

be likely cases where solving the regression equation could result in values that do 

not make sense. Thus, a conservative value of 100°C was chosen as a limit to the 

Hamburg testing temperature (and 114°C for mixture grade, by extension). 

g. Finally the shifted failure temperatures (PG continuous mix grades) were rounded 

to nearest tenths and reported as, for instance, PGmix66.3(12.5mm @ 10k) – 23.2(460 J/m^2). 

h. The use of detailed subscripts is recommended, containing pertinent testing 

parameters and thresholds used in determining continuous grades.  For the HT 
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grade, the Hamburg rut threshold and number of passes appears in the subscript.  

For the LT grade, the DC(T) fracture energy threshold used is reported.  It is 

assumed that the test temperature for the DC(T) is set as 10 degrees Celsius warmer 

than the plan PGLT. If not, then it is recommended that the test temperature used 

also be reported in the subscript.  

Item ‘h’ above deserves more conceptual discussion. The use of detailed 

subscripts is intended to provide context in the case when an agency uses different 

performance test thresholds for different mix types/applications. For instance, in 

the new Illinois Tollway performance-engineered mix design specification (W. 

Buttlar et al. 2020), different Hamburg and DC(T) requirements are used for surface 

versus binder (base) course asphalt layers, for SMA friction vs. standard SMA 

surfaces, and mainline vs. shoulder mixes. This provides for very tailored mix 

designs based on traffic level and position in the pavement system. In the event of 

comparing the continuous grades and UTI values for mixes with different subscripts 

(different testing conditions), one must bear in mind that an ‘apples-to-oranges’ 

comparison is being made.  For instance, higher quality materials are needed to 

arrive at a given UTI level for an SMA surface mix as compared to a dense-graded, 

binder course material.  This is because the effects of traffic and environment in 

high traffic areas and at the surface of the pavement are more damaging than that 

of off-traffic (shoulder), and non-surface course locations (such as binder courses). 

This demonstrates the mix-dependency of the mix continuous grade determination 

system developed herein. This bears similarity to the concept of Voids in the 

Mineral Aggregate (VMA), which is both mix-dependent and traffic-design-level-
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dependent. For mixes exposed to higher traffic, generally a higher Superpave 

gyratory compaction number of gyration (‘Nd’) is used. Thus to achieve a given 

level of VMA, higher quality materials are generally needed for mixes intended for 

use in high traffic situations, because more resistance to compaction is needed to 

sustain void space between aggregates as more compactive effort is used. This is 

why very hard, angular coarse and fine aggregates are typically needed to achieve 

the very high VMA requirements in SMA surface mixes. 

Table 5-4. DC(T) fracture energy thresholds (after Marasteanu et al. 2012) 

 Low-Traffic Medium-Traffic High-Traffic 

Fracture Energy, 

minimum (J/m2), 

PGLT + 10°C 

400 460 690 

 

5.6. Plotting for Mixture Continuous Grade Determination 

Given the importance of proper plotting in mixture continuous grade determination, a few 

iterations of plotting schemes were tried to get the best estimation of grade. Based on 

literature, for DC(T) fracture energy at the temperatures looked at in this study (all sub-

zero), the linear fit for low-temperature mixture grade determination was deemed 

appropriate (Braham, Buttlar, and Marasteanu 2007; Ahmed 2011). For high temperature 

mixture grading, it was observed that the general trend of rut depths from various mixtures 

used in this study at different temperatures was exponential, i.e. for a given threshold, the 

Hamburg specimens held up well till a particular temperature and failed rapidly once the 
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test temperature was increased (warmer test temperature). Nevertheless, due to absence of 

pertinent literature, plotting for high-temperature mixture grade underwent various 

iterations of plotting schemes- 1) Arithmetic values of rut depths plotted on an arithmetic 

scale, fitted to an exponential equation, 2) Logarithmic values of rut depths and 

temperatures fitted to a linear equation, 3) Logarithmic values of rut depths with arithmetic 

temperature scale fitted to a linear equation. An example of each plotting scheme is shown 

in Figure 5-1.  Use of log-log values with linear fitting almost always led to an over-

prediction of rut depth values while the other two schemes predicted very similar failure 

temperatures. This led the authors to conclude the use of arithmetic values with exponential 

fit to be the best method to move forward.  

It is important to mention that for Level 1 mixtures, the PG-based temperatures 

were tired out, meaning that test temperatures resembled the usual binder high temperature 

grade, viz. 40, 46, 52, 58, 64°C. For the Level 2 mixes, all the Hamburg tests were first 

done at the standard (for most states) 50°C, and the next temperature was decided based 

on the results at 50°C.The underlying thought behind this kind of approach was to be able 

to determine the continuous temperature grade using just two points that encompass the 

threshold limit. The data was plotted on arithmetic-arithmetic scale with exponential fit, 

log-log scale with linear fit, and log-arithmetic scale with linear fit.  
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                              (a)  

                              

 
 

                              (b) 

                                                                    (c) 

Figure 5-1. Examples of plotting schemes used in this study 

Finally, Figure 5-2 shows the schematic outlining the procedure and its comparison 

to the existing Superpave protocol of determining binder continuous grade. 
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Figure 5-2. Flowchart showing the difference between Superpave continuous grading based 

on binder tests and mix continuous grading based on mixture performance tests 
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5.7. Results and Discussion 

Based on the outlined procedure in previous section, the mixtures in this study were graded. 

The level of traffic was decided based on the location of the mixture and thresholds were 

decided accordingly. The main aim of this kind of continuous grading is to put in place a 

performance-based grading system that is based on mixture performance instead of binder 

performance. Accordingly, the calculated mixture continuous grade and the planned binder 

grade are shown in Table 5-5. Further, the Usable Temperature Interval (UTI) was 

calculated as the difference between the high- and low-temperature grades and compared. 
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Table 5-5. Mixture continuous performance grading 

Mix name Traffic 

Level 

Used 

Continuous Mix PG UTI Planned 

Binder 

Grade 

UTI Comments 

MO13_1 

Medium 𝑃𝐺𝑚𝑖𝑥97.3(12.5𝑚𝑚 @ 10𝑘)

+  13.5(460 𝐽/𝑚2)  

84.3 70-22 92 >> 5-point extrapolation for PGHT 

>> FE values too low across all 

temperatures leading to +ve PGLT 

US54_6 

Medium 𝑃𝐺𝑚𝑖𝑥107.8(12.5𝑚𝑚 @ 10𝑘)

−   𝐶𝐵𝐷

∗(460 𝐽/𝑚2) 

 

*Couldn’t Be Determined 

- - - >> 2-point extrapolation for PGHT 

>> The fracture energy values at: 

-9°C = 355, -12°C = 360, and -18°C = 

368J/m2 

>> More data points required to 

determine mix PGLT 



 

 

1
4
0

 

US54_1 

Medium 𝑃𝐺𝑚𝑖𝑥114.0(12.5𝑚𝑚 @ 10𝑘)

−   4.6(460 𝐽/𝑚2) 

118.6 70-22 92 >> 3-point extrapolation for PGHT 

 

US63_1 

Medium 𝑃𝐺𝑚𝑖𝑥87.7(12.5𝑚𝑚 @ 10𝑘)

+ 13.5(460 𝐽/𝑚2) 

74.2 70-22 92 >> 5-point extrapolation for PGHT 

>> FE values too low across all 

temperatures leading to +ve PGLT 

TRO_L Medium 𝑃𝐺𝑚𝑖𝑥78.8(12.5𝑚𝑚 @ 15𝑘)

−   17.9(460 𝐽/𝑚2) 

96.7 70-28 98 >> 4-point extrapolation for PGHT 

 

TRO_L10R Medium 𝑃𝐺𝑚𝑖𝑥114.0(12.5𝑚𝑚 @ 15𝑘)

−   13.6(460 𝐽/𝑚2) 

127.6 70-28 98 >> 4-point extrapolation for PGHT 

OK_58 Low 𝑃𝐺𝑚𝑖𝑥61.1(12.5𝑚𝑚 @ 5𝑘)

−   38.0(400 𝐽/𝑚2) 

99.1 - - >> 2-point extrapolation for PGHT 

OK_70P Low 𝑃𝐺𝑚𝑖𝑥70.1(12.5𝑚𝑚 @ 15𝑘)

−   23.2(400 𝐽/𝑚2) 

93.3 70-28 

  

98 >> 4-point interpolation for PGHT 
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OK_70P5 Low 𝑃𝐺𝑚𝑖𝑥72.0(12.5𝑚𝑚 @ 15𝑘)

−   23.2(400 𝐽/𝑚2) 

95.2 70-28 98 >> 4-point interpolation for PGHT 

 

BP2_LCM Low 𝑃𝐺𝑚𝑖𝑥76.0(12.5𝑚𝑚 @ 5𝑘)

−   24.5(400 𝐽/𝑚2) 

100.5 64-22 86 >> 2-point extrapolation for PGHT 

>> 2-point interpolation for PGLT 

BP2_LFM Low 𝑃𝐺𝑚𝑖𝑥70.4(12.5𝑚𝑚 @ 5𝑘)

−   22.0(400 𝐽/𝑚2) 

92.4 64-22 86 >> 2-point extrapolation for PGHT 

>> 2-point interpolation for PGLT 

BP2_PFM Low 𝑃𝐺𝑚𝑖𝑥69.7(12.5𝑚𝑚 @ 5𝑘)

−   21.5(400 𝐽/𝑚2) 

91.2 64-22 86 >> 3-point interpolation for PGHT 
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5.7.1. Level 1 Mixes 

The mixture continuous grading for Level 1 mixes showed that all the mixtures did 

excellent in rutting resistance but were found to be susceptible to thermal cracking.  The 

following observations were made from the results: 

 All Level 1 mixes had a mix PG continuous high temperature grade above 86°C, 

indicating high rut resistant and very stiff mixtures, 

 The stiffness is also evident is warmer low temperature continuous grades for all 

the mixtures; the mixes are very susceptible to thermal cracking, 

 MO 13_1 and US 63_1 showed positive low-temperature mixture grades for 

medium traffic threshold while no definite trend emerged from DC(T) test results 

for US54_6 tested at -9, -12, and -18°C, 

 US 54_1 was the best mixture when compared to the other Level 1 mixes (with a 

UTI of 118.6), but overall, it did not have a great resistance in terms of low-

temperature cracking, 

 MO 13_1, US 63_1 showed a mixture UTI lower than the expected UTI calculated 

form the binder grade, meaning that the mixtures will perform satisfactorily within 

a narrower range of temperatures different from what was predicted by binder UTI 

 US54_1 is revealed to perform in a wider range of temperatures than predicted by 

binder UTI. 

Based on the results, all the level 1 mixes showed much higher stiffness at high 

temperatures than estimated with their plan grade. The mixtures had excellent rut resistance 

and will probably not have any rutting issues through their lifetime. However, the same 

cannot be said about the low temperature cracking resistance. By virtue of being too stiff, 
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the mixtures exhibited low resistance to thermal cracking, as characterized by the DC(T) 

fracture energy parameter.  

The mixture continuous grading for Level 1 mixes also showed the mix UTI to be 

more towards the high temperature side than the low-temperature side when compared to 

the plan binder grade. The differences in the UTI from plan binder grade and mixture 

continuous grade again highlight the importance of considering the mixture performance 

tests instead of relying on binder characterization. Both the performance tests used in this 

study- DC(T) and HWTT- have shown excellent correlation to the field results and been 

extensively used, lending more credibility to the mixture-based UTI’s actual representation 

of the field performance. It is important to caution the readers on using mix UTI as a direct 

comparison of the mixture performance. The focus should be more on the range of the 

grade than the final UTI, for e.g., a spread of mix PG 80-30 with a UTI of 110 is better 

than a spread of mix PG 110-5 with a UTI of 115. 

5.7.2. Level 2 Mixes 

5.7.2.1. Effect of Rubber Modification 

Continuous mixture grade for Level 2 mixtures show the effect of the additives in each of 

the mixes. Comparison between OK_70P (polymer-modified) and OK_70P5 (polymer+ 

5% dry rubber-modified), shows the positive effect of rubber modification: 

 The high temperature end of mix PG increased with adding rubber in the mix, with 

rubber imparting additional rutting resistance to the mix, 

 The low temperature end of the mix PG remained the same for both, control and 

rubber mix, indicating similar thermal cracking resistance of both mixes, 
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 Consequently, rubber modification increased the mix UTI, hinting at a wider range 

of temperatures at which the mix will perform satisfactorily, 

 Note that the binder-based UTI is higher than the mix-based UTI; in this case, the 

binder UTI slightly over-predicts the mixture performance. 

The results from TRO_L (control, unmodified) and TRO_L10R (10% dry GTR) 

mixes show the following: 

 10% rubber modification dramatically improves the rutting resistance of the 

mixture, bumping the high temperature grade from 79 to 114°C, 

 Low temperature grade is falls (warmer) from -17.9 to -13.6°C, 

 The mixture UTI is improved by over 30°C with rubber modification. More 

importantly, rubber modification “stretches” the temperature range of performance 

of the mix without compromising too much on any one end of temperature grade. 

 An important factor to note from these results are that unlike Superpave way of 

estimating mixture performance from binder grade, the mix continuous grade 

credits a good aggregate structure, other mixture constituents, and the binder in 

conjunction. 

5.7.2.2. Effect of Fiber Modification 

For fiber-modification, the lab-prepared control mix (BP2_LCM: without any 

modification) and the fiber modified mix (BP2_LFM) were tested and the results are 

reported. A DC(T) fracture energy threshold of 400 J/m2 and a HWTT threshold of 5000 

passes (for 12.5 mm rut depth) were used for these mixtures. The following observations 

were made: 
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 Fiber modification led to a decrease in rutting resistance of the mixture, bumping 

down the high temperature grade from 76.0 to 70.4°C, 

 The low temperature performance of the mix also suffers due to fiber modification, 

dropping from -24.5 for control to -22.0°C for fiber mix, 

 The control mix showed a higher UTI than the fiber mix (by 8°C), indicating that 

fiber modification did not enhance the performance of the mix 

Additionally plant-produced, lab-compacted fiber-modified mix was also tested in 

DC(T) and HWTT at different temperatures to determine the mix continuous grade. The 

lab fiber mix and plant fiber mix had similar performance in the mixture performance tests- 

considering both high- and low-temperature tests. 

 It is important to mention that it takes some meticulous efforts to ensure good fiber 

dispersion in the lab mix, to match a drum/batch plant mix. In the laboratory, usually the 

mix is made in a bucket mixer with smaller size batches, leaving room for the fibers to 

entangle among themselves to form conglomerates and not disperse.  Keeping that aspect 

in mind, the fact that the lab and plant fiber mix had similar performance is a good 

assurance of well-dispersed fibers in the asphalt mixture.  

5.7.2.3. Effect of Polymer Modification 

For polymer modification, OK_58 and OK_70P were analyzed. Following observations 

were made: 

 The polymer modification helped improve the rutting resistance of the mixture. The 

control mixture performed poorly in the HWTT (lower PGHT). Polymer 

modification increased the mix PGHT from 61.1 to 70.1°C (i.e., by 9°C). 
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 Polymer modification resulted in lower thermal cracking resistance, although the 

mixture would still be expected to perform adequately in the Oklahoma climate.  In 

most of Oklahoma, a PGLT of -16°C will provide adequate thermal cracking 

performance according to the LTPPBind database at a 98% reliability level. 

 Although polymer modification resulted in a lower mixture UTI, it resulted in a 

more optimized mix in terms of performance over the whole temperature spectrum. 

The control mix was weak in rutting and highly resistant to thermal cracking. 

Polymer modification sacrificed some of the excess thermal cracking resistance 

capacity but delivered the needed improvement in rutting resistance.  

5.8. Comparison of continuous binder and mix PG 

The next step in the progression of implementing this novel concept was to compare the 

continuous Mix PG with the continuous binder PG from the extracted and recovered 

binder. It has been seen that recovered binder from rubber-modified mixtures is not truly 

representative of the actual binder morphology in the asphalt mixtures. Unlike chemical 

additives that truly become a part of the binder system, rubber particles retain their granular 

characteristics even after modification, which makes it difficult to recover truly 

representative binder sample during the extraction process (Heitzman 1992; Mturi et al. 

2014). Thus, two rubber-modified mixtures were used in this study to determine the 

mixture continuous grade and compare it to the recovered binder PG. The details of the 

mixtures are shown in Table 5-6. These mixtures were placed on the Illinois Tollway road 

network, specifically on I-88. More details can be found in Buttlar et al. (2020) (W. Buttlar 

et al. 2020).  

Table 5-6. Details of mixtures used to compare recovered binder PG and mix PG 
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Mix ID Mix 

Type 

Base 

Binder 

PG 

Planned 

Binder 

Grade 

ABR* 

by RAP 

(%) 

ABR 

by 

RAS 

(%) 

GTR % 

(by 

weight of 

binder) 

NMAS 

(mm) 

1835 SMA 

Friction 

Surface 

46-34 76-22 25.1 16.1 10 12.5 

1828 Dense-

Graded 

46-34 76-22 35.3 9.2 10 4.75 

* ABR = Asphalt Binder Replacement; expressed as percentage of recycled binder that is 

part of the system 

The mix continuous PG protocol outlined in previous sections was followed for the 

two mixtures. DC(T) fracture energy was obtained for -12°C, -18°C, -24°C and rut depths 

were obtained at 40, 50, 58, and 64°C, as needed for different mixtures. DC(T) thresholds 

of 750 J/m2 for Mix 1835, and 450 J/m2 for Mix 1828 were used. Rut depth thresholds of 

6 mm and 9 mm at 20,000 passes were chosen for Mix 1835 and 1828, respectively. 

Continuous binder grade was obtained from the recovered binder. The details and the 

results are shown in Table 5-7. 
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Table 5-7. Comparison of PG obtained from recovered binder and mixture tests 

Mix Planned 

Grade 

(UTI) 

Binder 

PG (UTI) 

Mix PG (UTI) Remarks 

1835 76-22 

(98) 

75.3-22.5 

(97.8) 

𝑃𝐺𝑚𝑖𝑥90.0(6.0𝑚𝑚 @ 20𝑘) −

 25.1(750 𝐽/𝑚2) (115.1) 

>> DC(T) = 772.3, 763.7, 

597.7, at -12, -18, -24°C 

>> Rut Depths 3.3, 4.1, 

4.8 at 50, 58, 64°C 

1828 76-22 

(98) 

71.4-24.6 

(96.0) 

𝑃𝐺𝑚𝑖𝑥60.5(9.0𝑚𝑚 @ 20𝑘) −

 21.9(450 𝐽/𝑚2) (82.4) 

>> DC(T) = 449.0, 405.0, 

at -12, -18°C 

>> Rut Depths 3.2, 12.2 at 

40, 50°C 

 

The following observations can be made from the results 

a. While the recovered binder grade for Mix 1835 was below 76°C, the mix PG 

showed that the mix was able to perform aptly even at 90°C. The chief reason for 

this is the consideration of all the constituents of the mixtures. Illinois Tollway has 

been known to use great quality rocks in the mixtures, and additionally, the 

presence of RAP, RAS, and GTR is known to increase the rut resistance of the 

mixture. The presence of softer binder in the mix prevents it from being too stiff, 

something that was observed with Level 1 mixtures in this study, wherein recycled 

content was used without any grade bump consideration in the base binder. Even 
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on the low-temperature side, the mix PG predicts better performance than the 

recovered binder grade.  

b. In contrast to Mix 1835, the binder PG and Mix PG for Mix 1828 agree that the 

mix would not satisfy the criteria for a PG 76-xx. The reason for the disagreement, 

once again, has to do with the mixture constituents. Mix 1828 exhibited some 

stripping issues in the Hamburg test at 50°C, due to which the high temperature 

grade is low (60.5°C). Such a phenomenon can only be captured by mixture tests, 

and is completely ignored during the binder grade determination. It should be noted 

that this mix was designed to be placed on bottom lifts of SMA surface courses, 

and thus are not subjected to high stresses. On the low-temperature side, the 

recovered binder PG shows that the mixtures should perform well at about -24°C. 

However, the DC(T) fracture energy of the mix computed at -12°C is almost equal 

to the threshold value of 450 J/m2, indicating adequate performance of the mix only 

till about 22°C. Notably, DC(T) fracture energy has shown an excellent correlation 

with field transverse cracking, as reported by Buttlar et al. (2019) (William G. 

Buttlar et al. 2019). 

5.9. Critical points to follow during Continuous Mix PG Grading 

There are a few points that need to be taken into consideration when using the mix grading 

protocol.  

 Data Interpolation: 

o It is important to have a good spread of data to effectively determine the 

mixture continuous grade. The best results are seen when the chosen 

threshold is within the bracket of the values obtained at different 
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temperatures. In nutshell, data interpolation is highly preferred over 

extrapolation.  

o However, in unavoidable circumstances, extrapolation can be used to 

determine the continuous mix PG. This is especially true when a 2-point 

method is being used to compute the mix grading, meaning when using test 

results at only two temperatures.  

 2-point Method: 

o When using a 2-point method, care should be taken that the test 

temperatures are not too spread out, for e.g., using rut depths at 40°C and 

58°C. Since fitting trend lines are used to predict the continuous grade, 

using widely spread out data could give faulty results.  

o The easiest approach is to test the mixtures at standard temperatures and 

decide the next temperature accordingly. This approach, however, gets 

difficult to implement specially in Hamburg tests due to absence of a 

national specification, and wide variety of local-standard temperatures 

prevalent in different states, as shown in literature (Larrain 2015).  

 Application of Machine-Learning: 

o Reliable work in machine learning techniques have shown that it is possible 

to predict the DC(T) fracture energy and Hamburg rut depths on basis of 

inputs pertaining to aggregate, binder, and modifier types. There is no 

reason to believe that the same can be done with this protocol when a large 

pool of data is collected for a specific type of mix at various temperatures.  

 14°C Shift for Hamburg Tests: 
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o The current protocol for deciding the mix PG high temperature includes 

adding 14°C to Hamburg test temperature. Even though the value of 14°C 

is founded upon literature, it is rather arbitrary and does not have a scientific 

background yet. Such a value is adopted simply as a starting point. Once 

more data is collected and analyzed, this aspect of the grading protocol can 

be revisited and revised. 

5.10. Applications and Possible Extensions 

The following examples are provided to give the reader an incomplete list of the possible 

uses of the continuous mix PG grading system: 

 Mix design and optimization: The most straightforward application of the 

continuous mix PG is to use the system to develop mixtures that not only meet 

balanced mix design requirements, but also to arrive at mix designs that are more 

optimized and that boost performance while minimizing risk to the contractor and 

owner agency.  For instance, early mix design iterations that fall short of either the 

high or low temperature plan grades can be adjusted according to the failing 

parameter, and with the knowledge of the magnitude of change required to bring 

the mix into conformance. The UTImix parameter can also inform the designer 

whether or not the non-bituminous components of the mix are doing their part in 

creating a sufficient spread between the PGHT and PGLT grades for the mix.  For 

mixes with low UTImix, major changes in selected virgin or recycled materials may 

be appropriate, such as the use of higher quality aggregates, virgin binders with 

higher UTIbinder values, or the use of additives such as GTR, fibers, or other 

approved chemicals or polymers, and possibly even via the use of certain recycled 
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materials (Tran et al. 2019). For mixes with high UTImix but failing to meet either 

PGHT or PHLT requirements, a simple shift in the direction of a stiffer or softer 

virgin binder may be a simple solution to make the mix more balanced. Risk can 

be averted by balancing mix designs to a have sufficient margin of safety on both 

the high and low temperature side, which in the case of low UTImix early designs, 

might mean making substantial alterations to mix ingredients to boost the UTImix 

capacity. 

 Mixture forensics, remaining life estimation, and preventive maintenance 

planning: It seems logical that continuous mix PG grading could be used to assess 

the current state and remaining life of an in situ asphalt layer. For instance, both the 

DC(T) and Hamburg tests are amenable to the testing of field cores. Although out 

of the scope of this study, it is assumed that minor changes to the system might be 

needed to account for the typical aging trajectory of a typical mix, and to build those 

considerations into the scoring system. That notwithstanding, it is clear that the 

grading system could be adapted and used to fingerprint the current condition and 

remaining life of the pavement layer in question. Unless stripping potential 

develops in situ, one would expect the Hamburg scoring to improve with service 

age (the pavement becomes more rut resistant with time, as long as it survives the 

first several years without undergoing significant rut development). Hence, 

remaining life calculation would normally be focused on tracking mixture 

embrittlement and loss of the PGLT (increasing PGLTmix with age, possibly rising 

above the required PGLTmix for the local environment).  Periodic testing of field 

cores and tracking of data could be used to plan strategic preventive maintenance, 
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such as surface treatments, to occur before significant surface cracking develops 

thereby extending pavement life and lowering the equivalent annual cost of 

maintaining the pavement. 

 Other extensions: The current research paid particular attention to controlling and 

assessing extreme high and low temperature mix performance, which is critical in 

mid-continental regions such as the Midwest USA. However, regions with less 

extreme environmental conditions or areas where cyclic fatigue-type cracking are 

prevalent might benefit from including a fatigue type test in their BMD 

specification. Like the Superpave PG binder system, it would be possible to include 

the results from an intermediate cracking test into the specification.  Although 

beyond the scope of the current study, we conjecture that the simplest way to 

incorporate a second cracking test would be akin to the Superpave PG binder 

system. Specifically, passing the intermediate cracking test (for example, requiring 

that an appropriate IDEAL CT value be achieved) would be necessary in order to 

allow a continuous mix PG grade to be assigned. Otherwise, the mix would either 

need to be redesigned, or at least in theory, recommended for used in milder 

environment, where the cracking score requirements could be met. Another option 

would be to develop a PG mix grade designation with a third parameter, indicating 

the fatigue test requirement and score achieved for the mix under evaluation. 

5.11. Conclusions 

The motivation of this study is based on the fact that the current standard for estimating 

asphalt mixture performance is based on binder grading, wherein the extracted and 

recovered binder is put through the suite of Superpave binder tests (DSR and BBR) to 
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determine the range of temperature at which the mix will perform satisfactorily. However, 

with the modern, highly recycled mixes, the binder-based method is found wanting in 

effective characterization. Moreover, with Balanced Mix Design (BMD) approach making 

inroads in the asphalt industry as the new standard to design the highly heterogeneous 

asphalt mixtures, mixture performance tests are becoming an important part of asphalt 

mixture performance characterization. In light of this, it is high time to move to a mix-

based grading from the familiar binder-based grading. This study has tried to work out a 

basic protocol to fulfil such a need. 

In this study, DC(T) and Hamburg tests were conducted on asphalt mixtures at 

multiple test temperatures to compute the Continuous Mixture Performance Grade. Test 

thresholds (fracture energy thresholds for DC(T) and Rut Depth thresholds for Hamburg 

test) were chosen for different mixtures according to the project specifications and the 

results from the tests were used to compute the temperature at which the mixture is 

estimated to achieve the threshold value (similar to the concept of determining the binder 

continuous grade).  

Thirteen mixtures were tested in this study including mixture placed on Missouri 

and Illinois roads, mixtures with rubber, polymer, and fiber modification. The following 

conclusions can be drawn from the results and analyses: 

 Mixture tests predict a different Useable Temperature Interval than the binder-

based tests. The reason for this is that binder-based grading does not take into 

account the effect of aggregate system on mixture’s ability to withstand field 

loading.  
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 The mix UTI is deemed to be more accurate presentation of the mixture 

performance on field owing to the excellent correlation of the used mixture 

performance tests with field data. 

 Rubber-modification improved the rutting resistance of the mixture without 

compromising too much on the thermal cracking resistance.  

 Fiber modification did not help the mix grade on any end of the temperature 

spectrum. 

 Polymer-modification improved rutting resistance and decreased the low 

temperature PG of the mix investigated. 

 Comparison of recovered continuous binder grade to Mix PG for rubber-modified 

mixtures revealed large differences in both UTIs, indicating the caveats of 

determining the performance of a mixture using recovered binder, especially when 

recycled content is used. 

5.11. Future Work 

While the introduced protocol is a step ahead in effectively estimating the mixture 

performance, there is a lot of scope for improvement. Future work on this study will 

include: 

 Incorporating more modified mixtures to see the effect of modification in terms of 

mixture performance 

 Local validation of proposed DC(T) and Hamburg test thresholds 

 Modeling-based validation of shift factors used for DC(T) and Hamburg tests 
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Chapter 6 Conclusions and Recommendations 

6.1. Findings and Summary 

The main aim of all the facets explored in this study was to evaluate the benefits of dry-

process rubber modification of asphalt mixtures. This particular narrow scope of study is 

motivated from the need to remove the existing bias against dry-process rubber 

modification due to poor experiences in the past when this technology was not as advanced 

or well implemented. The latest dry-process rubber modifier technologies not only provide 

performance benefits, but also solve the construction issues generally associated with 

rubber modification such as poor workability, wastage due to stickiness of modified 

mixtures, etc. In addition, the logistical ease of using dry-process in an asphalt plant is a 

huge bonus for plants that want to adopt rubber modification. Most importantly, use of dry-

process modification makes great economic sense for the contractors as it has been shown 

to provide an equal or better performance than its peers (wet process, terminal blend, 

polymer modification) at a lesser price-range. The previous statement is supported by good 

performance of the multiple million tons of dry-process asphalt mixtures that have been 

placed all across United States in different climatic and traffic zones. Despite the stellar 

field performance data, and other listed benefits, dry-process rubber modification is yet to 

make inroads in many states in the U.S. due to lack of proper understanding of its working 

and applications.  

This study focused on four problem statements pertinent to dry-process rubber 

modification and presented its findings, as presented in following points, 
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 Crack Pinning Mechanism: The first study investigated the presence of any 

cracking mechanism in dry-process rubber-modified asphalt mixtures. It has been 

long hypothesized that due to its granular/particulate presence in a dry-process 

modified asphalt mixture, rubber might introduce a crack-pinning like mechanism 

that aids in impeding the crack propagation in an asphalt mixture. A novel fracture-

based experimental method was used in this study to determine the presence of 

crack pinning. Comparison of unmodified, polymer-, and rubber-modified 

specimens in terms of method of fracture provided keen insights into the different 

cracking mechanisms present in those specimens. The unmodified and polymer-

modified exhibited brittle failure while the rubber-modified specimen showed 

ductile-type behavior, evident from an extended post-peak load behavior in a 

displacement-controlled test. Additionally, study of fractured faces of the 

specimens under a Scanning Electron Microscope revealed presence of cavities 

around embedded rubber particles, presenting a visual evidence of cracking pinning 

mechanism in rubber-modified specimens. It was further observed that not all 

cracking tests are set up in a way to pick up the crack pinning mechanism.  

 Long-term aging susceptibility: While rubber-modification was observed to 

enhance cracking resistance for short-term aged mixtures, an evaluation of long-

term aged specimens was also undertaken to investigate whether rubber-

modification affected the aging susceptibility of the mixture in terms of cracking. 

Although three cracking tests, namely, Disk-shaped Compact Tension (DC(T) test, 

Illinois Flexibility Index Test (IFIT), and Indirect Tensile Asphalt Cracking test 

(IDEAL-CT) were performed. All the cracking parameters obtained from the tests 
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decreased with long-term aging, but rubber-modified mixtures showed the least 

decrease in the tests that were able to reliably characterize long-term aged 

specimens. At the same time, polymer-modified mixtures showed the largest drops 

in the cracking parameters. This increased resistance to cracking in aged rubber-

modified mixtures could be attributed to crack pinning by the rubber particles 

present in the mixture.  

 Thin HMA Overlays: The application of rubber-modified mixtures in one of the 

important and widely-used pavement preservation technique was motivated by 

additional savings that could be realized due to using thinner lifts with equal 

performance. Moreover, the decreased aging susceptibility would delay the 

recurring maintenance activities by “preserving” the underlying pavement for 

longer duration. Laboratory tests and high-level simulation showed the some cost 

benefits of using rubber-modified HMA overlays over existing HMA overlays. 

Specifically, for the mixture used in this study, and with conservative mix price 

estimates, a minimum of 3-5% savings can be realized by using a thinner lift of 

rubber-modified mixture in comparison to a conventional mixture. 

 Mix Performance Grade: The current method of fingerprinting mixtures is largely 

unfair on most of the highly recycled mixtures, including rubber-modified 

mixtures. Thus, a novel mixture performance grading protocol was suggested 

which was based on mixture performance tests that captured the effects of the 

modifiers (rubber, polymer, fibers, RAP/RAS, etc.) on mixture performance. 

Comparison of unmodified and rubber mixtures showed that rubber modification 
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improved the rutting resistance manifold without adversely affecting the low-

temperature cracking resistance of the mixture.  

6.2. Conclusions 

Based on the findings of this study, the following conclusions can be made: 

a. Modification with dry-process rubber enhances the cracking resistance of the 

mixture due to presence of crack pinning mechanism. This finding is supported by 

numerous field results. 

b. Modification with dry-process rubber decreases the aging susceptibility of dense-

graded mixtures in terms of cracking. 

c. Modification with dry-process rubber could help realize additional cost savings 

when used as a thin overlay over existing asphalt pavement. 

d. Current method of performance grading modified asphalt mixtures is outdated and 

a more accurate estimate could be obtained by using mixture-based performance 

tests.   

6.3. Future Extensions 

While this study furthers the understanding of dry-process rubber modification in asphalt 

mixtures, there is still a lot to be explored, evaluated, and investigated, as outlined below, 

a. While a small part of this study focused on applying the learnings from binder 

fracture testing to mixture tests (see Section 2.9), a wider investigation is needed in 

terms of loading rate and test temperatures of mixture tests that do not match with 

the field results obtained for rubber-modified mixtures. 
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b. Only dense-graded mixtures were used in most of the mixture testing in this study. 

In future, this study should expand to include other types of mixtures, such as fine-

grade, open-graded, stone matrix asphalt (SMA), etc. 

c. Calibration of software/tools used in this study with field data will be an important 

step towards being able to use simulations to accurately predict rubber-modified 

pavement behavior. 

d. Expanding the limited dataset of comparing recovered binder grade and mixture 

performance grade will be necessary to show the benefits of using a mixture 

performance grading scheme. 
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Appendix A 

Table A-1 shows the difference between the peak load and fracture energy for control 

(unmodified) and rubber-modified mixes. Note the peak load for rubber mix is higher than 

the unmodified mix and the fracture energy is lower.  

Table A-1. Peak Load and FE Values from IFIT Test for Unmodified and Rubber-Modified 

Specimen  

Mix 1 Control Rubber Modified 

Rep. Peak Load 

(kN) 

Fracture Energy 

(J/m2) 

Peak Load 

(kN) 

Fracture Energy 

(J/m2) 

1 3.003 1830.5 4.283 1439.4 

2 3.232 1613.6 4.269 1207.3 

3 2.878 1845.1 3.959 1279.7 

     

Mix 2 Control Rubber Modified 

Rep. Peak Load 

(kN) 

Fracture Energy 

(J/m2) 

Peak Load 

(kN) 

Fracture Energy 

(J/m2) 

1 2.373 1789.8 4.269 1531.1 

2 2.714 2157.7 4.341 1414.2 

3 2.478 2161.0 4.449 1328.1 
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4 2.751 2641.0 3.877 1686.8 

 

  



 

189 

 

Appendix B 

B.1. Level 3 PavementME Simulation (Phase I) 

B.1.1. General Inputs 

This study sought to investigate the preliminary results obtained by using default data from 

PavementME, i.e., using PG binder grade equivalent for unmodified and rubber-modified 

mixtures. The following summarizes some of the key inputs and assumptions used in this 

analysis: 

 Version 2.3.1+66 of the software used 

 Location/Climate:  Champaign, Illinois 

 15-year simulation performed 

 Low traffic setting (331,464 total heavy trucks over 15-year life, default 

truck/axle configurations used) 

 Asphalt overlay, control section = 2” thick, dense-graded, PG 64-22 binder 

 ECR asphalt overlays:  

o Three thicknesses studied (2”, 1.5”, 1.0”),  

o PG 76-22 binder equivalent used (following the assumed 2-binder-grade 

bump for a 10% ECR mix, when starting with a PG64-22 binder and 

modifying with ECR) 

 2 Pavement structures considered: 

o Asphalt-over-asphalt (ACC_ACC), and  

o Asphalt-over-concrete (ACC_JPCP), where JPCP = jointed-plain concrete 

pavement 
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 Granular bases used for both pavement structures, higher quality base used in 

ACC_ACC 

 Moderate/weak subgrade strength assumed (A-5 soil – silty-clay) 

B.1.2. Pavement Structures 

The following scenarios were simulated in PavementME software. The scenarios 

included HMA-over-HMA and HMA-over-PCC pavement structures with commonly 

constructed thicknesses, as shown in Table B-1 and Table B-2.  

Table B-1. Pavement Structures for HMA over HMA Scenarios 

Scenario I.  Asphalt-over-Asphalt (ACC_ACC) 

(a) Control (2” HMA over 4” 

Deteriorated ACC) 

(b) ECR (2.0” ECR over 4” 

Deteriorated ACC) 

(c) ECR (1.5” ECR over 4” Deteriorated 

ACC) 

(d) ECR (1.0” ECR over 4” 

Deteriorated ACC) 

 

Table B-2. Pavement Structures for HMA over PCC Scenarios 

Scenario II.  Asphalt-over-JPCP (ACC_JPCP) 
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(a) Control (2” HMA over 8” 

Deteriorated PCC) 

(b) ECR (2.0” ECR over 8” 

Deteriorated PCC) 

(c) ECR (1.5” ECR over 8” Deteriorated 

PCC) 

(d) ECR (1.0” ECR over 8” 

Deteriorated PCC) 

 

B.1.3. Results 

Results of laboratory performance testing and PavementME simulations are provided in 

the following sections in form of tables. For the majority of the tables, the control 2.0” 

HMA overlay is compared against the three thickness levels investigated for the ECR mix 

(2.0”, 1.5”, and 1.0”).  Additional testing was conducted for the specialized Hamburg rut 

tests, where three, slightly difference thickness levels were considered for both the HMA 

and ECR modified mixes (approximately 2.5”, 1.5” and 1.0”) (see Table 4-2). This allowed 

the standard Hamburg test thickness to be included (62mm, or roughly 2.5”).  It also 

allowed us to investigate the potential issues associated with using a standard (non-GTR-

modified) mixture as a thin, 1” overlay placed on PCC. 

Most tables include a side-by-side comparison of ‘property-only’ and ‘Pavement 

ME’ or other simulation software results to be compared.  The reader will notice that the 

property only results appear in multiple tables, i.e., in association with multiple 
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deterioration (or ‘distress’) modes. This acknowledges the fact that the property-only mix 

performance tests are used by various researchers and agencies in an attempt to control 

more than one distress mode.  For the purposes of this study, the DC(T) test was compared 

alongside thermal cracking simulation results, and reflective cracking results.  The IFIT 

and IDEAL test results were shown along with fatigue and reflective cracking results.  

The reader will also notice that the simulation results allow direct investigation of 

thickness effect on pavement performance, while the performance tests in general do not 

allow thickness to be considered.  The exception here is the modified Hamburg test, where 

asphalt mixes of varying thickness were placed on a PCC substrate. It is also noted that the 

Hamburg test was run up to 20,000 wheel passes, in order to evaluate the potential for 

stripping and interface debonding.  While this is inconsistent with the low traffic used in 

the Pavement ME simulations (we used too many passes to evaluate the pavement 

samples), it was deemed as advantageous in exposing the differences in the structural 

integrity of the HMA and ECR-modified mixes under extreme conditions. 

Figure B-1 shows a flowchart of experimental methodology adopted in this study. 

The testing and modeling results presented in the following tables are supplemented with 

brief data analysis summaries and clarifying remarks in the form of: (a) summaries in the 

final table columns; (b) summaries in the final table rows; (c) footnotes, and; (d) color 

coding of numerical results (green = exceeding criteria ; yellow = marginal/conditional 

passing, and; red = failing to meet criteria). 
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Figure B-1. Flowchart Showing the Experimental Methodology 

B.1.3.1. Thermal Cracking Analysis 

The Pavement ME software uses a thermal cracking prediction software originally 

developed at Penn State in the early 1990’s called TCMODEL.  It was later updated during 

NCHRP 1-37A, which led to the version used in the AASHTOWare, Pavement ME 

software. Results for thermal cracking are shown in Table B-3 and Table B-4, which 

demonstrate that the ECR mix outperforms the unmodified HMA mixture when the thick 

unmodified overlay (2”) is compared to thin rubber overlay (1”). Interestingly, the software 

predicts higher thermal cracking for 1.5” thick overlay than the 2” thick overlay for both, 

HMA over HMA and HMA over PCC, which was unexpected and counter-intuitive.  In 

terms of DC(T) testing, the ECR mix achieved a fracture energy level of 474 J/m2, allowing 

it to pass both low- and medium-traffic level requirements.  The HMA control mix had a 

measured fracture energy level of 436 J/m2, allowing it to pass only the low traffic category.  
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In addition to the thermal cracking prediction by PavementME, a specialized 

software, developed as an advanced version of thermal cracking model currently in use, 

called ILLI-TC was used to compute the number of critical cracking events for both the 

mixtures (Dave et al. 2013). The software takes inputs such as creep compliance, strength, 

coefficient of thermal expansion/contraction, volumetrics, and fracture energy as its inputs. 

The results shown in Table B-4 are from analyzing the mixtures for a time period of 5 

years. The layer thicknesses in this software are limited to a minimum of 3 in., and thus 

thicknesses of 3, 4, and 5 inches were analyzed. The results show that the ECR mix, once 

again, outperforms the unmodified mixture across all thicknesses.  

One can also conclude from this data set that the DC(T) property-only analysis is 

in general agreement with the simulation results, where both predict moderate thermal 

cracking resistance in the mixtures, with the ECR possessing the better low-temperature 

cracking resistance. 

Table B-3. HMA over HMA and over PCC Overlay 

Strategy 

Property-Only Analysis Pavement 

ME 

Thermal 

Cracking 

Prediction  

(Property 

plus 

Thickness 

Effect, 

Level 3*), 

ft/mile 

HMA over 

HMA 

Pavement 

ME 

Thermal 

Cracking 

Prediction  

(Property 

plus 

Thickness 

Effect, 

Level 3*), 

ft/mile 

HMA over 

PCC 

ILLI-TC 

Cracking 

Prediction 

(Property plus 

Thickness 

Effect) 

DC(T) 

Fracture 

Energy 

(J/m2) 

Interpretatio

n 

Control (2” 

HMA) 

436 Passing only 

low-volume 

traffic 

1595 1932 
ECR Greatly 

Outperforms 

Control, All 3 
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ECR (2.0”) 
474 

Pass, low- 

and med-

volume 

traffic 

966 675 Thicknesses**

, on Basis 

number of 

critical events 

calculated in 

Illi-TC (Table) 

ECR (1.5”) 1816 2112 

ECR (1.0”) 1077 941 

Compariso

n 

ECR 

possesse

s approx. 

10% 

higher 

fracture 

energy 

than 

control 

ECR 

Outperforms 

Control on 

Basis of 

Thermal 

Cracking 

Resistance 

ECR 

Greatly 

Outperforms 

Control at 

2/3 

Thicknesses

, on Basis of 

Pavement 

ME 

ECR 

Greatly 

Outperforms 

Control at 

2/3 

Thicknesses

, on Basis of 

Pavement 

ME 

*Level 3 PG grades used in model: PG64-22 (control); PG76-22 (ECR).  Criterion = 

1200 ft/mile, max. 

**ILLI-TC allows a min thickness of 3”.  Thicknesses of 3, 4, 5” are used for ILLI-TC 

simulations. See Table for detailed results. 

  

Table B-4. ILLI-TC Thermal Cracking Analysis (Property Plus Thickness Effect) 

Mix Location Peak 

Load 

(kN) 

Tensile 

Strength 

(MPa) 

Fracture 

Energy 

(J/m2) 

Mix CTE 

(mm/mm

/°C) 

Layer 

Thickn

ess (in.) 

Critical 

Events 

Unmodified MN 3.11 4.52 436 4.00E-05 3 6 

Unmodified MN 3.11 4.52 436 4.00E-05 4 5 

Unmodified MN 3.11 4.52 436 4.00E-05 5 6 

Rubber-

modified 

MN 3.46 5.03 474 4.00E-05 3 4 

Rubber-

modified 

MN 3.46 5.03 474 4.00E-05 4 3 

Rubber-

modified 

MN 3.46 5.03 474 4.00E-05 5 5 

Comparison ECR Mix outperforms control mix in each scenario 
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B.1.3.2. Fatigue Cracking Analysis (Bottom-up) 

Table B-5 summarizes the predicted fatigue cracking performance of the mixtures 

investigated. In the case of property-only characterization, the IFIT test characterized both 

the control and ECR mix as failing in cracking resistance, with the control mix scoring 

much higher on the flexibility index test.  The IDEAL test also scored the control mix 

higher, with a passing result for a dense-graded, low-volume mix (but failing the Superpave 

mix category). Thus, a yellow-shaded box was used.  In the case of the HMA-over-HMA 

pavement structure, the Pavement ME software predicted zero fatigue cracking in all cases 

considered.  Clearly, the IFIT and IDEAL tests greatly over-predict the amount of bottom-

up fatigue cracking when compared to results obtained from Pavement ME software. This 

may owe to the fact the Pavement ME simulation directly takes into account pavement 

structure, while the IFIT and IDEAL (property-only tests) do not.  This may also be 

partially due to the fact that the Pavement ME software has been calibrated to a large, 

national dataset, while IFIT and IDEAL criteria are based on very limited field data at this 

time.  

The Pavement ME software also predicted near-zero fatigue cracking in the HMA-

over-PCC pavement structure.  Note that separate criteria do not currently exist for these 

tests for differing pavement structures (HMA over HMA and HMA over PCC).  Given the 

fact that so much tonnage of asphalt is used in HMA overlays placed on PCC pavements, 

the results suggest that the overly-conservative nature of the IFIT and IDEAL cracking 

tests for HMA-over-PCC pavement structures might lead to improper 

adjustments/decisions during mix designs (over-estimation of asphalt content bumps 



 

197 

 

required, improper characterization of GTR mixes). Further discussion of this point will be 

made following the presentation of the reflective cracking results.  

It should be noted that GTR mixes are not directly available in Pavement ME 

software predictions, so the ECR results shown are actually based on the PG76-22 default 

mixture available in the software.  Thus, actual fatigue resistance of the GTR mix may 

differ from the predicted levels.  Research has shown that GTR mixes have similar or more 

fatigue resistance when compared to traditional, polymer-modified mixes (Lastra-

González et al. 2016; Souliman, Mamlouk, and Eifert 2016).   

The other type of fatigue cracking noted in modern, asphalt pavement surfaces is 

top-down cracking.  Because the top-down fatigue cracking model in Pavement ME was 

added late in the NCHRP 1-37 A project and is largely empirical, its accuracy is deemed 

questionable.  Thus, results from the Pavement ME top-down cracking model are not 

presented herein. 

Table B-5. Bottom-Up Fatigue Cracking Analysis for HMA over HMA and over PCC 

Overlay 

Strategy 

Property-Only Analysis Pavemen

t ME 

Fatigue 

Cracking 

Predictio

n  

(Property 

plus 

Thicknes

s Effect), 

% lane 

area 

cracked 

Pavement 

ME 

Fatigue 

Cracking 

Prediction  

(Property 

plus 

Thickness 

Effect), % 

lane area 

cracked 

HMA over 

PCC 

IFIT Flex. 

Index 

IDEAL CT 

Index 
Interpretation 
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HMA 

over 

HMA 

Control (2” 

HMA) 
7.6 68.2 

Failing IFIT, 

Passing IDEAL 

only at low traffic 

level 

0 1.4 

ECR (2.0”) 

1.9 24.6 
Failing IFIT, 

Failing IDEAL 

0 1.4 

ECR (1.5”) 0 1.4 

ECR (1.0”) 0 1.4 

Compariso

n 

Control 

greatly 

outperform

s ECR mix  

Control 

greatly 

outperform

s ECR mix 

Both Mixes Mostly 

Failing Criteria, 

Exception 

Control/IDEAL/Lo

w Traffic  

Control 

and ECR 

Identical, 

No 

Bottom-

Up 

Fatigue 

Control 

and ECR 

Identical, 

All 

thicknesses

, Passing 

Note:  Lack of correlation from Pavement ME software predictions to IFIT and IDEAL 

test results 

B.1.3.3. Reflective Cracking (R.C.) Analysis 

The DC(T) threshold for reflective cracking differs from the usual thresholds used 

for thermal cracking. Previous work on reflective cracking resistance thresholds for the 

DC(T) derived from accelerated pavement testing of HMA-over-PCC overlay systems 

suggested that very high fracture energy levels and multi-layered overlay systems are 

required to greatly mitigate reflective cracking in these structures (I. L. Al-Qadi and Wang 

2009).  Values of 850 J/m2 for the surface layer, and 1300 J/m2 for the stress-absorbing 

membrane interlayer placed directly above PCC were recommended for the rehabilitation 

of runway 9R-27L at Chicago’s O’Hare airport in recent years. These values were obtained 

from the Accelerated Pavement Testing of various asphalt mixtures meant to be placed on 

different depths (I. L. Al-Qadi and Wang 2009). More recently, Oshone et al. (2019) 
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proposed DC(T) fracture energy threshold for various thicknesses according to the needed 

performance of the overlay. The authors investigated a set of 15 field cores and the 

corresponding PMS (Pavement Management System) data including only two AC over 

PCC overlays, to propose a preliminary fracture energy threshold. The values are 

reproduced from the authors’ published paper in Table B-6 (Oshone, Dave, and Sias 2019).  

Table B.6. Preliminary Recommendations for DC(T) Fracture Energy for Asphalt Overlays 

for Lower Performance Need (after Oshone, Dave, and Sias, 2019) 

Overlay Thickness 

(cm) 

Overlay Thickness 

(inches) 

DC(T) Fracture Energy 

(J/m2) 

2.5 1 730 

3.75 1.5 490 

5 2 370 

6.25 2.5 290 

 

In the experience of the researchers involved in this study, the HMA overlays over 

PCC bear much higher stress due to expansion and contraction of concrete underneath than 

when the layer underneath is an existing asphalt concrete layer. Ideally, the fracture energy 

threshold should be separately decided based on the underlying layers. However, in 

absence of such data, the relative ranking of the mixes in terms of the laboratory test 

parameters are commented upon and correlated to the PavementME simulation results. 

Additionally, unlike other distresses, the reflective cracking data is segregated based on the 

underlying pavement.  
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Table B-7 shows that the DC(T) test correctly ranks the control and ECR mix in 

terms of their reflective cracking resistance for the HMA-over-HMA structure, as 

compared to the Pavement ME simulation results.  The DC(T) also correctly predicts a 

passing result for both mixes (low traffic).  On the other hand, the IFIT and IDEAL show 

a reversed ranking as compared to the Pavement ME result (both IFIT and IDEAL show 

failing results, despite passing results being predicted by the software).  This suggests that 

the IFIT and IDEAL test criteria may be too severe for the purposes of evaluating reflective 

cracking resistance of HMA overlays placed over PCC.    

Table B-7. Reflective Cracking Analysis for HMA over HMA Overlay 

Strategy 

Property-Only Analysis Lytton 

R.C. 

Prediction  

(Property 

plus 

Thickness 

Effect), 

ft/mile* 

Fracture 

Energy 

(J/m2) 

IFIT Flex. 

Index 

IDEAL 

CT Index 
Interpretation 

Control 

(2” HMA) 

436 7.6 68.2 

Passing DC(T), 

Failing IFIT, 

Passing IDEAL 

only at low traffic 

level 

941 

ECR 

(2.0”) 

474 1.9 24.6 

Passing DC(T), 

Failing IFIT, 

Failing IDEAL 

825 

ECR 

(1.5”) 
973 

ECR 

(1.0”) 
849 

Compariso

n 

ECR mix 

outperform

s control 

mix 

Control 

greatly 

outperform

s ECR mix  

Control 

greatly  

outperform

s ECR mix 

Both Mixes Failing 

IFIT and IDEAL 

Criteria, Exception 

Control/IDEAL/Lo

w Traffic, DC(T) 

ECR 

Outperfor

ms Control 

on 2/3 

thicknesses 
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Test Most 

Predictive 

*Using 1500 ft/mile as criterion, max 

In their current forms, it appears that the IFIT and IDEAL tests may be 

inappropriate for characterization of mixes containing GTR. This may be due to the fact 

that the loading rate for stiffer, less viscous mixes (such as GTR) is actually higher than 

for softer mixes, due to the use of very rapid, load line displacement control in these tests 

(50 mm/min).  Thus, every mix tested in these devices experiences a different stressing 

rate, which invokes a high peak load/high stored energy response in the GTR mixes.  Since 

the IFIT and IDEAL cracking indexes largely ignore the concept of material strength and 

focus most heavily on post-peak unloading behavior, the use of differing stressing rates for 

each material appears to put GTR mixes at a distinct disadvantage. This may explain why 

the results obtained from these tests for GTR mixes do not appear to match field experience 

or PavementME predictions. 

Table B-8 indicates a high level of reflective cracking predicted by all tests for the 

HMA-over-PCC structure (except, moderate cracking predicted in the case of the 

IDEAL/control mix), which agrees with the prediction of high reflective cracking rate by 

the PavementME software.  The Pavement M-E software uses the reflective cracking 

prediction system developed at Texas A&M University by Professor Bob Lytton and 

colleagues. These findings support typical field observations, which nearly always show 

that reflective cracking is virtually impossible to stop in the case of HMA overlays placed 

on PCC pavements. These results also suggest that, unless extreme measures are taken, 

reflective cracking will probably occur in HMA overlays placed over PCC.  This again 

brings into question the usefulness of the IFIT and IDEAL tests for these overlay systems, 
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since criteria do not exist for the design of systems to effectively mitigate reflective 

cracking in HMA-over-PCC overlay systems.   

Table B-8. Reflective Cracking Analysis for HMA over PCC Overlay 

Strategy 

Property-Only Analysis Lytton R.C. 

Prediction  

(Property 

plus 

Thickness 

Effect), 

ft/mile* 

Fracture 

Energy 

(J/m2) 

iFIT Flex. 

Index 

IDEAL CT 

Index 
Interpretation 

Control (2” 

HMA) 
436 7.6 68.2 

Scores 

Insufficient 

to Eliminate 

R.C. 

5165 

ECR (2.0”) 

474 1.9 24.6 

Scores 

Insufficient 

to Eliminate 

R.C. 

4718 

ECR (1.5”) 2099 

ECR (1.0”) 2142 

Comparison 

ECR mix 

outperforms 

control mix 

Control 

outperforms 

ECR mix  

Control 

outperforms 

ECR mix 

Scores From 

All 3 Tests 

insufficient 

to Eliminate 

R.C., Both 

Mixes 

ECR 

Outperforms 

Control in 

all 3 

Thicknesses, 

All Sections 

Eventually 

Fail in 

Reflective 

Cracking 

*Using 1500 ft/mile as criterion, max 

B.1.3.4. Rutting (and Stripping) Analysis 

Table B-9 presents the results of the property-only Hamburg testing and the PavementME 

simulation results. The Hamburg results show the superior performance of ECR mixtures 

over the unmodified mixtures, with ECR mixtures showing dramatically low rut depths, 

especially at lower depths (1”) (remember, HMA and ECR overlays were tested over a 
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PCC substrate in the Hamburg test). Refer back to Table 4-2 for a side-by-side comparison 

of rutting profiles in the modified Hamburg test. In simulation results, the software 

predicted similar rut depths for all the mixes, with rut depth limited to less than one-third 

of an inch in all HMA over HMA cases. The HMA over PCC cases saw even lower rut 

depths, as expected.  

In the case of the HMA-over-PCC 1.0” overlay system, a relatively deeper rut depth 

was observed, along with an indication of a stripping inflection point at 13,370 wheel 

passes.  Although the rut depth and number of cycles to stripping inflection should be 

viewed as passing for a low traffic setting, it nevertheless points out the difference between 

the control HMA and ECR mix.  It is surmised that the ECR mix is stiffer and more elastic 

at higher temperatures, allowing the mix to withstand rutting, shear movement, and 

interface shear sliding at the HMA-PCC interface.  This also suggests a benefit in using 

GTR-modified mixes for thin overlay applications, especially where lateral forces may 

exist due to braking, accelerating, and turning operations (intersections, ramps, hills, etc.). 

It is not appropriate to directly compare the Hamburg rut depth estimate to the 

Pavement ME rut depth estimate, for a number of obvious reasons.  However, low rut 

depths and similar predictions were obtained for both mixes with Pavement ME.   

Table B-9. Rutting Analysis for HMA over HMA Overlay 

Strategy 

Property-Only Analysis 
Pavement 

M-E Rut 

Prediction  

(Property 

plus 

Thickness 

Effect), in.* 

Pavement 

M-E Rut 

Prediction  

(Property 

plus 

Thickness 

Effect), 

in.** 

Rut Depth 

@ 20k 

Passes 

(mm) 

Stripping 

Slope 

Stripping 

Inflection 

Point 

Interpretation 
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HMA over 

HMA 

HMA 

over PCC 

Control : 

~2.5” (62 

mm) 

HMA*** 

2.62 <2.0 - No Stripping 0.28 0.02 

Control : 

1.5” HMA 
4.05 <2.0 - No Stripping - - 

Control : 1” 

HMA** 
4.77 2.5 13370 Stripping - - 

ECR : 

~2.5”  
1.64 <2.0 - No Stripping 0.28 0.01 

ECR : 1.5” 2.03 <2.0 - No Stripping 0.30 0.01 

ECR : 1.0” 1.74 <2.0 - No Stripping 0.31 0.00 

Comparison 

ECR mix 

outperforms 

control mix 

Control, 

1” 

Triggers 

Stripping 

Analysis 

Control, 

1” Has a 

Stripping 

Inflection 

Point  

Control, 1” 

Fails 

Stripping 

Inflection 

Point for 

Med and 

High Traffic 

Control and 

ECR 

Practically 

Identical, 

All 

thicknesses, 

Moderate 

Rut, All 

Passing 

Control 

and ECR 

Practically 

Identical, 

Very Low 

Rut 

*Using 0.75” as max rutting criterion, 2” HMA Thickness.  1 inch = 25.4 mm. 

** Using 0.25” as max rutting criterion, 2” HMA Thickness.  1 inch = 25.4 mm. 

***2 wheel paths instead of 3. 

B.1.3.5. International Roughness Index (IRI) Rating 

Table B-10 presents overall pavement performance in terms of the predicted International 

Roughness Index (IRI) after 15 years of simulated traffic (low traffic volume) and 

environmental exposure.  The overarching observation from these results, somewhat 

surprisingly, is that the PavementME software does not predict much difference in IRI between 

the various overlay materials and thicknesses investigated.  In the case of the Asphalt-Over-

Asphalt overlay system, the ECR mixes at all three levels showed a slightly better (lower) IRI 
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prediction than the control mixture.  The similar IRI predictions were not expected, since the 

ECR strategies evaluated had better performance in terms of thermal cracking resistance, and 

reflective cracking resistance, and similar performance in terms of fatigue cracking and rutting.  

Very similar results were also obtained for IRI in the asphalt-over-PCC systems. The similarity 

in IRI prediction is probably driven by the fact that wheel path fatigue cracking more adversely 

affects ride quality as compared to thermal and reflective cracking.   

In the larger picture, it is important to note that the 1” thick ECR overlay system 

outperforms the 2” thick control section in terms of IRI, in addition to the individual 

performance category benefits outlined earlier.  This has positive implications for local 

road authorities, as the 1” ECR system is expected to cost approximately 44% less than a 

2” thick traditional HMA overlay (as shown in section 4.8), but is predicted to have a lower 

deterioration rate (for thermal, block and reflective cracking), therefore suggesting a longer 

life.  As further shown in next section, even when comparing a 1” ECR overlay to a 1.5” 

thick traditional overlay system, a 26% cost savings can be realized, with an even bigger 

relative performance difference expected. 

Table B-10. Overall Pavement Performance by IRI (Both Pavement Structures) 

Strategy 

Pavement M-E IRI 

Prediction, 

Asphalt-Over-

Asphalt*, in/mile 

Pavement M-E IRI 

Prediction, 

Asphalt-Over-

Concrete*, in/mile 

Interpretation 

Control (2” 

HMA) 
171 115 

Control and ECR Similar in 

Terms of Overall 

Performance, All 

Thicknesses Passing, ECR 

Slightly Lower Roughness in 

ECR (2.0”) 163 111 

ECR (1.5”) 171 108 

ECR (1.0”) 167 106 
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Comparison 

ECR Slightly Better 

in Terms of Overall 

Performance, Similar 

or Better IRI 

ECR Slightly Better in 

Terms of Overall 

Performance, All 

Thicknesses 

Asphalt-over-Asphalt 

Pavement Structure 

*Using 172 as max IRI criterion 

 

B.2. Level 1 PavementME Simulation (Phase II) 

The next step in this study was to use laboratory based Level 1 inputs. The inputs included 

measurement of dynamic modulus, creep compliance, and tensile strength of the mixtures.  

B.2.1. Dynamic Modulus (E*) for HMA Mixtures 

Dynamic modulus is one of the most critical parameters used in PavementME design of 

flexible pavements. It represents the stiffness of the asphalt mixture under a compressive, 

repeated-load over a range of loading frequencies. The minimum requirement of 

PavementME is to provide raw data for E* values at three frequencies and three 

temperatures. For this study, six frequencies and five temperatures are used, according to 

AASHTO TP62 standard. The specimen preparation and test method is shown in the 

standard as well. The software takes the raw values as inputs, computes the shifting factors, 

and plots the master curve. The input for E* values of unmodified and rubber-modified 

asphalt mixtures used in this study are shown in Table B-11. 

Table B-11. Level 1 (Raw E* data) Inputs for PavementME 

Dynamic Modulus (psi) 

   Unmodified 

  Frequency (Hz)  

Temp. (F) 0.1 0.5 1 5 10 25 

14      2,943,145  

         

3,313,321  

           

3,462,673  

          

3,780,786  

               

3,878,228  

         

4,078,704  
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40      1,518,319  

         

1,881,477  

           

2,040,948  

          

2,414,958  

               

2,597,086  

         

2,766,630  

70          441,395  

             

667,451  

               

783,982  

          

1,100,968  

               

1,252,460  

         

1,427,981  

100          104,614  

             

184,149  

               

233,196  

             

403,442  

                   

509,395  

             

635,615  

130            45,551  

               

74,885  

                 

94,652  

             

168,614  

                   

208,001  

             

276,073  

              

    Rubber-Modified 

  Frequency (Hz)  

Temp. (F) 0.1 0.5 1 5 10 25 

14      2,645,513  

         

2,940,859  

           

3,068,430  

          

3,338,890  

               

3,418,460  

         

3,637,556  

40      1,653,273  

         

1,912,332  

           

2,047,696  

          

2,391,761  

               

2,539,207  

         

2,687,646  

70          621,252  

             

839,028  

               

947,546  

          

1,215,387  

               

1,344,543  

         

1,521,921  

100          201,865  

             

308,961  

               

370,233  

             

558,431  

                   

633,038  

             

762,534  

130            68,228  

             

107,604  

               

133,581  

             

232,959  

                   

284,975  

             

338,178  

 

B.2.2. Mixture Creep Compliance and Strength 

Traditionally, Indirect Tension test (IDT) is used to compute the creep compliance. 

However, an easier method to compute the creep compliance of the asphalt mixtures using 

DC(T) test set up has been devised and used by researchers (Punyaslok Rath 2017; 

Jahangiri et al. 2020). In this test set up, a DC(T) specimen is tested at creep load levels as 

low as 0.3 kN and at 0, -12, and -24°C to determine the sample’s creep compliance 

properties. For this study, load levels of 0.30, 0.40, and 0.50 kN were used at 0, -12, and -

24°C respectively. The load levels were decided on a trial and error basis, keeping in mind 

that too low of a load level would result in higher noise in measurement, and higher load 

levels will cause plastic deformation or non-linear behavior in the specimens. Akin the 

DC(T) test method, a seating load of 0.1 kN is applied on the samples to ensure contact 
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between the loading holes and the dowel fixtures. The obtained raw CMOD values are used 

to compute the creep compliance values using equation [4-1], 

𝐷(𝑡) = 𝛼
𝐵

𝑃0
 𝐶𝑀𝑂𝐷 (𝑡)                                  [4 − 1] 

where, 𝑃0 is the applied load in kN, B is the specimen thickness in mm, and 𝛼 is the 

correction factor, set at 0.075 for this study (computed by 2-D FEM analysis (discussion is 

out of scope of this study)), and D(t) is the creep compliance in 1/GPa. The software, 

however, needs creep compliance values in 1/psi, as shown in Table B-12. 

Table B-12. Raw Creep Compliance Values used in PavementME Simulation 

  DC(T) CREEP COMPLIANCE (1/psi) 

  Unmodified Rubber 

Loading Time (s) Temperature ->     Temperature ->     

  0 -12 -24 0 -12 -24 

1 9.609E-07 7.62172E-07 6.91018E-07 8.48009E-07 6.87603E-07 5.89669E-07 

2 1.055E-06 7.89914E-07 6.79348E-07 9.13598E-07 7.30213E-07 6.06729E-07 

5 1.157E-06 8.1375E-07 6.97069E-07 1.00278E-06 7.59663E-07 6.34763E-07 

10 1.2576E-06 8.45881E-07 7.16959E-07 1.08254E-06 7.971E-07 5.77607E-07 

20 1.3855E-06 8.52972E-07 7.44701E-07 1.17656E-06 8.19407E-07 5.84832E-07 

50 1.6563E-06 9.16719E-07 7.57135E-07 1.36102E-06 8.95516E-07 6.21806E-07 

100 2.0021E-06 1.01111E-06 8.16565E-07 1.542E-06 9.79907E-07 7.09918E-07 
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Once the raw creep compliance values are inputted in PavementME software, it computes 

the shift factors and builds a master curve. To visualize the differences in the creep 

compliance values of the different mixtures, shift factors for the raw creep compliance 

values were computed by fitting the data in a Voigt-Kelvin model. Figure B-2 shows the 

plot for master curves using -24°C as the reference temperatures.  

Figure B-2. Creep Compliance Master Curves for Unmodified and Rubber-Modified 

Mixtures (Reference Temperature = -24°C) 

B.2.3. Other Inputs 

In addition to mixture-based inputs, asphalt binder complex shear modulus and phase angle 

measured at 10 rad/s, at four different test temperatures were also inputted into 

PavementME, as shown in Table B-13. 

Table B-13. Binder G* and Phase Angle Inputs for PavementME 

Binder G* 

Unmodified Rubber 

Temperature 

Complex Shear 

Modulus 

Phase Shift 

Angle Temperature 

Complex Shear 

Modulus 

Phase Shift 

Angle 

  Fundamental Fundamental   Fundamental Fundamental 

1.00E-02

1.00E-01

1.00E+00

1.00E+00 1.00E+01 1.00E+02 1.00E+03 1.00E+04 1.00E+05 1.00E+06

C
re

e
p

 C
o

m
p

lia
n

ce
 (

1
/G

P
a)

Reduced Time (sec)

TRO_Rubber

TRO_Unmodified
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[°F] [Pa] [°] [°F] [Pa] [°] 

77 163105 74.92 77 217795 65.38 

114.8 3656.95 85.925 114.8 7600.5 81.625 

136.4 703.545 88.08 136.4 1425.1 86.55 

158 179.655 89.035 158 350.845 88.395 

 

B.2.4. Results 

Unlike the results shown for Phase I of this study, this section will only focus on the results 

of PavementME simulation.  

Results from PavementME simulation for HMA over HMA are shown in Figure B-

3. Thermal, fatigue, reflective cracking, and rutting, across all the thicknesses studied were 

same for both the mixture types. In terms of IRI, the values obtained were not exactly the 

same but very similar.  

Results from PavementME simulation for HMA over PCC are shown in Figure B-

4. Thermal, and fatigue cracking, and rutting, once again, were same for all the thicknesses. 

The reflective cracking for unmodified mixture was superior to the ECR mixture, and the 

IRI values were similar for both the mixes at all thicknesses. On comparing these results 

to HMA over HMA, it can be said that thermal cracking was not affected by the underlying 

pavement, whereas fatigue and reflective cracking were adversely affected by presence of 

a JPC pavement underneath the asphalt overlay. 
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                                 (a)                                    (b)  

                                 (c)                                    (d)  

Figure B-3. PavementME Results for HMA over HMA, (a) Thermal Cracking, (b) 

Reflective Cracking, (c) Rutting, (d) IRI (Note: All Fatigue Cracking = 0 % lane area) 
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                                 (a)                                   (b)  

                                 (c)                                   (d)  

Figure B-4. PavementME Results for HMA over PCC, (a) Thermal Cracking, (b) Fatigue 

Cracking, (c) Rutting, (d) IRI (Note: All Fatigue Cracking = 1.5 % lane area) 

The results showed no discernable differences in unmodified and rubber-modified 

mixtures for HMA over HMA case, and higher reflective cracking for rubber-modified 

mixtures in comparison to unmodified mixtures for HMA over PCC case. These results 

were unexpected, but not surprising. The basic working of PavementME software depends 

on using mechanistic inputs (E*, creep compliance, etc.) to predict distresses. This is 
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achieved by using transfer functions that convert those mechanistic inputs into quantifiable 

distresses.  These transfer functions are heavily dependent on so-called calibration factors. 

In this study, the PavementME software used nationally calibrated distress models to 

predict the distresses. This could have resulted in the similar values obtained for the 

cracking-type distresses predicted in this section. Similar issues with calibration factors for 

rubber-modified mixtures has been shown in other studies (K. Kaloush and Witczak 2003; 

Kocak and Kutay 2020; K. E. Kaloush 2014; E. Pasquini et al. 2011). It should be noted 

that in Phase I, the mechanistic inputs were empirically determined from binder grade, 

which is why those results showed a difference between the mixtures. 

Additionally, the cracking models in PavementME relies heavily on E* values for cracking 

prediction (E* is used to compute the fracture properties of a mixture). Research has shown 

that the current way of obtaining E* data might not be a proper indicator of benefits of 

rubber modification (E. Pasquini et al. 2011; K. E. Kaloush 2014). Additionally, research 

from Texas has shown the benefits of using fracture properties calculated from laboratory 

fracture-based tests to compute the stress intensity factors for the asphalt mixtures, which 

determine the crack initiation in the mixtures. 
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