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ABSTRACT 

Over the past decades, several new technologies/materials (such as WMA, RAP, rubber, 

polymers, bio-binders…etc.) were incorporated into asphalt mixtures. However, current 

mix-design specifications evaluate all mixtures containing these different 

additives/technologies based on volumetric. Further, RAP incorporation in asphalt 

mixtures is still limited, and the influence of lowered production temperatures on RAP 

contribution in RAP-WMA mixtures is understudied. To tackle these issues, this study 

presents a comprehensive evaluation of the effect of production factors ( RAP content and 

source, binder grade, and production temperatures) on the effective binder in WMA-RAP 

mixtures, and the role of the effective binder in controlling mixture performance. 

The experimental program included evaluation of the compaction, cracking, and rutting 

performance of WMA-RAP mixtures produced with a different combination of the 

production factors. The Semi-Circular Bend (SCB) test at intermediate temperatures was 

used for cracking evaluation, while the Indirect Tension Test at High Temperatures (IDT-

HT) was used for rutting evaluation. Further, the study included rheological 

characterization of extracted binder from the mixtures to investigate the role of the effective 

binder on cracking performance.  

The results showed that the effective binder properties are changed significantly with 

changes in the production factors, as measured by the extracted binder rheological 

properties. Also, the properties of the effective binder showed a direct control of the 

mixture performance as measured by the IDT-HT strength and the flexibility index 
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obtained from the SCB test. Binder selection limits were developed for lab-produced 

WMA-RAP mixtures based on the Glover-Rowe parameter. Finally, a validation study was 

conducted using data from four different projects, including a field project in Texas, 

FHWA’s accelerated loading facility, a laboratory mixture study in Wisconsin, and a New 

Hampshire DOT study to confirm the refine the findings of this study. 
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 CHAPTER 1: INTRODUCTION AND SCOPE 

1.1 Introduction 

In past few decades, there has been an increased emphasis on the use of recycled pavement 

materials for environmental and economic reasons. From reduction of the amount of 

recycled materials that is being disposed of in landfills to saving more in the cost of virgin 

materials, the use of both Reclaimed Asphalt Pavement (RAP) and Recycled Asphalt 

Shingles (RAS) has increased significantly. Alongside the use of recycled material came 

the introduction of Warm Mix Asphalt (WMA) technologies that present many benefits. 

These benefits include production of RAP-containing mixtures without the need to heat 

them to high temperatures, less consumption of energy and thus fuel, and extension of the 

paving season.  

One problem with the use of high amounts of RAP in warm mixtures is understanding the 

effect of the lower production temperatures on the interaction between the RAP binder and 

the WMA additives, and RAP contribution to the effective binder. The reduced temperature 

is hypothesized to affect mobilization and diffusion of the RAP binder, thus resulting in 

under-asphalted mixtures that are prone to cracking. Another issue is the inherent 

variability in the RAP materials result in limiting the RAP content in asphalt mixtures in 

general, and to WMA mixtures in particular. Further, in current practice, WMA mixtures 

containing RAP are designed based on volumetric requirements, and without a clear 

performance evaluation system that take into account the production factors that affect 

compaction and performance of these mixtures.  
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The newest comprehensive mix design protocol, the Superpave, was developed about three 

decades ago. Many of the materials and practices that are being widely used nowadays 

were not considered at that time. From use of recycled materials, polymer modification, 

changes in binder formulation, and bio-based additives to development of the warm mix 

technologies with new production conditions that greatly affect pavement performance. 

Also, while the Strategic Highway Research Program (SHRP) that resulted in the 

Superpave mix design did include development of some mechanical testing procedure such 

as the Superpave Shear Tester (SST) and the Indirect Tensile Tester (IDT), the use of these 

test by contractors and highway agencies was not feasible. This was because of the high 

cost of the equipment and the complexity of the tests that required trained and experienced 

operators to run and interpret the tests. without a simple performance test, the Superpave 

became a mix design that was based on volumetrics alone (Anderson et al. 2003). 

Moreover, all asphalt concrete mix designs, including the Superpave, have many empirical 

aspects to them. For example, the control points of the volumetric parameters that are used 

for mix acceptance were based mainly on field observations and not on strict mechanistic 

relations. Asphalt mix-designs need to be updated to take into consideration the change in 

raw materials over the past three decades. Further, it is imperative that the design process 

includes a characterization the effective binder in WMA-RAP mixtures, with a focus on 

producing mixtures that, not only meet volumetric requirements, but also perform 

adequately in the field. 

The term “effective binder” used here means the combination of the RAP binder + the 

virgin binder in an asphaltic mixture. Asphalt mixtures are composed of an aggregate phase 

and a matrix phase (asphalt binder) that binds the aggregate particles together. RAP is 
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comprised of aggregate particles already coated by aged binder. When RAP is reheated 

and added to a new mixture, layers of the RAP binder film coating the aggregates melt and 

blend with the virgin binder depending on different variables such as: the RAP content, 

stiffness of the RAP and virgin binders, and production (mixing and compaction) 

temperature and duration. Therefore, these variables are of key interest in the production 

of WMA mixtures containing RAP.  While several studies in the literature have focused 

on determining the binder blending level in mixtures containing RAP (Bonaquist et al. 

2011, Gaitan et al. 2012, Zhao et al. 2016, Xiao et al. 2016), on workability and compaction 

(Reyes et al. 2009, Solaimanian et al. 2011, Oliveira et al. 2012, Buss et al. 2015), and on 

performance of WMA-RAP mixtures (Goh et al. 2011, Shu et al. 2012, Shen et al. 2017), 

no other study involved a systematic evaluation of the effect of production factors on the 

effective binder, and the relation of the effective binder to the performance of WMA-RAP 

mixtures. 

This study aims to quantify the effect of key production factors on the effective binder 

properties and its relation to the performance of WMA-RAP mixtures. this is achieved 

through 1) identification of the relevant production factors relating to WMA-RAP mixtures 

from the literature. 2) investigation of the sensitivity of the effective binder to changes in 

the production factors. 3) investigation of the dependency of WMA-RAR mixture rutting 

and cracking performance on the rheological properties of the effective binder. Several 

rheological properties of the effective binders are considered, including the Glover-Rowe 

parameter, the crossover temperature, and the combination of the complex shear modulus 

(G*) and phase angle (δ) in the form of the Superpave rutting parameter (|G*|/sin(δ)). 4) 



4 
 

development of guidelines for incorporating characterization of the effective binder in 

WMA-RAP mixtures into the mix-design process. 

1.2 Research Motivation 

The motivation behind this research effort is to contribute to addressing the following 

issues: 

1- Reclaimed Asphalt Pavement (RAP) is known to negatively affect cracking 

performance of asphalt mixtures because of the added aged binder. 

Recommendation for the use of rejuvenators, or a soft base binder, have been made 

to mitigate this problem. However, quantification of the effect of RAP binder and 

its interaction with the base binder is still understudied. This led to limiting the use 

of RAP to 25%-30% in most mixtures. There is need for guidelines that allow the 

mix designer to make learned decisions regarding the incorporation of RAP in 

WMA mixtures to guarantee that the performance of the designed mixtures is 

adequate.  

2- Quantification of the influence of the lowered production temperatures on the 

effective binder rheological properties in WMA mixtures is an area that is not well 

understood.  

3- There is a great need for guidelines on the incorporation of performance as a key 

requirement for approval of unconventional mixtures, such as WMA mix designs 

containing medium to high RAP content. Such guidelines must combine the 

different elements of WMA-RAP mix production under a single framework that is 

utilized in the mix design process. 
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1.3 Hypothesis 

This study aims to investigate the following hypothesis: 

For a given mix-design, production factors such as mixing and compaction temperatures, 

RAP content, and binder grade control the cracking and rutting performance of WMA-

RAP mixtures through controlling the rheological properties of the effective binder in the 

mixtures. In other words, this study seeks to examine if the interaction of the RAP binder 

and the virgin binder (i.e., the rheological properties of the effective binder), in a given 

mix-design, controls cracking and rutting performance of the WMA-RAP mixtures.  

To facilitate examination of the hypothesis, it is divided into two sub-hypotheses: 

1- The Glover-Rowe parameter (G-R) of the effective binder can be used to predict 

the mixture flexibility index based on measured changes in the production factors. 

2- The G-R and |G*|/sin(δ) of the effective binder can be utilized to obtain target IDT-

HT strength values by varying mixing and compaction temperatures, RAP content, 

and binder grade. 

A comprehensive experimental program was developed. The experimental program tested 

the hypothesis through achieving the following objectives:  

1.4 Objectives 

1- Evaluate the effect of mixing and compaction temperatures, RAP content, and 

binder grade on the rheological properties of the effective binder in WMA-RAP 

mixtures. 
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2- Investigate the relationship between the effective binder rheological properties and 

performance of WMA-RAP mixtures. 

3- Propose an empirical method for estimating the effective binder rheological 

properties from that of the RAP and virgin binders. 

4- Develop guidelines for incorporating characterization of the effective binder 

rheological properties into the mix-design of WMA-RAP mixtures in the form of a 

binder selection test. 

5- Develop a protocol for quality screening of mixtures during production that is 

sensitive to changes in effective binder properties.  

1.5 Dissertation Organization  

Chapter 1 of this dissertation provides the introduction to the topic of the study, followed 

by the research motivation, hypotheses, and the objectives set to test the hypothesis. 

Chapter 2 presents a literature review on the related aspects of the study, including a 

section on Reclaimed Asphalt Pavements and Warm-Mix Asphalt. Chapter 3 gives a 

detailed description of the experimental plan, the mix design details, materials utilized in 

the work, and the different tests conducted as part of the research effort. Chapter 4 

provides the results obtained in the study with a comprehensive discussion on the value 

and meaning of the results, as well as their contribution in investigating the hypothesis of 

the study. Chapter 4 also includes a section on the estimation the effective binder 

rheological properties from that of the RAP and virgin binders. Chapter 5 provides details 

of the validation study that was conducted to confirm and refine the findings on the relation 

of the effective binder rheological properties to the cracking performance of WMA-RAP 
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mixtures. Chapter 6 presents a proposed guideline for incorporating characterization of 

the effective binder rheological properties into the mix-design of WMA-RAP mixtures in 

the form of a binder selection test. Lastly, Chapter 7 gives a summary of the study along 

with the key conclusions derived from the work, contributions to the knowledge base, and 

future studies.  
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 CHAPTER 2: BACKGROUND AND LITERATURE 

REVIEW 

2.1 Introduction 

Many modifications were introduced into the materials used in asphalt concrete production 

in the last few decades. These modifications were the result of different needs of the asphalt 

pavement industry. The increase in traffic load and volume lead the way for the 

incorporation of polymer modifiers into asphalt binder, while environmental and economic 

motivations encouraged the utilization of recycled materials such as Reclaimed Asphalt 

Pavement (RAP) and Recycled Asphalt Shingles (RAS). Increases in the price of virgin 

materials, depletion of good quality aggregates, and the need to limit land fill from old 

pavements are few reasons behind the growing dependence of recycled materials 

(Copeland et al. 2010, Hossain et al. 2012). The use of RAP and RAS together allowed for 

an estimated saving in cost of asphalt binder and aggregates of more than $2.2 billion 

(NAPA 2017). 

Environmental and economic motivations were also the driving force for the introduction 

of Warm Mix Asphalt (WMA) technologies that offer several benefits for the industry. 

These benefits include a reduction of production temperature, reduced aging of the binder 

of RAP, increased mix workability when used as compaction aids, reduced fuel 

consumption, cost savings, reduced emission, as well as extension of the paving season 

(Button et al. 2007, D’Angelo et al. 2008, Martin 2014, Bennert 2015, Alsalihi and Faheem 

2018). Between 2016 and 2017 alone, there was an increase of 26% in the production of 
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WMA (from 116 million tons to 147 million tons), where this was mainly because of 

increased use by Departments of Transportation (DOT)s and commercial & residential 

production (NAPA 2017).  

Different types of modifications including the changes in binder formulation, polymers, 

bio-binders, RAP, rejuvenator, and WMA pose big challenges for traditional mix design 

approaches such as Marshall and Superpave to produce mixes that perform adequately for 

the duration of the design life. One problem is that these different modifications require 

specialized mix design approaches that address the aspects of each modification. For 

example, conventional Hot Mix Asphalt (HMA) mix design philosophy that depends on 

volumetric relations of the mix components as the main screening tool to accept or reject 

mixtures may not be sufficient for a WMA-RAP mix design that involves production at 

lowered mixing/compaction temperatures. This is of particular importance in mixtures 

containing high RAP contents, where a large portion of the effective binder in the mixture 

is contributed by the RAP material. This brings the accuracy of volumetric calculations 

into question.  New methodologies such as the Balanced Mix Design (BMD) attempt to 

tackle this issue through emphasizing achievement of adequate performance, while 

volumetric properties are used as a secondary assessment of mixes. However, this approach 

is still under development, and different agencies adopt different versions of the BMD.  

2.2 Recycling Asphalt Pavements 

Asphalt pavement recycling has gained more popularity in the recent years for reasons 

related to the saves in cost and energy conservation achieved using recycled materials. 

HMA-recycling involves the removal of the upper layer of a pavement structure with the 



10 
 

use of the very efficient milling machines. The retrieved RAP is then utilized by 

incorporating it in either in-place or plant mixes, both of which can be cold or hot mixes, 

as discussed below (Brown et al 2009):  

1- Hot in-place recycling: this method is rarely used anymore due to its negative 

environmental effect. It is sometimes used to address bleeding issues or aggregate 

polishing, where the pavement is recycled by heating and scarifying. This is 

followed by addition of a rejuvenator and repaving of the material. It is common to 

add a thin HMA layer over the recycled pavement. 

2- Hot plant mix: in this method the milled RAP is returned to the plant to be used 

mostly as an aggregate in the production of a new mix. The RAP contributes both 

to the asphalt binder and the aggregate blend in the new mix, reducing the amount 

of virgin asphalt and virgin aggregates. Since the asphalt from the RAP is aged, it 

tends to have a high viscosity.  For this reason, lower viscosity asphalt can be used 

with it in the production of the new mix to balance the effect of the aged asphalt. 

This will be discussed in more detail in the next sections. 

3- Cold mix recycling: the cold mix recycling can either be a plant or in-place 

recycling. The latter is becoming more popular, where the RAP is pulverized by 

the milling machine, then mixed with an emulsion and additives. The mix is then 

repaved mainly as stabilized base layer. A layer of chip seal or an HMA overlay is 

placed above this base layer for high volume roadways, or alternatively a fog seal 

is placed over it for low volume roadways. 
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2.3 Limitations of RAP Use 

While environmental and economic motives led to increase utilization of recycled materials 

and eco-friendly technologies such as WMA additives, however, it also brought about 

some challenges and hurdles for asphalt mix designers and producers. Despite the fact that 

most of the produced Hot Mix Asphalt (HMA) today contains some percentage of RAP, 

however, this percentage is limited to approximately 20% of the produced tonnage. The 

National Asphalt Pavement Association (NAPA) conducted a survey in 2017 on the 

reasons that cause this limitation. Figure 1 shows the results of their survey. 

 

Figure 1 – Causes of the limitation of RAP use (NAPA 2017). 

The survey shows that specification limitations, volumetric requirements, and mixture 

performance together comprise 60% of the causes of limitation on increasing RAP 

incorporation. 60% of the limitation is because mix designers are uncertain if RAP-

containing-mixes will perform similarly to new mixes with all virgin materials. This 

reflects the gap in the knowledge base that prevents the incorporation of higher RAP 

percentages in asphalt mixes. Another survey was conducted as part of the National 

Cooperative Highway Research Program (NCHRP) project 9-58, where 35 state DOTs 
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reported three main causes for limitation of RAP use. These causes were (a) specification 

limits, (b) poor pavement performance, and (c) RAP variability. Worth mentioning that 

only two DOTs reported incorporation level of RAP of higher than 30%. Moreover, 

concerns of poor performance were over “dry and stiff mixtures, rapid aging, cracking, and 

unknown long-term performance” (Martin et al. 2019).  

While the addition of RAP is known to improve rutting resistance due to the higher 

pavement stiffness, rapid aging and cracking, in its different forms, are key factors than 

need further investigation.  This is further illustrated by the responses from the DOTs on 

the common types of distress that are seen in surface mixtures containing RAP/RAS, where 

all distresses can be mainly related to binder stiffness (see Figure 2-a). The other side of 

the problem is the fact that current specifications do not include cracking test as part of the 

mix design process. Figure 2 (b) shows responses of 35 DOTs on the mixture performance 

tests, if any, that are used to screen mixtures. about 65% reported the use of a performance 

test, however, most of the reported tests are specialized cracking tests. The Hamburg Wheel 

Tracking Test (HWTT) and the Asphalt Pavement Analyzer (APA) are mainly rutting tests, 

while the Tensile Strength Ratio (TSR) is mainly used to determine moisture resistance. 

As such, there is urgent need to develop guidelines that ensure production of highly 

recycled pavements that perform adequately against cracking related distresses. this 

research aims to further knowledge on this forefront, where more studies are necessary to 

guarantee performance levels that are comparable to or better than that of virgin mixes, as 

well as to allow the safe incorporation of higher recycle contents without impairing mix 

performance. 
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                               (a)                                                                       (b) 

Figure 2 – Survey of DOT practices regarding RAP use (After Martin et al. 2019). 

(a) Reported distresses for RAP/RAS containing surface mixtures, (b) Performance 

tests as part of DOT specification 

2.4 RAP Variability 

variability in RAP stockpiles has always been a concern, and it is unavoidable to a degree. 

For examples, if RAP is milled from two different projects or from different layers within 

the same project, and this RAP is later collected in the same stockpile, then this leads to a 

variability in the asphalt content, binder age, aggregate structure, and moisture content of 

the RAP within a stockpile. This affects the volumetric properties of the produced mixes 

leading to possible deviations from the acceptable ranges in the specifications. Afterall, 

current specifications still depend mainly on meeting volumetric requirements in the lab 

during the mix design process, and meeting target density in field compacted pavements as 

a condition for acceptance of a mix. Some reports argued that careful creation and 

management of RAP stockpiles eliminates these concerns, assuming that the project from 

which the RAP was collected were subjected to high quality assurance standards (West 
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2015).  Such management practices would include whether the RAP is put in one or 

multiple stockpiles, and whether the stockpile is “captive” or “continuously replenished”. 

The former refers to refraining from addition of more material to a stockpile once it is 

formed and tested, while the latter refers to the case where more material is added to the 

stockpile with time and as more RAP is retrieved from the stockpile. Continuous 

replenishment is the more common option of the two.  

According to a report by the National Asphalt Pavement Association (NAPA) on the best 

practices for RAP and RAS management, there are four options for management of milled 

RAP. The 1st is to use it as it is, without applying further processing steps. The 2nd option 

is to screen the retrieved RAP to separate coarse and fine particles, where the coarse 

particles are then crushed further. The prescreening allows for preservation of the fine 

particles and reduction of dust generation. The 3rd option is to crush all the RAP material. 

While this method increases consistency in the material, it also increases the amount of 

generated dust, which limits the percentage of RAP that can be added to any mix. The last 

and most accurate of all options is to fractionate the RAP particles into two or three sizes, 

which gives good control in the mix design process. Table 1 summarizes the typical 

options for managing RAP stockpiles with the advantages and disadvantages of each option 

(West 2015). To limit variability and achieve good control over the produced mixes, all 

RAP used in this research effort was dried, sieved, and fractionated down to particle size 

passing sieve #200.  
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Table 1 – RAP processing options (after West 2015) 

Process Possible Advantages Possible Disadvantages 

Use of Millings 

Without Further 

Processing 

• Avoids further crushing of 

aggregate particles in RAP, 

which may allow for higher 

RAP contents in mixes. 

• Lowest cost RAP processing 

option. 

• Millings from large projects 

are likely to have a consistent 

gradation and asphalt content. 

• Requires multiple RAP stockpiles at 

the plant. 

• Millings from individual projects are 

different; therefore, when a particular 

millings stockpile is depleted, new 

mix designs must be developed with 

other RAP. 

Screening RAP 

Before Crushing 

• Limits crushing of aggregate 

particles in RAP, which 

reduces dust generation. 

• Few RAP crushing and screening 

units are set up to pre-screen RAP. 

Crushing all RAP 

to a Single Size 

• Allows the processed RAP to 

be used in many different mix 

types. 

• Generally provides good 

uniformity from RAP 

materials obtained from 

multiple sources. 

• Increases the dust content of RAP 

stockpiles, which will tend to limit 

how much RAP can be used in mix 

designs. 
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Table 1 (Continued) 

Process Possible Advantages Possible Disadvantages 

Fractionating RAP 

• Using different sized RAP 

stockpiles provides much 

greater flexibility in 

developing mix designs. Fine 

RAP fraction is ideal for Thin-

lay mixes. 

• Heat transfer to fine RAP 

may be more efficient during 

plant mixing. 

• Requires the most space for multiple 

smaller stockpiles. 

• Most expensive processing option 

(cost of fractionation unit plus 

additional RAP feed bins). 

• Due to higher AC contents, fine 

fractionated RAP stockpiles tend to 

have agglomerations, which may not 

feed well through the plant. 

2.5 Solutions for High-RAP Mixes 

Another significant factor is the fact that asphalt binder contributed by RAP is oxidized 

and aged. It is unrealistic to produce a mix where 60% to 70% of the binder in the mix is 

aged and possibly retrieved from pavements that had cracks and other forms of asphalt 

binder related failures. This issue naturally limits the incorporation of RAP in new mixes 

unless some remedy is made to rejuvenate the aged asphalt prior to reuse. The two main 

options to allow high RAP percentages in asphalt mixes are (1) use softer binders (2) use 

of recycling agents.  



17 
 

2.5.1 Use of Softer Binders 

The current American Association of State Highway and Transportation Officials 

(AASHTO) standards M 323 -13 provides recommendation on the grade of asphalt binder 

to be utilized based on the percentage of RAP in a mix (see Table 2). These 

recommendations were adopted based on finding from NCHRP Project 9-12 that was 

completed in 2001. Blending charts are used through determination of the rheological 

properties of the virgin binder and that of the recovered RAP binder. Linear interpolation 

is then used to determine (1) the maximum amount of RAP that can be used for a given 

virgin binder performance grade and a desired blend binder grade, or (2) the necessary 

virgin binder performance grade for a specific RAP percentage and a target binder blend 

grade.  

Table 2 - Binder selection guidelines for Reclaimed Asphalt Pavement (RAP) 

mixtures (after AASHTO M 323-13) 

Recommended Virgin Asphalt Binder Grade  RAP Percentage  

No change in binder selection  <15  

Select virgin binder one grade softer than normal (e.g., select a     

PG 58-28 if a PG 64-22 would normally be used)  
15 to 25  

Follow recommendations from blending charts >25 

One issue with this approach is that it was developed for Hot Mix Asphalt (HMA) mixes 

with the assumption of 100% binder blending being achieved between the virgin binder 

and the binder contributed by the RAP in the mix. This is not the case in Warm Mix Asphalt 
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mixes, where the mixing and compaction temperatures can be significantly lower than that 

of an HMA. This brings to question validity of this approach in WMA-RAP mixes, 

particularly if the mix contains high percentages of RAP, which is an understudied matter. 

Therefore, this study attempts to further investigate the effect of the virgin binder grade in 

high RAP-WMA mixes. 

2.5.2 Use of Recycling Agents 

Several recycling agents or rejuvenator products are currently being marketed as the 

solution to this problem, where such products are claimed to restore the balance between 

asphaltene and maltene phases in the binder. Asphalt binder is usually classified as highly 

polar asphaltene micelles that are responsible for stiffness and elasticity, and a viscous 

phase of saturates, aromatics, and resins (maltene phase). As the asphalt ages, more of the 

material is transformed into the longer chains of asphaltene. The high polarity binds the 

asphaltene particles together resulting in a layering effect. This makes the asphalt stiffer 

and more prone to cracking. Rejuvenators work through a peptizing effect that breaks down 

the large asphaltene particles, thus recovering balance between the asphaltene and maltene 

(Hofko et al 2016, Holmes 2016). 

The problem with recycling agents or rejuvenators is the concerns regarding their 

effectiveness and the lack of long-term performance data. Further, while common 

rejuvenators are claimed to recover balance in the chemical composition of asphalt binders, 

they have not been proved to rejuvenate binders with regards to aging susceptibility. In 

other words, if a binder ages at a given rate for a given exposure time to oxidizing agents, 

would this binder age at the same rate after being “rejuvenated”? The stated concerns are 
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reflected in the current practice adopted by state DOTs and contractors, with government 

agencies naturally being more restrictive in permitting use of recycling agents. Figure 3 

(a) & (b) show the percentage of DOTs and contractors that allow/prevent use of recycling 

agents. As seen, the vast majority of government agencies do not accept use of these 

products in asphalt mixes.  

 

                                   (a)                                                                     (b) 

Figure 3 – Survey practices regarding use of recycling agents (After NCHRP Project 

9-58). (a) Responses by DOTs, (b) Responses by contractors. 

2.6 Warm Mix Asphalt  

Warm Mix Asphalt (WMA) technologies were first introduced in the 1990s in Europe, and 

they became more popular in the past decade for environmental and economic reasons. The 

aim from use of WMA technologies is to allow for coating aggregates to take place at 

lowered mixing and compaction temperatures, such that the resulting mixture performs as 

good as or better than conventional HMA mixtures (Capitão 2012). WMA mixtures are 

produced at a temperature about 30oF to 75oF lower than conventional HMA mixtures 

(Hurley & Prowell 2005, Copeland et al. 2010, Martin 2014, Faheem et al. 2018).  
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Currently, there are over twenty WMA technologies and products being used in the market. 

These products can be categorized based on the coating achievement mechanism into three 

categories (EAPA 2010, Prowell et al. 2011, Kim et al. 2012, Faheem et al. 2018): 

(1) Foaming technology: the foaming technology involves addition of water to the asphalt 

binder. The heat vaporizes the water causing the asphalt to expand temporarily. This 

expansion allows for coating of the aggregates to take place at lowered temperatures 

(EAPA 2010). Common foaming technologies are Advera®, Aspha-min®, Low Energy 

Asphalt (LEA), Astec Double Barrel GreenTM. Over 50% of WMA mixtures are produced 

using foaming technologies (Shen et al. 2017). 

(2) Chemical additives: these additives act as surfactants working on reducing the friction 

at the interface between the asphalt binder and the aggregate particles, allowing for a 

lowered mixing temperature to be used (Capitão 2012). EvothermTM is the most common 

chemical WMA additive. Evotherm was developed through different stages. It was 

originally used as an emulsion (Evotherm ET) containing 70% binder. Then Evotherm 

DAT was produced with a lower water content. Later, a third generation (Evotherm 3G) 

was developed in which no water is used (Bonaquist 2011). 

(3) Organic additives: these additives are either waxes or fatty amides. Organic additives 

reduce the binder viscosity above the melting point of the incorporated wax (EAPA 2010). 

An additional benefit of the using of the waxes is the increased stiffness of the asphalt 

binder when it cools down to room temperature. This is due to the crystallization of the 

wax that forms a lattice structure at the microscopic level (Butz et al. 2001, Capitão 2012). 
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Common waxes are SasobitTM and Asphaltan B®. Table 3 provides a list of common warm 

mix asphalt technologies (Bonaquist 2011, Faheem et al. 2018).  

Table 3 - List of common WMA technologies (after Bonaquist 2011) 

Name Process/Additive Company Website 

Accu-Shear Dual 

Warm Mix Additive 

System 

Foaming system Stansteel http://www.stansteel.com/sip.html  

Advera Zeolite 
PQ 

Corporation 

http://www.pqcorp.com/products/Ad

veraWMA.asp  

AQUABLACK Foaming system 

Maxam 

Equipment 

Company, Inc. 

http://maxamequipment.com/AQUA

BlackWMA.htm  

Asphaltan –B Montan wax Romonta 
http://www.romonta.de/ie4/english/ro

monta/i_wachse.htm 

Double Barrel 

Green 
Foaming system Astec, Inc. http://www.astecinc.com/  

Evotherm - Ingevity 
http://www.ingevity.com/markets/asp

halt-and-paving/evotherm/ 

Licomont BS-100 Fatty acid derivative Clariant 

http://www.clariant.com/en/Solutions

/Products/2014/03/18/16/33/Licomon

t-BS-100-granules 

 

 

http://www.stansteel.com/sip.html
http://www.pqcorp.com/products/AdveraWMA.asp
http://www.pqcorp.com/products/AdveraWMA.asp
http://maxamequipment.com/AQUABlackWMA.htm
http://maxamequipment.com/AQUABlackWMA.htm
http://www.romonta.de/ie4/english/romonta/i_wachse.htm
http://www.romonta.de/ie4/english/romonta/i_wachse.htm
http://www.astecinc.com/
http://www.ingevity.com/markets/asphalt-and-paving/evotherm/
http://www.ingevity.com/markets/asphalt-and-paving/evotherm/
http://www.clariant.com/en/Solutions/Products/2014/03/18/16/33/Licomont-BS-100-granules
http://www.clariant.com/en/Solutions/Products/2014/03/18/16/33/Licomont-BS-100-granules
http://www.clariant.com/en/Solutions/Products/2014/03/18/16/33/Licomont-BS-100-granules


22 
 

Table 3 (Continued) 

Name Process/Additive Company Website 

Low Emission 

Asphalt 

Sequential coating 

using wet fine 

aggregate and 

unspecified additive 

Suit-Kote 
http://www.suit-kote.com/low-

emission-asphalt-lea/  

Meeker Warm Mix 

Asphalt System 
Foaming system 

Meeker 

Equipment 

http://www.meekerequipment.com/n

ew_warmmixad1.html 

Rediset WMX Unspecified additive Akzo Nobel 

https://sc.akzonobel.com/en/asphalt/P

ages/product-

detail.aspx?prodID=10451  

Sasobit Fischer Tropsch wax Sasobit http://www.sasobit.com/  

THioPAVE 
Sulfur plus 

compaction aid 
Shell 

www.shell.com/content/dam/shell/sta

tic/sulphur/downloads/thiopave-

general.pdf 

TLA-X 

Trinidad Lake 

Asphalt plus 

modifiers 

Lake Asphalt 

of Trinidad 

and Tobago 

http://www.trinidadlakeasphalt.com/

home/products/tla-x-warm-

mixtechnology. 

Html 

Ultrafoam GX Foaming system 
Gencor 

Industries, Inc. 
http://gencorgreenmachine.com  

 

 

 

http://www.suit-kote.com/low-emission-asphalt-lea/
http://www.suit-kote.com/low-emission-asphalt-lea/
http://www.meekerequipment.com/new_warmmixad1.html
http://www.meekerequipment.com/new_warmmixad1.html
https://sc.akzonobel.com/en/asphalt/Pages/product-detail.aspx?prodID=10451
https://sc.akzonobel.com/en/asphalt/Pages/product-detail.aspx?prodID=10451
https://sc.akzonobel.com/en/asphalt/Pages/product-detail.aspx?prodID=10451
http://www.sasobit.com/
http://www.shell.com/content/dam/shell/static/sulphur/downloads/thiopave-general.pdf
http://www.shell.com/content/dam/shell/static/sulphur/downloads/thiopave-general.pdf
http://www.shell.com/content/dam/shell/static/sulphur/downloads/thiopave-general.pdf
http://www.trinidadlakeasphalt.com/home/products/tla-x-warm-mixtechnology.Html
http://www.trinidadlakeasphalt.com/home/products/tla-x-warm-mixtechnology.Html
http://www.trinidadlakeasphalt.com/home/products/tla-x-warm-mixtechnology.Html
http://www.trinidadlakeasphalt.com/home/products/tla-x-warm-mixtechnology.Html
http://gencorgreenmachine.com/
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Table 3 (Continued) 

Name Process/Additive Company Website 

WAM Foam 

Soft binder followed 

by 

hard foamed binder 

Kolo 

Veidekke, 

Shell 

Bitumen 

www.shell.com/content/dam/shell/sta

tic/bitumen/.../shell-wamfoam-

brochure.pdf 

A survey conducted as a part of the NCHRP project 9-49A included responses from 18 

DOTs on their field projects incorporating WMA sections. The survey showed that 53% of 

the field projects included use of foaming technologies, while chemical and organic 

technologies were used in 30% and 17% of the total projects included in the survey, 

respectively (see Figure 4). Further, the survey indicated that Evotherm is the most widely 

used additive among the over twenty brands that are currently in the market (Shen et al 

2017). 

           

                             (a)                                                                           (b) 

Figure 4 - Distribution of WMA pavements based on (a) Categories (b) Technologies 

(After Shen et al 2017). 

http://www.shell.com/content/dam/shell/static/bitumen/.../shell-wamfoam-brochure.pdf
http://www.shell.com/content/dam/shell/static/bitumen/.../shell-wamfoam-brochure.pdf
http://www.shell.com/content/dam/shell/static/bitumen/.../shell-wamfoam-brochure.pdf
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2.7 Cracking Performance 

In the next sections, a review of the literature on performance of RAP-WMA mixtures is 

presented. Given the stiffening effect of RAP in asphalt mixtures, cracking performance is 

a key distress type of concern in Asphalt mixtures containing RAP, specifically in WMA 

mixtures where the lower production temperatures raise concerns about an increased 

potential for cracking because of lowered RAP binder contribution to the total binder in 

the mixture, leading to under-asphalted and more brittle mixtures. 

2.7.1 Modes of Cracking 

There are four main cracking types that can occur in an asphalt pavement. These are (1) 

thermal or low-temperature, (2) reflective, (3) bottom-up, (4) top-down cracking. Table 4 

presents the four modes of cracking, along with the different mechanisms and the factors 

that affect each type (Zhou et al 2016). One common factor among all modes of cracking 

is aging of the binder in the pavement, and this makes RAP incorporation play a major role 

on the cracking resistance of the pavement.  
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Table 4 – Modes of Cracking, mechanisms, and influencing factors (after Zhou et al 

2016) 

Cracking 

Type 

Low-

Temperature 

Cracking 

Reflection Cracking Bottom-Up Fatigue 

Cracking 

Top-Down 

Fatigue 

Cracking 

Cracking 

mechanisms 

Environment, 

aggravated by 

traffic. Either 

single event or 

after multiple 

temperature 

cycles. 

Combination of load 

and environment due 

to thermal movement 

and bending and 

shearing stress under 

traffic. 

Traffic loading. 

Tensile strain 

induces crack 

initiation at the 

bottom of asphalt 

layer; bending 

and shearing loads 

responsible for crack 

propagation. 

Traffic load 

supplemented by 

environment. 

Factors 

affecting 

cracking 

development 

1. Mix 

composition 

and properties 

2. Magnitude/ 

duration of cold 

temperatures 

3. Aging 

4. Traffic loading 

5. Layer 

thickness 

1. Mix composition 

and properties 

2. Environment 

3. Overlay thickness 

4. Traffic level 

5. Existing pavement 

types and conditions 

6. Aging 

1. Mix composition 

and properties 

2. Environment 

3. Layer thickness 

4. Traffic loading 

5. Aging 

1. Mix 

composition 

and properties 

2. Traffic loading 

3. Aging 

4. Layer thickness 

5. Environment 
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Low-temperature cracking correlates well with the binder properties at low temperature. 

Testing of the low temperature Performance Grade (PG) with the use of the Bending Beam 

Rheometer (BBR) is how the adequate binder is screened and selected. Reflective cracking 

is a concern when an asphalt overlay is added to an existing rigid pavement. With time 

racks migrate from the rigid pavement through the thickness of the overlay and appear at 

the surface. The bottom-up and top-down cracking modes are more complex and less 

understood. Further, simulation of these two types in the lab is more challenging as well, 

where several cracking tests have been developed, but none is considered by consensus to 

be the most accurate. This is also one of the reasons for lacking a standard fatigue cracking 

test that most DOTs would adopt. 

2.7.2 Cracking Tests 

Table 5 lists the common cracking tests, their configuration, and the modes of cracking 

they are used to characterize. Each of the presented tests has its advantages and 

disadvantages. In general, the monotonic tests have a lower coefficient of variance (COV) 

(often ≤ 15%) than the repeated loading tests (≥ 30%). Further, some of the tests are 

complex, require intensive training, and time-consuming such as the Direct tension test, 

the 4-Point Bending Beam Fatigue, Dissipated Creep Strain Energy (DCSE) (IDT), and the 

AMPT Push/Pull Fatigue (S-VECD) that can take days. 
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Table 5 – Common cracking tests (Zhou et al 2016, Zhou et al 2017, Blankenship 

2018) 

Test Name Cracking Type 

Loading 

Type 

Test 

Configuration 

AMPT Push/Pull Fatigue (S-VECD) 
Bottom-up and top-down 

fatigue cracking 

Repeated 

 

Direct Tension 
Bottom-up and top-down 

fatigue cracking 

Repeated 

 

Indirect Tensile Strength (IDT) Low temperature cracking  Monotonic 

 

Dissipated Creep Strain Energy 

(DCSE) (IDT) 
top-down fatigue cracking Monotonic 

4-Point Bending Beam Fatigue 
Bottom-up fatigue 

cracking 

Repeated 

 

Disk-Shaped Compact Tension 

[DC(T)] 

Low temperature cracking 

and reflection cracking 

Monotonic 

 

Texas Overlay Test 
Reflection cracking and 

bottom-up fatigue cracking 

Repeated 
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Table 5 (Continued) 

Test Name Cracking Type 

Loading 

Type 

Test 

Configuration 

Semi-Circular Bending (SCB)-ASTM 
Bottom-up and top-down 

fatigue cracking 

Monotonic 

 Semi-Circular Bending (SCB)-

AASHTO (later version called iFit) 

Bottom-up and top-down 

fatigue cracking, Low 

temperature cracking  

Monotonic 

Indirect Tensile Asphalt Cracking Test 

(IDEAL-CT) at Intermediate 

Temperature 

fatigue, reflective, and 

thermal cracking 

Monotonic 

 

2.7.3 Fatigue Resistance in the Literature 

Fatigue resistance refers to the ability of pavements to withstand repeated loading by traffic 

while maintaining a crack free structure (Harvey et al. 1995). Several studies in the 

literature looked into fatigue resistance in RAP-WMA mixtures in comparison to HMA 

mixtures. Goh et al. (2011) examined fatigue resistance in Advera WMA mixtures 

containing up to 15% RAP using the indirect tensile strength (ITS). The authors compared 

the results to that of HMA mixtures. It was reported that the ITS values in the virgin HMA 

mixtures (0% RAP) were higher than in the corresponding WMA mixtures. however, at 

15% RAP the WMA mixtures exhibited significantly higher ITS values than the HMA 

mixtures. 
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compared the indirect tensile strength (ITS) of hot and warm mixed (Advera) porous 

asphalt concrete with and without 15% RAP. The authors reported that the ITS of the virgin 

HMA was higher than that of the WMA. However, with the incorporation of 15% RAP, 

the ITS of the HMA mix increased only slightly, while the ITS for the WMA exhibited a 

very significant increase, suggesting that the RAP-WMA mix may have a better fatigue 

resistance than the HMA-RAP. Bonaquist (2011) used the continuum damage theory to 

compare fatigue resistance of WMA mixtures produced with a foaming additive (Advera), 

a chemical additive (Evotherm), and an organic additive (Sasobit) to that of a control HMA 

mixture. The fatigue half-life suggested that all mixtures had similar fatigue resistance with 

a dependency on the compaction level in that WMA mixtures. Mogawer et al. (2012) used 

the overlay tester (OT) to investigate cracking resistance in WMA mixtures containing up 

to 40% RAP. Polymer modified and net binders were used in the study. The authors 

reported that the effect of the WMA additive and mixing temperatures was dependent on 

binder type. The polymer modified asphalt mixtures showed an improved number of cycles 

to failure with the inclusion of the WMA additive, whereas the neat asphalt mixtures 

showed an opposite trend. The results of the study indicated that different combinations of 

materials result in different behaviors and cracking performance levels. 

Zhao et al. (2012) investigated the fatigue resistance in foamed RAP-WMA mixtures with 

the use of the four-point bending beam test and the indirect tension test (IDT). The IDT 

results presented in the form of the dissipated creep strain energy (DCSEf) and the Energy 

ratio (ER) did not show a consistent trend in ranking the mixtures based on the effect of 

the RAP content. the energy ratio showed a higher fatigue resistance at higher RAP content 

while the DCSEf showed that the fatigue resistance was reduced with higher RAP contents. 



30 
 

four-point bending beam test showed that the number of cycles to failure in the WMA 

mixtures was increased with inclusion of 30% RAP. However, 30% RAP-HMA mixtures 

showed a reduction in the fatigue life. Shu et al. (2012) also reported a reduction in the 

DCSEf parameter in both HMA and foamed WMA with incorporation of 30% RAP. 

The studies investigating fatigue resistance in WMA mixtures containing RAP do not show 

a consensus on the effect on the RAP content and the cracking performance of WMA 

mixture relative to that of HMA mixtures. Further, absence of a unified cracking test makes 

the task of evaluating fatigue performance of RAP-WMA mixtures more difficult. 

2.7.4 The Semi-Circular Bending (SCB)-IFIT Test 

The Semi-Circular Bending (SCB)-IFIT test was selected to evaluate cracking in this study. 

The selection was due to the following reasons:  

(1) It is one of the most widely used tests by DOTs and contractors for 

characterization of top-down and bottom-up fatigue cracking, as well as 

reflection cracking (See Figure 5). 

(2) Effectiveness in distinguishing different mixes based on mix design properties, 

including the recycled material content (Al-Qadi et al. 2015).   

(3) Simplicity of the test and analysis. 

(4) Availability of the equipment.  

(5) Minimum training and testing time (2-4 minutes per test). 
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Figure 5 – Use of the different cracking test based on the number of DOTs (solid fill) 

and Contractors (dotted fill) (after West et al. 2018). 

There are four different methods for characterization of fatigue performance in asphalt 

mixtures. these methods include: the phenomenological method, the Viscoelastic 

Continuum Damage (VECD) method, the dissipated energy method, and the fracture 

mechanics method (Chen 2019).  

In the phenomenological method, stress-strain relationship is related to the number of 

cycles to failure (Van Dijk et al. 1972). The viscoelastic continuum damage method was 

based on the work of (Schapery 1986) on the use of work potential theory for predicting 

microcrack growth in particle-reinforced soft viscoelastic matrix. Kim and Little 1990 

applied the viscoelastic correspondence principle developed by Schapery to describe 

inelastic stress-strain behavior of asphalt concrete. More recent work by (Underwood et al. 

2010) lead to the development of the Simplified VECD (S-VECD) method that uses a 

damage characteristic curve to assess the fatigue life of asphalt mixtures. the benefit of the 
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damage characteristic curve is that it is a material property independent of temperature and 

test type. The curve describes the relation between the amount of damage (S) and the 

pseudosecant modulus (C) that is based on the stress and pseudo strain (Underwood et al. 

2012). Van Dijk 1975 introduced the use of the dissipated energy method to evaluate 

fatigue life in viscoelastic materials. The method uses modulus and phase angle in each 

loading cycles to calculate the dissipated energy (Ameri et al. 2017). 

The fracture mechanics-based method can be classified into three types of models: the 

linear elastic, the geometrical, and the plastic accumulation models. the linear elastic 

fracture mechanics (LEFM) focuses on the stage II (microstructure-independent) crack 

growth propagation, where the growth rate, da/dN, is considered to depend only on the 

continuum parameters such as the far-field stress range Δσ, the crack length a, and load 

ratio R (Chowdhury & Sehitoglu 2016). This method was used to characterize cracking 

performance in asphalt mixtures by some researchers (Majidzadeh et al. 1971, Tseng, & 

Lytton 1990), but was suggested to be inaccurate by (Bazant & Planas 1997) because 

aggregate bridging and interlocking help continue carrying load as the crack propagate in 

an asphalt mixture. The geometrical model deals with predicting the crack growth rate on 

the basis of crack-path geometry, while plastic accumulation models utilize plasticity based 

constitutive behaviors ahead and behind the crack tip in determining the fatigue crack 

growth (Chowdhury & Sehitoglu 2016). 

The SCB test was first developed by (Chong 1984) for determination of fracture toughness 

in rock, concrete, and ceramics with the goal of developing a test that can be used in 

materials that are weak in tension, where a compressive load in three-point bending is 



33 
 

applied to induce tensile fractures. In the SCB test, a half disk shaped specimen with an 

engineered crack (notch) is loaded in three-point bending. The applied compressive load 

leads to propagation of the crack through the intact part of the specimen (ligament). (Chong 

1984) assumed a rigid body rotation of the specimen about a point lying in the uncracked 

ligament to calculate the crack mouth opening displacement as in Equation (1): 

𝑣 = ∆𝑣 + 2𝑙 = 2[𝑟 (𝑅 − 𝑎) + 𝑎 + 𝑧] ∙ sin (𝛼 + 𝜃)cos (𝛼)  (1) 

Where a is the crack length, 𝑙 is the half gage length between knife edges, r is the rotational 

factor, R is the radius of the semi-circular specimen, 𝑣 is the crack mouth opening between 

the knife edges, z is the thickness of the knife edges, q is the load line displacement, 𝛼 is 

an angle constant, and 𝜃 is the half angle of rotation. Figure 6 shows the schematic used 

by (Chong 1984) for the determination of the crack mouth opening displacement from the 

SCB test. 
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Figure 6 – Schematic of the SCB test (after Chong 1984). 

Numerous research studies were conducted on the SCB test since its development (Smit et 

al. 1997, Huang et al. 2005, Aragão and Kim 2012, Al-Qadi et al. 2015, Al-Qadi et al. 

2019, and many others). Smit et al. (1997) used 3-dimensional finite element modeling to 

calculate the maximum horizontal tensile in the SCB test. Huang et al. (2005) developed a 

semi-analytical stress solution to calculate the tensile strength in the SCB test. Aragão and 

Kim (2012) conducted a study using laboratory tests and numerical modeling to 

characterize mode I fracture behavior of asphalt mixtures subjected to a wide range of 

loading rates at intermediate temperature. The authors used high-speed cameras with a 

digital image correlation (DIC) system to monitor the initial notch tip in the SCB 

specimens. The DIC results were used then to create a finite element simulation with an 

integration of the material viscoelasticity and cohesive zone fracture. 
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Al-Qadi et al. 2015 & 2019 conducted a study to develop an index parameter that describes 

the overall patterns of load-displacement curve in the SCB test to help distinguish cracking 

resistance of asphalt mixtures. the work was based on the crack growth definition by 

(Bazant & Prat 1988) in their study to determine the dependency of the mode I fracture 

energy of concrete on temperature and moisture content. The crack growth rate is given by 

Equation (2) ((Bazant & Prat 1988)): 

ά = 𝑣𝑐 [ 𝐺𝐺𝑓]𝑛/2
 (2) 

Where 𝑣𝑐 is a constant, G is the energy release rate (𝐺 = 𝐾𝐼2 𝐸⁄ ), KI is the stress intensity 

factor, E is the modulus of elasticity, 𝐺𝑓 is the fracture energy, and n is material geometry 

factor. Substituting the different parameter, the growth rate can be expressed as Equation 

(3) 

ά = 𝑣𝑐 1(𝐸𝐺𝑓)𝑛/2 (𝐾𝐼)𝑛/2 (3) 

The stress intensity factor is a function of the loading and geometry and is assumed to be 

constant for the SCB geometry. The other factors are proportional to material properties 

that can accelerate or decelerate crack growth Al-Qadi et al. (2019). The authors utilized 

an empirical relation between brittleness and crack growth to reformulate the equation with 

the inclusion of a function for the flexibility index (FI) as in Equation (4) 

ά = 1𝐹𝐼𝑜 (𝐾𝐼)𝑛/2 (4) 
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The authors examined three versions of the flexibility index as in Equation (5)  

𝐹𝐼𝐼 = 𝐺𝑓𝑎|𝑚|       ,           𝐹𝐼𝐼𝐼 = 𝐺𝑓𝑎𝐸|𝑚| ∙ 𝑓𝑡2    ,         𝐹𝐼𝐼𝐼𝐼 =  𝐺𝑓𝑎 (5) 

Where 𝑚 is the post peak slope of the load-displacement curve, which was shown to be 

very sensitive to changes in the binder type, content, and recycled materials content. 

Approximate crack velocity was determined from experimental data and was used by the 

authors as proxy to an assumed constant speed of crack propagation. The authors 

recognized that the approximation of a constant crack propagation speed becomes less 

accurate as the acceleration in crack propagation becomes more significant, which is true 

in some stiff mixtures. After consideration of more than 20 different forms of the FI 

parameter, selection of FII was made based on showing the best correlation to measured 

crack velocity from experimental data. The final FI formulation adopted is a function of 

the fracture energy and the post peak slope m. An algorithm was developed for the 

determination of the parameters needed for the calculation of the flexibility index from 

experimental load-displacement data and was made available through the Illinois Center 

for Transportation (ICT).  

The authors conducted a validation study on several field projects in Illinois, the results of 

the study showed that the FI was responsive to mix design factors such as binder content, 

binder grade, asphalt binder replacement (ABR) level, and/or RAS content. Further, the 

authors compared the FI values obtained for field cores to transverse cracking severity and 

suggested a minimum FI value of 8 as a criterion for the Illinois department of 

transportation. 
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2.8 Permanent Deformation: 

Permanent deformation in asphalt pavements is a type of stress that takes place in the early 

stages of a pavement service life. During the production, transportation, and construction 

of HMA mixtures, the asphalt binder in the mixture is aged. Aging of the binder increases 

stiffness and allows for a higher resistance to permanent deformation or rutting in the newly 

paved road. However, due to the lowered mixing and compaction temperatures in 

production of WMA mixtures, the same level of aging is not achieved. This has raised 

concerns about the rutting susceptibility in WMA mixtures due to insufficient stiffening of 

the asphalt binder during production. On the other hand, addition to RAP to asphalt 

mixtures increases the stiffness of the total binder in the mixture, thus improving the rutting 

resistance (Faheem et al 2018). 

2.8.1 Overview of Literature on Rutting Resistance of WMA-RAP mixes 

Several studies were conducted to investigate the relationship between lowered production 

temperatures and rutting in WMA-RAP mixtures. 

Hanz et al. in (2011) studied the effect of lowered rolling thin film oven (RTFO) test 

temperatures of 120oC and 105oC in comparison with the conventional 163oC. The authors 

reported significant decrease in the high temperature grade of the resulting asphalt binders 

due to the lower aging level of the RTFO tests conducted at the lowered temperatures. 

mixtures were also compacted at 105oC and their rutting resistance was examined. The 

authors reported that the flow number of these mixtures was significantly Lower than that 

of mixtures conditioned at 163oC (Hanz et al. 2011). Gandhi (2008) also reported similar 

high temperature grade results for binders aged at lowered RTFO test temperatures. These 
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results support the concerns about the rutting resistance of WMA mixtures at the early 

stages of their service life. 

The studies conducted by (Gandhi 2008, Hanz et al. 2011) did not incorporate the effect of 

RAP. Other researchers (Goh et al. 2011, Zhao et al. 2012, Buss et al. 2015 and others) 

investigated rutting performance of RAP-WMA mixtures. Goh et al. (2011) studied the 

rutting resistance of virgin and 15% RAP porous WMA and HMA mixtures. The authors 

reported that the dynamic modulus of the virgin WMA mixtures was considerably lower 

than that of the corresponding HMA mixtures, indicating a poorer rutting resistance. 

However, the WMA mixtures exhibited similar dynamic modulus values for the 15% RAP 

mixture-category. Mogawer et al. (2012) also reported similar trends for mixtures 

containing up to 40% RAP indicating that the addition of the (SonneWarmix) WMA 

technology and the lowered production temperatures results in reduction of the stiffness 

(as measured by the dynamic modulus) of both virgin and RAP-containing mixtures, 

whereas the incorporation of RAP results in an increase in mixture stiffness. Zhao et al. 

(2012) evaluated the rutting resistance of WMA mixtures containing up to 50% RAP using 

the Asphalt Pavement Analyzer and reported similar results to that reported by Goh et al. 

(2011) and Mogawer et al. (2012). 

Other studies indicated that even with the incorporation of RAP in the WMA mixtures, the 

rutting resistance due to the lower production temperatures was still lower than that of 

corresponding HMA mixtures (Copeland et al. 2010, Bonaquist 2011). Copeland et al. 

(2010) examined the rutting resistance of foamed WMA mixture cores obtained from a 

field project in Florida using the flow number and the dynamic modulus tests. The 
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production temperature of the WMA mixtures was 40oF lower than the corresponding 

HMA mixtures. Both testes showed that the WMA mixtures were inferior to the HMA 

mixtures as indicated by lower stiffness values and lower flow numbers. The authors also 

tested the high binder grade of the recovered binder from the field cores. The performance 

grade of the WMA and HMA mixtures were PG 52-22 and PG 64-16, respectively. This 

supported the mixture test results indicating that the binders produced at WMA 

temperatures were softer than the HMA binders. Bonaquist (2011) also reported similar 

results to that obtained by Copeland et al. (2010) using data from 5 field projects. Buss et 

al. (2015) investigated rutting resistance of WMA-RAP mixtures cores retrieved form 

several field projects in Iowa. The mixtures were produced with foaming, organic, and 

chemical technologies. The cores were retrieved after 2 years of field aging, and the binder 

performance grades at low, intermediate, and high temperatures was tested. The authors 

reported that all WMA binders (containing up to 20% RAP) showed comparable 

performance grades to that of corresponding HMA binders. The authors also reported that 

the stiffening effect of the RAP binder overwhelmed the softening effect of the WMA 

technologies. 

2.8.2 Rutting Resistance Tests: 

There are several tests that can be used for evaluation of the rutting resistance of asphalt 

mixtures. Some of these tests are monotonic, and some are cyclic. The following is a list 

of some of tests used for rut resistance evaluation (AAT 2011, Bahia & Faheem 2007): 

1- The dynamic modulus (E*) test. This test is performed using the Asphalt Mixture 

Performance Tester (AMPT). Cored gyratory compactor samples (100 mm in 
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diameter x 150 mm in height) are used for this test. Cyclic load is applied at 

different frequencies and temperatures and the E* master curves are created. 

2- The flow number test. This test is also run using the AMPT device with cored 

samples similar to that used for the dynamic modulus test. Cyclic loading is applied 

in the form of 0.1-second-long haversine loads followed by 0.9 rest time. During 

the test the cumulative permanent strain goes through primary, secondary, and 

tertiary phases. The load cycle number at which the transition to the tertiary phase 

is made is defined as the flow number. This test is run on 7% air content samples. 

3- Asphalt Pavement Analyzer (APA) – Rut Depth: in this test, a wheel load is applied 

for 8000 cycles and the rut depth is measured. Maximum allowable rut depths are 

used to screen mixtures for mixes with excessive rutting potential. The samples 

used for this test are 75 mm in thickness and 150 mm in diameter. The samples 

used for the tests should be at an air content of 4%. 

4- The Hamburg Wheel-Track Test (HWTT). This test is similar to the APA’s rut 

depth test in that a steel wheel is passed over an HMA sample to determine the rut 

resistance. The number of passes to reach a certain rut depth is used to evaluate the 

samples for rut resistance. The sample is submerged in a heated water bath during 

the test allowing the test to be used for both rut and moisture resistance evaluation.  

5-  Repeated Shear at Constant Height (RSCH) test is performed using the Superpave 

Shear Tester. In this test, the sample is subjected to a shear load and the total 

accumulated shear strain at 5,000 loading cycles is measured to determine the 

rutting resistance of the mixture sample. This test is complex and requires an 
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expensive equipment to run making it undesirable by many researchers and mix 

designers. 

6- The Indirect Tension Test (IDT): the IDT test is a quick and simple test that can 

give an indication of the rutting resistance of asphalt mixtures at high service 

temperatures. Gyratory compactor samples are used for this test. The test samples 

are loaded along the diameter to determine the tensile strength.  

Given the promising results reported in the literature that show the IDT test to be an 

effective tool in determining the rutting resistance of asphalt mixture, and because of 

the availability of the equipment and simplicity of the test (no coring or cutting 

required), this test was selected to be used in this research to evaluate the rutting 

performance of the WMA-RAP mixes. in the next section, a comprehensive 

background about the use of this test for evaluation of asphalt mixtures is given. 

2.8.3 Indirect Tension Test (IDT) 

One issue with evaluation of the rutting resistance of asphalt mixtures is laboratory testing. 

Most of the tests available are time consuming, labor intensive, and require special 

equipment. Coring, cutting, and mounting strain measuring equipment are among the 

factors that make laboratory tests time consuming. The IDT was first developed by 

Carneiro for measurement of tensile strength of concrete (Carneiro 1943). In the 1960s, the 

test was used for testing of asphalt mixtures for the first time by several researchers (Livneh 

& Shklarsky 1962, Messina 1966). In 2002 Christensen and Bonaquist conducted a study 

on use of the IDT test as an indicator of the effective shear strength to determine the rutting 

resistance of asphalt mixtures. The IDT is a simple test where a cylindrical asphalt mixture 



42 
 

sample is loaded along its diameter until failure occurs. The tension strength is determined 

from the load data and sample dimensions. Christensen and Bonaquist (2002) also 

presented a method to determine the cohesion and internal friction by using the IDT results 

in conjunction with results from Unconfined Compression (UC) test of the mixtures. The 

authors represented the shear strength in asphalt mixtures with Mohr-Coulomb circle. 

Figure 7 gives a graphical representation of the Mohr-Coulomb failure theory, in which a 

series of circles are drawn to provide the stress state at failure for different confining levels 

(Pellinen et al. 2005). 

 

Figure 7 - Mohr-Coulomb failure theory (adopted from Pellinen et al. 2005) 

 

 Mohr-Coulomb failure theory can be expressed mathematically as in the following 

Equation (6): 

𝜎1 = 𝜎3 𝑡𝑎𝑛2 (45𝑜 + 𝜑2) + 2 𝑐 𝑡𝑎𝑛 (45𝑜 + 𝜑2) (6) 
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Where 𝜎1 is the major principle stress at failure, 𝜎3 is the minor principle stress at failure, 

c is the cohesion, and 𝜑 is the internal angle of friction (degrees). 

Th normal stress (p) and shear stress (q) in Figure 7 are given by Equations (7) and (8): 

𝑝 = 𝜎1 + 𝜎32  (7) 

𝑞 = 𝜎1 − 𝜎32   (8) 

The shear failure for a sample with a confining normal stress is a function of the cohesion 

and internal friction angle (see Equation (9)) 

𝜏𝑚𝑎𝑥 = 𝑐 +  𝜎 tan (𝜑) (9) 

Where 𝜏𝑚𝑎𝑥 is the shear stress at failure.  
Christensen and Bonaquist (2002) used the results from the IDT and UC tests to calculate 

cohesion and internal friction angle as follows (See Equations (10), (11), and (12)): 

𝛼1 =  | 𝜎𝑈𝑈𝐶 −  4 𝜎𝑈𝐼𝐷𝑇|| 𝜎𝑈𝑈𝐶 −  2 𝜎𝑈𝐼𝐷𝑇| 
 

(10) 

𝜑 =  sin−1(𝛼) (11) 

𝑐 = ( 2 − 𝛼1cos (𝜑)) 𝜎𝑈𝐼𝐷𝑇 (12) 

Where 𝜎𝑈𝑈𝐶  and  𝜎𝑈𝐼𝐷𝑇 are the unconfined compressive strength, and indirect tension 

strength, respectively.  
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Figure 8 shows the theoretical stress distribution on a vertical diametral plane in the IDT 

test. The vertical and horizontal stress obtained from the test can be used in constructing a 

Mohr circle by the following Equations (13) and (14): 

𝜎3 = 𝜎𝑋 = 𝑆𝑡 = 2 𝑃𝜋 𝑡 𝑑 (13) 

𝜎1 = 𝜎𝑌 = 6 𝑃𝜋 𝑡 𝑑 (14) 

Where 𝑆𝑡 is the tensile strength, P is the peak load, t is the specimen thickness, and d is 

specimen diameter. 

 

Figure 8 - Theoretical stress distribution in the IDT test (adopted from Pellinen et 

al. 2005) 

Both IDT and UC tests were conducted at 20oC below maximum 7-day pavement 

temperature, with the IDT being run at 3.75 mm/min and the UC test at 7.5 mm/min loading 

rates. The authors justified the loading rate and temperature to mimic the rheological state 

of the binder in a pavement under a traffic load at 30 mph. Both tests were run on gyratory 
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compactor samples with no cutting or coring performed (115 mm height x 150 mm 

diameter for the IDT test, and 150 mm height x 150 mm diameter for the UC test). The 

authors compared IDT results to field rutting data and rutting results from the Repeated 

Shear at Constant Height (RSCH) test and reported a very good correlation between the 

IDT and both field and RSCH results. 

Christensen and Bonaquist (2002) further argued that in contrary to the common emphasis 

by engineers on the importance of internal friction in determining rutting resistance, it is 

the cohesion in the mixture that has a key role in controlling rutting resistance. The rational 

for this being that lower mixture temperature mainly increases cohesion, whereas internal 

friction is largely independent of mix temperature. therefore, the increased rut resistance at 

lower temperatures is caused by a higher cohesion, not by internal friction of the mix. Since 

the IDT test is a measure of the tensile strength of a mixture, then it is a good indicator of 

the cohesion in that mix, making it a good tool in capturing the rutting resistance of a 

mixture.  

Another reason why using the IDT at high temperatures to describe rutting resistance is 

feasible option, is because the critical stress state for rutting to occur is found mainly near 

the edge of a tire and not at the center of it. At the edge, the confining stresses are relatively 

low and there is a combination of tension and shear stresses. Thus, the overall level of 

stresses is similar to that in IDT test at high temperatures, whereas the confining stresses 

in triaxial strength tests are much higher than that near the edge of a tire (Christensen and 

Bonaquist (2002, 2007). 
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Anderson et al. (2003) used the IDT test in conjunction with the properties obtained from 

the Superpave Gyratory Compactor (SGC) to estimate rutting potential in asphalt mixtures. 

The SGC properties of interest here are 1) the compaction slope (k), which is a measure of 

how easily the mixture densifies under the compaction effort exerted by the gyratory 

compactor. 2) N-SRmax, which is the number of gyrations at maximum stress ratio. The 

latter requires a GC unit that can measure shear stress during compaction.  

k and N-SRmax were investigated in the NCHRP project 9-16. The results from project 9-

16 indicated that the compaction slope was sensitive to changes in the aggregate properties 

(gradation, angularity) but insensitive to changes in binder content or stiffness. On the other 

hand, the N-SRmax captured changes in the aggregate properties and in the binder volume 

but not the binder stiffness. Thus, these two parameters are representative of the internal 

friction in the mixture, but not the cohesion. Combining the compaction properties that 

explain internal friction with the IDT strength that was found to relate to cohesion by 

Christensen and Bonaquist (2002). Anderson et al (2003) hypothesized that the SGC and 

IDT together can be used to determine rutting resistance. The authors developed a 

statistical regression model combining the compaction slope, Voids in Mineral Aggregates 

(VMA) and IDT. The model calculates the rut depth (based on the RSCH test) from the 

abovementioned parameters. 

NCHRP projects 9-25/9-31 included development of a rutting/resistivity model that used 

mixture resistivity, design compaction, and relative field compaction in prediction of 

rutting resistance. Zaniewski & Srinivasan (2004) and Christensen & Bonaquist (2007) 

conducted studies using the principle of time-temperature superposition to change the 
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testing temperature and loading rate at which the IDT test is conducted. The authors 

reported that instead of running the test at 20oC below critical pavement temperature with 

a loading rate of 3.75 mm/min, the test can be run at 10oC below the critical temperature 

with a loading rate of 50 mm/min. Two main advantages are: 1) the reduction of the test 

time, eliminating the need for an environmental chamber during the test. 2)Because of the 

quicker loading rate, the test can be performed with the standard equipment used for 

Marshall mix-design, which is a device found in almost all contractor and highway agency 

laboratories. The authors reported a good correlation between the IDT results and rut depth 

measured by the APA Zaniewski & Srinivasan (2004) and Christensen & Bonaquist (2007) 

(see Figure 9).  

 

Figure 9 - IDT results vs. field rut depth (adopted from Zaniewski & Srinivasan 

2004). 

NCHRP project 9-33 was one of few large projects that referred to the IDT-HT test to 

evaluate rutting resistance of asphalt mixture. In that project, guidelines for minimum IDT 
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strength as a function of design traffic (ESAL) level were reported. The work was a 

continuation of the rutting/resistivity model that was developed in NCHRP projects 9-25/9-

31. Table 6 shows the minimum IDT values. 

Table 6 - Minimum limits for IDT-HT based on traffic level (adopted from 

Advanced Asphalt Technologies, LLC 2011). 

Traffic Level 

(Million ESAL) 

Minimum IDT-HT 

Strength (kPa) 

< 300 - 

3 to < 10 270 

10 to < 30 380 

≥ 30 500 

Wen et al (2013) compared tensile strength from the IDT-HT test with the flow number 

test for six mixes with different percentages of recycled concrete aggregate. The 

researchers reported good correlation between the IDT-HT and flow number of the 

mixtures. Bennert et al (2018) also reported strong correlation between the HT-IDT and 

APA’s rut depth for asphalt mixtures of varying volumetrics, binder grades, and gradations. 

Several studies were conducted on the use of IDT for evaluation of rutting resistance of 

asphalt mixtures, many of which reported very good potential and promising laboratory 

results. However, given that a large percentage of mixtures produced nowadays are WMA-

RAP mixes, and because no other study was designed to evaluate the sensitivity of the IDT-
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HT to factors relating to the production of WMA-RAP mixes, this study was designed to 

investigate the feasibility of IDT-HT test for evaluation of WMA-RAP mixes. 
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 CHAPTER 3: EXPERIMENTAL PROGRAM 

3.1 Program Design 

To achieve the objectives of the study, a comprehensive experimental program was 

developed. The program included the incorporation of four production factors in a factorial 

design. These factors are the binder grade, RAP source, RAP content, and 

mixing/compaction temperature. Figure 10 shows a flowchart of the experimental program 

with the different production factors. The experimental program included four types of 

tests. Three types were used to evaluate the mixtures, while the fourth type was run on the 

extracted and recovered binder from the mixtures as follows: 

1-  Compaction characteristics were determined through measurement of the 

volumetric properties of the mixture. The volumetric properties were obtained 

through density measurement of the mixture specimens using the vacuum sealing 

method (AASHTO T331). 

2- Rutting resistance of the mixtures was determined using the Indirect Tension test 

at High Temperatures (IDT-HT).  

3- Cracking resistance at intermediate temperatures was determined using the Semi-

Circular Bent (SCB) test. 

4- Rheological properties of the extracted and recovered binder from the mixtures was 

determined using the Dynamic Shear Rheometer (DSR), where master-curves were 

developed through running frequency sweeps at eight temperatures. 
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Figure 10 - Graphical representation of the experimental program. 

After completion of all tests, the rheological properties obtained from the binder testing 

were used alongside the mixture performance results (IDT-HT and SCB) in developing 

selection limits for acceptable effective binder (RAP + virgin) to be used in WMA-RAP 

mix production. A detailed description of all parts of the experimental program is provided 

in the following sections. 

3.2 Materials 

Two different Mix Designs (MD) are included in the study. Each MD was developed with 

a different aggregate blend, aggregate source, binder sources and contents. Both MDs were 

developed at the same Nominal Maximum Aggregate Size (NMAS) of 12.5 mm. This was 

made to limit the number of the variables included in the study, thus more efficiently 

quantifying the effects of the studied factors within any given MD. 24 mixes were produced 

in MD-1 (four control mixes for each RAP source and content, and 20 combinations under 
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the factorial design). 10 mixes were produced under MD-2 (two control, and 8 

combinations).  

Three RAP sources are incorporated in the study. RAP A and B are used in the first mix 

design, while RAP C is used in MD-2. Table 7 shows the gradation of all the RAP sources 

and the rheological properties of RAP A and B, including the high, intermediate, and low 

temperatures Performance Grades (PG). RAP “A” PG 88-16 has a binder content of 5.5%, 

while RAP “B” PG 94-22’s binder content is equal to 5.0%. The rheological properties of 

RAP “C” were not yet obtained at the time of the preparation of this document. The binder 

content of RAP C is also 5.0%.  

Table 7 - Properties of the RAP binder and aggregates 

Binder 

Properties 

Binder 

True 

High 

Grade 

oC 

High 

PG oC 

True 

Interm. 

Grade 

oC 

Interm. 

PG oC 

True Low 

Grade 

Low 

PG oC 

MSCR Results 

Tc(S) 

oC 

Tc(m) 

oC 

Jnr 

3.2 

kPa–1 

Jnr 

diff 

% 

RAP A 89.4 88 24.8 25 -24.5 -21.4 -16 4.7 21% 

RAP B 93.5 94 26 28 -24.8 -22.7 -22 3.1 25% 

RAP 

Aggregate 

Gradation 

Sieve 1/2" 3/8" #4 #8 #16 #30 #50 #100 #200 

RAP A 100.0 100.0 53.6 40.4 26.3 12.0 1.9 1.1 0.3 

RAP B 100.0 100.0 54.2 41.0 27.0 12.7 2.6 1.8 1.0 

RAP C 97.6 83.4 41.2 24.6 15.2 7.7 2.8 0.8 0.2 

 



53 
 

The aggregates used in MD-1 are quartzite (coarse aggregate) and dolomite (fine 

aggregate). All the aggregates for MD-2 are diabase. All aggregates including the RAP 

were fractionated into the different particle sizes. The aggregates were then batched based 

on the aggregate blend for the given MD. Worth mentioning that the aggregate structure 

was kept same for any mix design, regardless of the RAP content. For example, MD-1 – 

15% RAP mixes had the same aggregate structure as MD-1 – 30% RAP mixes. Figure 11 

shows the aggregate structure for the two mix designs.  

                             

Figure 11 - Graphical representation of the two aggregate structures used in the 

study. 

Two mixing/Compaction temperatures were considered in this study. Hot Mix Asphalt 

(HMA) mixes; these were produced at the conventional asphalt mixing temperatures that 

are determined based on viscosity tests. WMA mixes: these were produced at 30oC below 

MD 1 

MD 2  
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the corresponding HMA temperatures. This was determined based on recommendations of 

the WMA additive suppliers. Evotherm was used in this study as the WMA technology. 

The additive was incorporated in the binders by the supplier at a rate of 0.5% of the total 

binder weight in the mix. 

Three asphalt binders were used in the first mix design; PG 64-22A, PG 58-28, and PG 52-

28 binder, whereas two binders were used in the 2nd mix design; PG 64-22B and PG 52-

28. The “A” and “B” after the PG 64-22 binders in the two mix designs is used to denote 

the two different sources of the PG64-22 binders. The mixing temperatures of the binders 

were 152-159, 148-154, and 140-147 for the PG 64-22, PG 58-28, and PG 52-28 binders, 

respectively. The compaction temperatures were 142-147, 137-142, and 127-133 for the 

PG 64-22, PG 58-28, and PG 52-28 binder, respectively.  

3.3 Mix Design and Production 

Details on the aggregate blends for each mix design are given in Table 8. Table 8 also 

provides the Optimum Binder Content (OBC) to achieve 4% air voids in the control mixes, 

as well as the RAP binder replacement in each mix category. Further, the OBC difference 

between the 15% RAP and 30% RAP mixes was kept within 0.5% for any RAP source. 

This was done to keep total binder content in the mixes unchanged, thus observed changes 

in compaction and performance are attributed to contribution of the RAP binder.   
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Table 8 - Mix design details 

 

Mix Design 1 Mix Design 2 

15% RAP Mix 30% RAP Mix 15% RAP Mix 30% RAP Mix 

Aggregate 

Structure 

Coarse-1 21% 17% 27% 22% 

Coarse-2 26% 21% 26% 21% 

Fine-1 38% 32% 28% 23% 

RAP 15% 30% 15% 30% 

Mix 

Design 

Info. 

RAP Source A B A B C C 

OBC 4.7% 5.1% 4.4% 4.7% 5.2% 4.7% 

RAP Binder 

replacement 
17% 15% 37% 32% 14.4% 32% 

In addition to the mixture specimens produced based on the factorial design combining the 

four production factors, control specimens (without a WMA additive) for each RAP source 

and percentage were also produced to serve as a baseline that can be used to compare with 

the other mixture combinations (containing the WMA additive). Table 9 provides a 

complete list of all mixture combinations produced as part of the experimental program. 
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Table 9 - List of all mixture combinations based on the production factors. 

Mix 

Design 

Mix Name 

Production Factors 

WMA RAP % 

RAP 

Source 

Temp. Binder Grade 

MD-1 

64.H.15.NC.CO Control 15% B HMA PG 64-22 A 

64.H.15.RS.CO Control 15% A HMA PG 64-22 A 

64.H.30.NC.CO Control 30% B HMA PG 64-22 A 

64.H.30.RS.CO Control 30% A HMA PG 64-22 A 

64.W.15.NC.EV Evotherm 15% B WMA PG 64-22 A 

64.H.15.NC.EV Evotherm 15% B HMA PG 64-22 A 

64.W.15.RS.EV Evotherm 15% A WMA PG 64-22 A 

64.H.15.RS.EV Evotherm 15% A HMA PG 64-22 A 

64.W.30.NC.EV Evotherm 30% B WMA PG 64-22 A 

64.H.30.NC.EV Evotherm 30% B HMA PG 64-22 A 

64.W.30.RS.EV Evotherm 30% A WMA PG 64-22 A 

64.H.30.RS.EV Evotherm 30% A HMA PG 64-22 A 

58.W.15.NC.EV Evotherm 15% B WMA PG 58-28 

58.H.15.NC.EV Evotherm 15% B HMA PG 58-28 

58.W.15.RS.EV Evotherm 15% A WMA PG 58-28 
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Table 9 (Continued) 

Mix 

Design 

Mix Name 

Production Factors 

WMA RAP % 
RAP 

Source 
Temp. Binder Grade 

 

58.H.15.RS.EV Evotherm 15% A HMA PG 58-28 

58.W.30.NC.EV Evotherm 30% B WMA PG 58-28 

58.H.30.NC.EV Evotherm 30% B HMA PG 58-28 

58.W.30.RS.EV Evotherm 30% A WMA PG 58-28 

58.H.30.RS.EV Evotherm 30% A HMA PG 58-28 

52.W.15.NC.EV Evotherm 15% B WMA PG 52-28 

52.H.15.NC.EV Evotherm 15% B HMA PG 52-28 

52.W.30.NC.EV Evotherm 30% B WMA PG 52-28 

52.H.30.NC.EV Evotherm 30% B HMA PG 52-28 

MD-2 

64.H.15.RS19.CO Control 15% C HMA PG 64-22 B 

64.H.30.RS19.CO Control 30% C HMA PG 64-22 B 

64.W.15.RS19.EV Evotherm 15% C WMA PG 64-22 B 

64.H.15.RS19.EV Evotherm 15% C HMA PG 64-22 B 

64.W.30.RS19.EV Evotherm 30% C WMA PG 64-22 B 

64.H.30.RS19.EV Evotherm 30% C HMA PG 64-22 B 
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Table 9 (Continued) 

Mix 

Design 
Mix Name 

Production Factors 

WMA RAP % 
RAP 

Source 
Temp. Binder Grade 

 

52.W.15.RS19.EV Evotherm 15% C WMA PG 52-28 

52.H.15.RS19.EV Evotherm 15% C HMA PG 52-28 

52.W.30.RS19.EV Evotherm 30% C WMA PG 52-28 

52.H.30.RS19.EV Evotherm 30% C HMA PG 52-28 

Two types of specimen sizes were produced. Volumetric specimens (4 inch in height); for 

which the target air content is 4.0% (based on AASHTO M-323 standard specification). 

The volumetric specimens (two replicas for each mix combination) were used to evaluate 

the compaction and volumetric properties of the mixtures. The same specimens were also 

used to evaluate rutting resistance using the IDT-HT test. Chemical extraction and recovery 

were used to obtain the asphalt binder from these mixture specimens for the purpose of 

determining the rheological properties of the binders. Performance specimens (~6.5 inch 

in height), on the other hand, were compacted to an air content of 7%±0.5%. These 

specimens were used for evaluation of the cracking performance of the mixtures using the 

Semi-Circular Bend (SCB) test (based on AASHTO TP-124 standard specification).   
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3.4 Compaction Evaluation 

The compaction characteristics of the mixtures were evaluated using the following: 

1- Volumetric Properties (Brown et. Al, 2009): 

The three volumetric properties calculated were the Air Void (%Va) content, Voids 

in Mineral Aggregates (%VMA%), and Voids Filled with Asphalt (%VFA) as in 

Equations (15), (16), and (17), respectively.  

%𝑉𝑎 = (1 − 𝐺𝑚𝑏𝐺𝑚𝑚) × 100 (15) 

%𝑉𝑀𝐴 = (1 − 𝐺𝑚𝑏(1 − 𝑃𝑏)𝐺𝑠𝑏 ) × 100 (16) 

%𝑉𝐹𝐴 = %𝑉𝑀𝐴 − %𝑉𝑎%𝑉𝑀𝐴  (17) 

Where Gmb is the bulk specific gravity of the compacted mixture,  

            Gmm is the Maximum theoretical specific gravity of the mixture,  

            Gsb bulk specific gravity of the aggregates in the mixture. 

            Pb is the asphalt binder percentage.  

2- Construction Densification Index (CDI): 

The CDI equals the area under the densification curve (that is produced by the 

SuperPave gyratory compactor) between the 8th gyration to the number of 

gyrations at 92% of the Maximum Theoretical Density (%Gmm). This is a 

surrogate to the energy required to compact the pavement by roller compactors. The 

higher the CDI, the lower the workability of the mix. Figure 12 shows an 
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illustration of the calculation of CDI. Figure 12 also illustrates the benefit of using 

CDI to differentiate between compaction of two mixtures that both meet the 

volumetric requirements (4% air content at the design number of gyrations (Ndes)) 

but show significant differences in the energy required to achieve that target air 

content.  

 

Figure 12 - Description of the Definition of CDI and TDI (after Faheem et al 2005). 

3.5 Rutting Evaluation 

Rutting is the permanent plastic deformation that occurs in a pavement with the repetition 

of loading cycles from traffic. In this study, the rutting resistance of the mixtures was 

evaluated using the IDT test at high temperatures. Based on the studies conducted by 
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Zaniewski & Srinivasan (2004) and Christensen & Bonaquist (2007), the IDT test in this 

study was conducted at a rate 50 mm/min at a temperature 10oC below the yearly 7-day 

average maximum pavement temperature at a depth 20 mm below the pavement surface. 

Based on the Long-Term Pavement Performance Bind (LTPPBind), this temperature is 

58oC for Pennsylvania, thus the IDT test was conducted at 48oC. All specimens were 

conditioned at this temperature for two hours prior to testing. The test was conducted using 

an Instron universal testing machine, and the specimens were placed inside an 

environmental chamber during the test. The test procedure and analysis used was based on 

the AASHTO T-283 standards. The tensile strength was determined using Equation (18): 

𝑆𝑡 =  2000 𝑃𝜋𝑡𝐷  (18) 

Where 𝑆𝑡 is the tensile strength in (kPa), P is the maximum load in N, t is the specimen 

thickness in mm, and D is the diameter of the specimen in mm. Figure 13 provides a 

schematic of the IDT-HT test along with a sample of Load-Displacement curve obtained 

from the test. 
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                             (a)                                                                                (b)   

Figure 13 – Schematic of the indirect tension test. (a) Test apparatus with specimen 

and environmental chamber, (b) Load-Displacement curve obtained from the test. 

3.6 Cracking Evaluation 

Cracking performance evaluation was made with the use of the Semi-Circular Bend (SCB) 

test at intermediate temperatures (based on AASHTO TP-124 standard specification).  The 

SCB is three-point bending test that is ran on half-disk asphalt mixture specimens. The 

mixtures were compacted to an air content of 7%±0.5%. Four half-disk specimens were 

obtained from each mixture sample. The half-disks have a thickness of 50 mm as well as 

an engineered notch (15 mm deep x 1.5 mm wide). Figure 14-(a) shows a SCB specimen 

with the notch. The test was run using MTS universal testing machine at a loading rate of 

50 mm/min. The load-displacement curve obtained from the test (Figure 14-b)) was used 

to determine the fracture energy and the flexibility index (FI) of the mixtures. 
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(a) 

 

(b) 

Figure 14 - Semi-Circular Bend (SCB) test. (a) SCB Specimen and test apparatus, 

(b) Force-Displacement curve. (Adopted from Faheem et al 2018). 

The area under the curve is the work of fracture in (Joules). The work of fracture is then 

used to calculate the fracture energy in (Joules/m2) as follows in Equation (19) (Faheem 

et al 2018):  
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𝐹𝑟𝑎𝑐𝑡𝑢𝑟𝑒 𝐸𝑛𝑒𝑟𝑔𝑦 =  𝑊𝑜𝑟𝑘 𝑜𝑓 𝐹𝑟𝑎𝑐𝑡𝑢𝑟𝑒𝑇ℎ𝑖𝑐𝑘𝑛𝑒𝑠𝑠 × 𝐿𝑖𝑔𝑎𝑚𝑒𝑛𝑡 𝑙𝑒𝑛𝑔𝑡ℎ (19) 

The flexibility index is calculated by dividing the fracture energy by the slop of the post-

peak curve at the inflection point (Equation (20)).  Higher FI values indicate more ductile 

failure behavior. 

𝐹𝑙𝑒𝑥𝑖𝑏𝑖𝑙𝑖𝑡𝑦 𝐼𝑛𝑑𝑒𝑥 =  𝐹𝑟𝑎𝑐𝑡𝑢𝑟𝑒 𝐸𝑛𝑒𝑟𝑔𝑦|𝑆𝑙𝑜𝑝𝑒|  (20) 

3.7 Binder Characterization 

To further investigate the performance of the produced mixtures, chemical extraction and 

recovery was performed on the binders of 12 critical mixture combinations from MD-1 and 

all 10 mixtures from MD-2. In the extraction process, the asphalt binder in the mixtures 

weas separated from the aggregate particles using a chemical solvent. In the recovery 

process, the solvent was separated from the extracted binder by distillation. 

Characterization of the retrieved binder from these mixtures was made to relate the 

performance of the mixtures in rutting and cracking to the production factors. 

The rheological properties of the binders were determined using the Dynamic Shear 

Rheometer (DSR) per AASHTO T-315 standard testing method. In the DSR, small disk 

shaped specimens of asphalt binder are loaded between two parallel plates, one of the plates 

is fixed while the other oscillates applying either a shear stress (torque) and measuring the 

shear strain (angle of deflection) or vice versa. DSR specimens are either 8 mm or 25 mm 

in diameter. The former is used for low-to-intermediate temperatures (up to approximately 

46oC or down to G* values of 104-105 Pa), while the latter is used for temperatures higher 
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than 46oC.  Figure 15 provides a schematic of the DSR’s parallel plate setup (a) and the 

complex shear modulus (G*) and phase angle (δ) obtained from the device (b). The DSR 

calculates the shear modulus using Equation (21) (AASHTO T-315): 

|𝐺∗| =  ( 2ℎ𝜋𝑟4) (𝜏Θ) (21) 

Where: 𝑟 is the radius of the test plate (8 mm or 25 mm), 

           ℎ is the thickness of the specimen (2 mm for the 8 mm diameter specimen, and 1 

mm for the 25 mm diameter specimen, respectively), 

           𝜏 is the applied torque, 

           Θ is the angular rotation (rad). 

 

         (a)                                                                           (b) 

Figure 15 – Schematic of the Dynamic Shear Rheometer (DSR) test. (a) Test setup 

with specimen, (b) applied shear stress, resulting shear strain, and the lag between 

the two. 

Further, frequency sweeps were run at eight different temperatures (13oC, 25oC, 37oC, 

48oC, 58oC, 64oC, 70oC, and 76oC) to obtain master-curves for the binders. the frequency 
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sweeps included the following frequencies in rad/sec (100, 63.1,39.8, 25.1, 15.8, 10, 6.31, 

3.98, 2.51, 1.58, 1, 0.631, 0.398, 0.251, 0.158, 0.1). Because asphalt binders are 

thermorheologically simple materials, time-temperature superposition can be used to shift 

frequency sweeps determined at different temperatures to a single reference temperature 

(To). This allows for obtaining measurements of the rheological properties at To that would 

not be feasible to obtain through direct measurement due to either very long testing times 

(low frequencies) or loading rates that are higher than equipment (DSR) testing capacity 

(high frequencies). Figure 16 (a) shows an example for G* curves obtained from frequency 

sweeps at different temperatures. Figure 16 (b) shows the G* curves shifted into a single 

curve after conversion of the frequency values at which the measurements were made into 

corresponding reduced frequency values at the reference temperature. Figure 16 (b) also 

shows the glassy modulus and (elastic extreme) and low shear limiting viscosity (viscous 

extreme). The transition frequency from the elastic side to the viscous side is known as the 

crossover frequency. It can be defined as the frequency at a phase angle of 45o, where a 

δ=90o indicates a fully viscous behavior and a δ=0o indicates a fully elastic behavior. The 

crossover frequency has an inverse relation with the hardness of the binder. The difference 

between the log of the glassy modulus and the complex shear modulus at the crossover 

frequency is known as the rheological index (R-value). The R-value is an indicator of the 

rheological type. As the curve becomes flatter, indicating a more gradual transition from 

the elastic behavior to the viscous behavior, the R-values increases. A higher R-values is 

an indicator of a more aged binder (Booshehrian et al. 2013).  
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(a) 

 

(b) 

Figure 16 – Asphalt binder Mastercurve. (a) Frequency sweep results at multiple 

temperatures.  (b) Mastercurve with key parameters. 
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 In this study, the Christensen-Anderson model was used to obtain G* master-curves from 

the frequency sweeps conducted using the DSR (Christensen & Anderson 1992, 

Booshehrian et al. 2013) as follows:  

𝐺∗(𝜔) =  𝐺𝑔 + [1 + (𝜔𝑐𝜔𝑟)(𝑙𝑜𝑔 2)/𝑅] −𝑅/(log 2) (22) 

Where: 𝐺𝑔 is the glassy modulus (assumed to be 1 GPa), 

             𝜔𝑐 is the crossover frequency (rad/sec), 

             𝜔𝑟 is the reduced frequency (rad/sec),  

             𝑅  is the rheological index. 

The angular frequency obtained from the frequency sweeps is converted to reduced 

frequency through the following Equation (23): 

𝜔𝑟 =  𝜔 × 10log 𝑎(𝑇) (23) 

Where: log 𝑎(𝑇) is the shift factor. log 𝑎(𝑇) is calculated from the Williams-Landel-Ferry 

(WLF) Equation (24): 

log 𝑎(𝑇) = − 𝐶1(𝑇 − 𝑇𝑜)𝐶2 + (𝑇 − 𝑇𝑜) (24) 

Where: 𝐶1 and 𝐶2 are constants, 

             𝑇  is the temperature from which the shift is being made to the reference 

temperature. 
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In addition to the crossover frequency and rheological number, the Glover-Rowe (G-R) 

parameter and crossover temperature were also evaluated for the recovered binders. Before 

the Strategic Highway Research Program (SHRP), the ductility test (at 15oC) was used to 

evaluate binders for susceptibility to cracking at intermediate temperature. In 2005, Glover 

conducted a comprehensive study on aging of asphalt binder. In that study, Glover 

presented the DSR function (G’/(η’/G’) measured at 0.005 rad/sec and 15oC. The DSR 

function showed very good correlation with the ductility test (Glover et al. 2005). Anderson 

et al. 2011 conducted a field study in which the DSR function was validated as good 

candidate for identifying loss of ductility that may lead to non-load associated cracking in 

in pavements. The G-R parameter shown in Equation (25) was a reformulation of the DSR 

function (Rowe et al. 2014): 

𝐺 − 𝑅 = 𝐺∗(𝑐𝑜𝑠 𝛿)2𝑠𝑖𝑛 𝛿  (25) 

The crossover temperature Tδ=45
o is defined as the temperature at which the phase equals 

45o. It is similar to the crossover frequency in that it indicates the transition point between 

fluid like behavior and gel like behavior. As the binder becomes more aged, the crossover 

temperature increases (Garcia et al. 2019). In this study, the Tδ=45
o parameter was back-

calculated from the information obtained from the binder master-curve at frequency of ω 

=10 rad/sec. 
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 CHAPTER 4: RESULTS AND DISCUSSION 

4.1 Compaction Evaluation 

In this section, the compaction evaluation results are presented in terms of the volumetric 

properties, the construction densification index, as well as a statistical analysis showing the 

relative significance of the different factors.  

4.1.1 Volumetric Properties 

Figure 17, Figure 18, and Figure 19 show the air content at the design number of gyrations 

(%Va), %VMA, and %VFA for the MD-1 and MD-2 mixtures, respectively. The control 

mixtures are mixtures that were produced at conventional HMA temperatures and that did 

not contain a WMA additive. The HMA mixtures were produced at HMA temperatures 

and that contained a WMA additive. These mixtures assist in evaluating the role of the 

WMA additives as compaction aids. The WMA mixtures were produced at the lowered 

temperatures and contained a WMA additive.  Worth noting that the same compaction 

energy (same number of gyrations from the gyratory compactor) was applied on all mixture 

specimens, thus the variations in densification levels between the different mixture 

combinations are due to the difference in material (RAP source, RAP content, binder grade) 

and production conditions (mixing and compaction temperatures) of the mixtures. 
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(a) 

 

(b) 

Figure 17 – Effect of the production conditions on %Va. (a) MD-1, (b) MD-2 

It is observed in Figure 17 that all control mixtures are within the acceptable range of %Va. 

Further, the %Va of the HMA mixtures, in both mix-designs, is on the lower end of the 
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acceptable range, showing that these mixtures are more workable and easier to compact. 

The opposite of this is seen in for the warm mixes that show higher %Va values. The 

interaction of the low temperature and high RAP content results in highest air contents in 

the majority of the mixture combinations. An exception to this is seen in the MD-2 mixture 

produced with PG64-22 virgin binder, where the low and high RAP mixtures show similar 

%Va.  

Further, the binder grade affects the scatter in the data. The mixtures produced with the 

lower binder grades show more sensitivity to the changes in the production temperatures 

and RAP content. In terms of the effect of the RAP content, this can be attributed to the 

higher difference in the High-Performance Grade (HPG) between the RAP binder and 

virgin binder in the PG52-28 mixtures. For example, the HPG for RAP B is 94, resulting 

in difference of 30 with the PG64-22 virgin binder and a difference of 42 with the PG52-

28 binder. Whereas, the higher sensitivity to the production temperature is speculated to be 

the result of a higher temperature susceptibility, where the viscosity of the PG52-28 binder 

is reduced to a greater extent than that of the PG64-22 when the mixing temperature is 

dropped by 30oC from HMA temperatures to WMA temperatures. 
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(a) 

 

(b) 

Figure 18 – Effect of the production conditions on %VMA. (a) MD-1, (b) MD-2 

A similar scatter based on the production temperatures is seen in the %VMA plot (Figure 

18). The hot mixtures show a lower %VMA representing the higher densification of the 
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mixtures under the applied compaction energy from the gyratory compactor, while the 

warm mixtures show a high %VMA, which corresponds to the higher %Va values. The 

course graded MD-2 mixtures show an overall higher %VMA than the MD-1 mixtures that 

have a finer aggregate gradation. Moreover, the 30% RAP mixtures exhibit similar or lower 

%VMA values than the corresponding 15% RAP mixtures. This is clearer in MD-2 that 

shows a higher sensitivity to the RAP content. No clear trend is observed for the effect of 

the binder grade on the %VMA from the plots of the two mix-design results. 

 

(a) 
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(b) 

Figure 19 – Effect of the production conditions on %VFA. (a) MD-1, (b) MD-2 

The %VFA values show an opposite trend to that seen for the %Va and %VMA as can be 

seen in Figure 19. This is logical, given that lower %Va indicates that more voids between 

the aggregate particles are being filled by the asphalt binder in the mix and vice versa. The 

HMA production temperatures result higher %VFA. Also, the 30% RAP mixtures have 

lower %VFA than that seen in the 15% RAP mixtures. This is consistent with the notion 

that a higher percentage of RAP binder in the mixture requires more energy to mobilize 

and blend with the virgin binder to fill more of the voids between the aggregate particles.  

It is necessary to remember that use of volumetric properties was originally developed for 

virgin mixtures (not containing RAP). Also, RAP aggregate particles are coated by asphalt 

binder that melts and diffuses when reheated in a new mixture, necessitating the use of 

caution when volume-based properties such as %VMA and %VFA are utilized to explain 
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compaction of mixes containing high RAP. Therefore, volumetric properties were used in 

this study to describe compaction of the mixtures because current standard specifications 

are based on the use of these properties to evaluate mixtures and set quality control criteria. 

However, in addition to the volumetric properties, the CDI values were also used to 

evaluate the compaction of the mixtures. 

4.1.2 Construction Densification Index (CDI) 

Figure 20 (a), (b), and (c) show the CDI values for the mixtures produced with the three 

binders: PG 64-22, PG 58-28, and PG 52-28, respectively. All control mixtures were 

produced with the PG64-22 binder. The results indicate that the “Hot Temp.” mixtures 

have similar or smaller CDI values to that of the control mixtures. This is true regardless 

of the RAP content or source. This shows the effectiveness of the WMA additive as a 

compaction aid, given that the only difference between the control mixtures and the Hot 

Temp mixtures is the addition of the WMA additive. Further, comparison of the hot and 

warm mixtures for the three binder grades shows that Warm Temp. mixtures have a higher 

CDI than the corresponding Hot Temp. mixtures. This becomes more pronounced in the 

softer binders that show a higher sensitivity to production temperatures such that even at 

low RAP content of 15% the difference between the hot and warm CDI values are high.  

Based on the compaction results of the mixtures, the great impact of the RAP content on 

CDI is seen, where at high RAP contents the CDI values increase considerably even with 

the use of the WMA additive. 
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   (c) 

Figure 20 – Effect of production factors on CDI values (a) PG 64-22, (b) PG 58-28, 

(c) PG 52-28 

Statistical analysis of the effect of the production factors on the CDI values was performed. 

Table 10 shows the results of the statistical analysis. The “Estimate.” indicates the 

magnitude of effect of each factor. For example, increasing the production temperatures 

from “Warm Temp.” to “Hot Temp.” reduces (negative sign) the CDI by 39.75. The factor 

of the highest statistical significance is the RAP content followed by the temperature and 

binder grade, respectively. The results of the statistical analysis are in agreement with the 

results shown in Figure 20. 
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Table 10 - Statistical analysis of the factors affecting CDI 

Summary of 

Fit 

R Square 0.673249 

    

R Square Adj 0.616422 

    

Root Mean Square 

Error 

18.42465 

    

Mean of Response 99.49287 

    

Observations (or 

Sum Wgts) 

28 

    

Analysis of 

Variance 

Source DF 

Sum of 

Squares 

Mean 

Square 

F Ratio 

Prob > 

F 

Model 4 16087.337 4021.83 11.8475 <.0001 

Error 23 7807.755 339.47 -  -  

C. Total 27 23895.093    -  - 

Parameter 

Estimates 

Term Estimate Std Error t Ratio Prob>|t| 

 

Intercept 14.144836 47.67694 0.3 0.7694 

 

RAP % 90.794279 46.42575 1.96 0.0628 

 

RAP Source -2.427567 4.729484 -0.51 0.6126 

 

Temp. -39.74583 6.963862 -5.71 <.0001 

 

Binder Grade 2.1984281 0.715323 3.07 0.0054 

 

 

A comparison between Normalized CDI values and normalized %Va values of the 

mixtures was also performed to assess the sensitivity of the two indicators to changes in 
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the production factors. The results are shown for each RAP source and content in Figure 

21. The normalization was made based on the control mixture in each category of RAP 

source and control. Also, the data were divided based on the production temperatures to 

WMA and HMA, and all graphs are presented on the same scale limits. RAP B was the 

only one produced with three different binder grades, hence there are six data points in 

graphs (c) and (d). RAP A was produced with PG64-22 and PG58-22, while RAP C was 

produced with PG64-22 and PG52-28.   
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(c)                                                                    (d) 

(e)                                                                    (f) 

Figure 21 - Comparison of Normalized CDI and normalized %Va. (a) 15% RAP A, 

(b) 30% RAP A, (c) 15% RAP B, (d) 30% RAP B, (e) 15% RAP C, (f) 30% RAP C. 

The comparison results in Figure 21 show that the CDI is more sensitive to the change in 

the production temperatures from WMA to HMA, where the range of the CDI values is 

considerably higher than that of the %Va, and the slopes of all fit-lines is smaller than one. 
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Further, the graph also shows that the change in the volumetric properties due to the change 

in temperature, in the binder grade, or their interaction is dependent on the RAP source and 

RAP content.  

4.2 Rutting Evaluation 

Table 11 shows a summary of the IDT-HT test results for the two mix designs. The 

coefficient of variance ranged from 0.4% to 11.3%. Two replicas were tested for all mixture 

combinations in the MD-2 group, while one replica was tested for most of the combinations 

in MD-1 group due to limited material availability. However, the relatively low average 

COV% obtained for the tested mixtures (4.4%) gives confidence in the accuracy of the 

results. Other researchers reported somewhat higher COV numbers, where Pellinen et al. 

(2005) reported 13% and Bennert et al. (2018) reported 6%. 

Table 11 - Summary of the IDT-HT test results with COV values. 

Mix 

Design 

Sample Name 

Peak Load 

(N) 

Tensile Strength 

(St) (kPa) 

COV% 

MD-1 

64.H.15.RS.CO 10042 375 - 

64.H.30.NC.CO 12935 487 - 

64.H.30.RS.CO 14514 554 - 

64.W.15.NC.EV 8843 330 - 

64.H.15.RS.EV 10616 398 - 
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Table 11 (Continued) 

Mix 

Design 

Sample Name 
Peak Load 

(N) 

Tensile Strength 

(St) (kPa) 
COV% 

MD-1 

64.H.30.NC.EV 12760 482 - 

64.W.30.RS.EV 10347 390 - 

58.H.15.NC.EV 6878 257 - 

58.W.15.RS.EV 6017 223 - 

58.W.30.NC.EV 8057 303 - 

58.H.30.RS.EV 9533 365 - 

52.W.15.NC.EV 5165 190 3.1% 

52.H.15.NC.EV 5584 208 7.1% 

52.W.30.NC.EV 7501 281 - 

52.H.30.NC.EV 8238 312 4.7% 

MD-2 

64.H.15.RS19.CO 6567 257 11.3% 

64.H.30.RS19.CO 10146 401 7.1% 

64.W.15.RS19.EV 6176 240 4.3% 

64.H.15.RS19.EV 6673 262 0.4% 

64.W.30.RS19.EV 10358 408 0.9% 
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Table 11 (Continued) 

Mix 

Design 

Sample Name 
Peak Load 

(N) 

Tensile Strength 

(St) (kPa) 
COV% 

MD-2 

64.H.30.RS19.EV 12732 504 1.6% 

52.W.15.RS19.EV 3864 151 2.5% 

52.H.15.RS19.EV 4660 183 3.6% 

52.W.30.RS19.EV 5388 211 4.3% 

52.H.30.RS19.EV 7048 280 5.8% 

Figure 22 (a) and (b) show the IDT-HT results plotted based on the high PG of the virgin 

binder used in the mixtures. the “green squares” represent the control mixes. The “circles” 

and “triangles” are the 15% RAP, and 30% RAP mixes, respectively. The red and blue 

colors are the “Hot”, and “Warm” mixes, respectively. The 270 kPa limit is adopted from 

the NCHRP 9-33 project recommendations for a traffic level of 3-10 million ESALs 

(Advanced Asphalt Technologies, LLC. 2011). The IDT-HT captures the effect of the 

binder grade, where higher binder grades result in higher IDT-HT values, thus better 

resistance to permanent deformation. This is true for both mix designs. However, the 

change is more obvious over a change in the binder grade by two performance grades. 

Further, the 30% RAP mixtures exhibit higher tensile strengths than the corresponding 

15% RAP mixtures regardless of the production temperatures or binder grade. This can be 

explained by increased stiffness of the matrix phase in the mixture due to the presence of 

a higher percentage of aged binder in the system. Also, the IDT-HT values show some 
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sensitivity to the production temperatures, where the “Hot” mixes show slightly higher 

IDT-HT values than the “Warm” mixes. This is more pronounced in the high PG binder 

(PG64-22).  

When comparing the IDT-HT values to the 270 kPa limit it is seen that for MD-1, the use 

of a high RAP content results in passing the limit even with the use of the lowest binder 

grade (PG 52-28). On the other hand, for low RAP mixes the limit is passed only when the 

highest binder grade is used. For mix design-2 that has a coarser gradation and a higher 

average %VMA, the 15% RAP mixtures fail even with the highest binder grade. An 

example for the effect of the production temperature is seen in the 30% RAP mixtures 

produced with the PG52-28 binder. For MD-2, producing the mixtures at hot temperature 

makes the difference in taking them from the “fail” zone to the “pass” zone.  
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(b) 

Figure 22 – Effect of the production factors on the IDT-HT. (a) Mix design-1, (b) 

Mix design-2 

It is important to keep in mind that all the mixtures in any category (RAP source and 

content) have the same total binder content. i.e. this difference is not caused by a change 

in the total binder content. The difference between the warm and hot temperatures is the 

higher aging of the binders in the system (especially the virgin binder), and the higher 

contribution of the aged RAP binder. This increased stiffness of the effective binder due to 

aging and higher RAP binder contribution results in higher IDT strength. This is not to be 

mistaken with the perception that more binder in a mix should decrease rutting resistance 

because no additional binder is introduced to the mix. 

Statistical analysis was also performed on the IDT results to determine the factors with a 

statistically significant effect (Table 12). The analysis was performed at a significance 

level α = 0.1. The analysis shows that all factors except for the RAP source have significant 

0.0

100.0

200.0

300.0

400.0

500.0

600.0

50 52 54 56 58 60 62 64 66

ID
T

-H
T

 (
k
P

a)

High PG of virgin binder (Binder Grade)(oC)

Control 15% - Hot 15% - Warm 30% - Hot 30% - Warm

Pass

Fail



87 
 

effect on the IDT. However, the change in the RAP% is considerably more pronounced in 

its effect on the IDT values.  

Table 12 - Statistical analysis of the effect of production factors on IDT-HT values. 

Summary 

of Fit 

R Square 0.88802 

    

R Square Adj 0.858158 

    

Root Mean 

Square Error 

37.39013 

    

Mean of Response 298.841 

    

Observations (or 

Sum Wgts) 

20 

    

Analysis 

of 

Variance 

Source DF 

Sum of 

Squares 

Mean 

Square 

F Ratio 

Prob > 

F 

Model 4 166297.5 41574.4 29.738 <.0001 

Error 15 20970.33 1398 -  -  

C. Total 19 187267.9    -  - 

Parameter 

Estimates 

Term Estimate Std Error t Ratio Prob>|t| 

 

Intercept -610.977 104.7669 -5.83 <.0001* 

 

RAP % 729.2149 111.4758 6.54 <.0001* 

 

RAP Source -16.6623 11.29926 -1.47 0.161 

 

Temp.  52.20393 16.72137 3.12 0.0070* 

 

Binder Grade 12.13959 1.575606 7.7 <.0001* 

 



88 
 

4.3 Cracking Evaluation 

Cracking resistance of the mixtures was assessed using the SCB test at intermediate 

temperatures. The fracture energy (FE) and the flexibility index (FI) of the mixtures was 

calculated.  

4.3.1 Fracture Energy (FE) 

Figure 23 shows the fracture energy results of the two mix designs. overall, the mixtures 

in MD-2 show a wider range of fracture energy values than those in MD-1. Further, the 

fracture energy exhibits a grade dependency on the binder grade of the virgin binder, where 

the higher the binder grade, the higher the energy required to cause the crack to propagate 

through the mixture specimen. Also, the average FE value for the mixtures produced with 

the PG64-22A binder used in MD-1 is approximately the same (2912 J/m2) as that for the 

mixtures produced with the PG64-22B binder in MD-2. The same is true for the mixtures 

produced with the PG52-28 binder, where the average FE is approximately 1950 J/m2 for 

both mix-designs. However, the fracture energy of the mixtures does not show a clear 

correlation with the RAP content or the mixing and compaction temperatures in both mix-

designs.  

One issue with the use of the fracture energy to evaluate mixture performance is that two 

mixtures may have similar fracture energies but be very different in their failure behaviors. 

Figure 24 shows to mixtures with very similar fracture energies. The “58.H.15.NC.EV.1” 

mixture contains 15% of RAP source B and has an FE of 2191 J/m2, while the 

“58.H.30.NC.EV.1” mixture contains 30% of RAP source B and has an FE of 2227 J/m2. 

The area under the two curves is approximately the same, hence the similar fracture energy 
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values. However, the 30% RAP curve shows a much higher peak load (4 kN) and post peak 

slope (-4.25) than the 15% RAP curve’s peak load (2.6 kN) and post peak slope (-2). Al-

Qadi et al. (2015) had also reported the same observations about the inability of the fracture 

energy parameter alone to distinguish between different mixtures.  

 

(a) 

 

(b) 

Figure 23 - Effect of production factors on fracture energy. (a) MD-1, (b) MD-2 
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Because of the limitations of the fracture energy parameter, the flexibility index of the 

mixtures was also determined. worth mentioning that the 15% RAP and 30% RAP mixtures 

shown in Figure 24 have flexibility index values of 10.9, and 5.2, respectively. 

 

Figure 24 – Two mixtures with the same fracture energy and different flexibility 

index values. 

4.3.2 Flexibility Index (FI) 

Figure 25 shows the flexibility index values for the two mix-designs. The limit of 8 was 

adopted from the Illinois department of transportation and is only used here to serve as an 

approximate limit to distinguish mixtures that perform adequately from those with a low 

cracking resistance. The overall flexibility index for the MD-2 mixtures is higher than that 

for the MD-1 mixtures, where only one group of mixtures (high RAP, high binder PG) 

show FI values below 8 in MD-2. While the flexibility index does show a reduction in 

higher PG binders, indicating less ductile failure behaviors, the FI sensitivity to changes in 

binder PG is less than that of the fracture energy. The effect of the RAP content is captured 
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very well by the flexibility index, where the low RAP mixtures have a clearly higher 

flexibility index than the corresponding high RAP mixtures in the majority of the cases. 

The separation between the low RAP and high RAP mixtures is more obvious in the MD-

2 mixture combinations. The average flexibility index of the 15%RAP mixture and are 

30% RAP mixture in MD-1 are 13, and 7, respectively. For MD-2 the 15% RAP mixtures 

have an average FI of 21, while the FI of the 30% RAP mixtures is 10. Thus, the doubling 

the percentage of RAP in the mixture resulted in reducing the FI by approximately 50% in 

both mix-designs. Moreover, if the RAP content for the mixtures produced with the PG64-

22 binder is increased from 15% to 30%, the FI drops from the acceptable range to the 

failure range. To bring these mixtures to the acceptable range again, the virgin binder grade 

used in the mixture needs to be dropped by two grades to PG52-28. The lowered stiffness 

of the softer binder balances the effect of the higher percentage of aged binder contributed 

by the RAP in the mixtures. This too is a function of the stiffness level of the RAP binder.  

The results also show that the lowered production temperatures lead to a slight increase in 

the FI values, however, this effect is not significant in changing the flexibility index of 

most mixtures, nor it is consistent between the two mix-designs in the extent of change. 

The mixtures in MD-2 show no apparent change in the FI levels with the production 

temperatures, while MD-1 mixtures show an increase of 2-3 points in the FI value for the 

WMA mixtures. Because of this, no clear conclusion can be made about the mixing and 

compaction temperatures in relation to their effect on FI results.  
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(a) 

 

(b) 

Figure 25 - Effect of production factors on flexibility index. (a) MD-1, (b) MD-2 

The higher sensitivity of the FE to changes in the binder grade is more clearly seen in 

Figure 26 that shows normalized FE for the three binder grades plotted against normalized 

FI values for the same mixes. it is further observed that the slope of the “fit” line for all 
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three groups of binder grades is the very similar, suggesting that the ratio of change 

between the two indicators (FE and FI) due to a change in the binder grade stays fixed 

regardless of the binder grade.  

 

Figure 26 – Comparison between normalized FE and normalized FI values for the 

combination of the two mix designs. 

Overall, the flexibility index captures the effect of the RAP content and binder grade very 

well. The temperature effect, on the other hand, is less pronounced due to the 

overwhelming influence of the RAP content that masks the effect of the change in 

production temperatures. the binder from the mixtures in both mix-designs were extracted 

and recovered to assess the role of the effective binder phase in explaining the effect of the 

production factors on the performance of WMA-RAP mixtures. 
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4.4 Volumetrics-Based Mix Designs 

Traditional mix designs such as the Hveem mix design, Marshall mix design, and in the 

early 1990s, the Superpave mix design were developed based on volumetric proportions of 

the components of the asphalt mixture (asphalt, aggregates, and air) to achieve a stable 

pavement under traffic loads. Francis Hveem developed a method for calculation of the 

surface area of aggregate gradations, while the Corps of Engineers Waterways Experiment 

Station in 1943 began a study aimed designing asphalt mixtures to withstand the heavy 

loads of aircrafts wheels in airfield pavements. Their work, based on Bruce Marshall’s 

apparatus, involved using different compaction efforts to obtain mixture densities in the 

laboratory that were similar to field construction. This work resulted later in the, now 

widely known, volumetric requirements for asphalt mix-design from density (air content) 

to Voids in Mineral Aggregates (VMA) and Voids Filled with Asphalt (VFA). The same 

requirements were kept for the calculation of the optimum asphalt content as part of the 

Superpave mix-design, with a change in the laboratory compaction method to the use of 

the gyratory compactor in place of the Marshall hammer (Brown et al. 2009). The problem 

with the reliance solely on volumetric properties and the achievement of target densities in 

the field is that the volumetric requirements were developed based on empirical 

correlations to pavements in the field. However, this does not invalidate the years of 

experience with the design and production of asphalt mixtures that was and still is based 

on this method.  

Another issue is that these mix design methods were developed for virgin asphalt binders. 

Since then, many different types of modifications including the changes in binder 
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formulation, polymers, crumb tire rubber, bio-binders, RAP, rejuvenator, and WMA were 

introduced that pose big challenges for traditional mix design approaches in producing 

mixtures that perform adequately for the duration of the pavement design life. One problem 

is that these different modifications require specialized mix design approaches and 

considerations that address the particular aspects of each modification. For example, 

conventional Hot Mix Asphalt (HMA) mix design philosophy that depends on volumetric 

relations of the mixture components as the main screening tool to accept or reject mixtures 

may not be sufficient for a WMA-RAP mixture that involves production at lowered 

mixing/compaction temperatures with the presence of the WMA additives. This is of 

particular importance in mixtures containing high RAP contents, where a large portion of 

the effective binder in the mixture is contributed by the RAP material. This brings the 

accuracy of volumetric calculations into question.   

In the following section, the rutting and cracking mixture performance results are plotted 

with the compaction results to evaluate the connection between compaction-based limits 

and performance-based limits for WMA-RAP mix design. 

Figure 27 (a & b) show the flexibility index of the mixtures plotted against the air content 

at the design number of gyrations for MD-1 and MD-2, respectively. The mixtures in any 

category were produced at the same total binder content and compaction level, thus, all 

changes seen in the cracking performance are caused by the changes made in the production 

factors. Figure 27 shows that the majority of the mixtures in both mix designs are within 

the range of acceptable air content (3.5% to 4.5%). However, the flexibility index values 

for these mixtures are considerably different.  
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The distinct effect of the three production factors is also illustrated in Figure 27 

Comparison of the 15% RAP mixes (circles) to the 30% RAP mixes (triangles) for MD-1 

shows a great reduction in the flexibility index, from passing the performance limit in the 

low RAP mixes to failing that limit in the higher RAP mixes. This is regardless of the other 

two factors.  An exception to this is two of the mixes that are produced with the softer base 

binders (PG 58 and PG 52) and at warm temperatures. The same effect of the RAP is seen 

in MD-2. 

The effect of the change of the production temperature from hot to warm is more clearly 

seen here, where the reduction in production temperatures increases the air content of the 

mixtures with a slight increase in the flexibility index of most of the 15% RAP mixes, 

whereas for in the 30% RAP mixes, the change causes an increase in air content only.  

The performance-volumetrics plots show that volumetric based screening of mixtures is 

not sufficient to identify mixtures that are prone to premature cracking. The issue is neither 

in the compaction level of these mixtures, nor in the binder content, because all of these 

mixtures were produced at optimum binder content. The issue is in the evaluation with 

tools that are not sensitive to the changes in the performance potential of the produced 

mixtures. Further, based on these results WMA-RAP mixtures can be engineered to meet 

both performance and binder requirements through calculated changes in the production 

factors and the selection of the right combination of factors.  
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(a) 

 

(b) 

Figure 27 – Evaluation mixture based on cracking and volumetric limits. (a) MD-1, 

(b) MD-2 

Comparison of the rutting results with volumetrics show the same trend. Figure 28 (a and 

b) show the IDT-HT strength plotted against the %air at N design. Most of the mixtures in 
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both mix design are within the range of acceptable air content at N design (3.5 – 4.5) %. 

However, the resistance of the mixtures to rutting changes considerably with the change of 

one of the production factors such that the mixtures remain in the acceptable region of the 

volumetric requirements but fail performance requirements. On the other hand, there are 

four mixtures that have an air content outside of the acceptable range based on the 

volumetric requirement, yet they show IDT-HT strength values that are above 270 kPa. 

The volumetric properties alone are unable to capture mixtures that are prone to excessive 

permanent deformation. This demonstrates the benefit of performance indicators such as 

the IDT-HT in accepting/rejecting mixtures for quality control purposes.  

The effect of the RAP content is seen in controlling the stiffness of the mixtures, thus 

moving the data points along the x-axis from the “fail” region for low-RAP mixtures to 

“Pass” region for the high-RAP mixtures. The base binder grade and production 

temperature also control the combination of air content and IDT-HT values. For example, 

most of the WMA mixtures have higher air and lower IDT-HT values than that of the 

corresponding HMA mixtures. Mix designer can take advantage of adjusting the levels of 

these three production factors to design mixtures that both pass volumetric and perform 

adequately against field distresses. 
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(a) 

 

(b) 

Figure 28 – Evaluation mixture based on cracking and volumetric limits. (a) MD-1, 

(b) MD-2 

1.0%

1.5%

2.0%

2.5%

3.0%

3.5%

4.0%

4.5%

5.0%

5.5%

0 100 200 300 400 500 600

A
ir

 @
 N

d
es

ig
n
  

(%
)

IDT-HT (kPa)

Control 15% - Hot 15% - Warm 30% - Hot 30% - Warm

PassFail

1.0%

1.5%

2.0%

2.5%

3.0%

3.5%

4.0%

4.5%

5.0%

5.5%

0.0 100.0 200.0 300.0 400.0 500.0 600.0

A
ir

 @
 N

d
es

ig
n
  

(%
)

IDT-HT (kPa)

Control 15% - Hot 15% - Warm 30% - Hot 30% - Warm

PassFail



100 
 

The IDT-HT is a simple and quick, yet powerful, test that can be used to characterize rutting 

resistance of mixtures by contractors or government agencies without the need to precure 

expensive equipment or run time consuming and labor-intensive tests. Unfortunately, not 

many studies have been conducted on field projects to evaluate the ability of the IDT-HT 

test in capturing the performance of pavements in the field. Several field projects in 

different climates are needed to support the findings of this study and several other studies 

that investigated the use of the IDT-HT test for evaluation of rutting resistance in asphalt 

mixtures. 

4.5 Recovered Binder Characterization 

Binder extraction and recovery was performed on 12 mixtures from the MD-1 and all 10 

mixtures of MD-2. The goal of the recovered binder testing was to investigate the role of 

the effective binder in controlling the performance of the mixtures. The binder testing was 

key in identifying the rheological properties of the effective binder that would bridge the 

input production factors with the output mixture performance. The rheological properties 

of interest were selected based on the following two criteria: 

1- Prove to be sensitive to the changes in the RAP%, binder grade, and production 

temperatures of WMA-RAP mixtures. Statistical analysis was utilized to show that 

changes in the production factors cause statistically significant changes in the 

measured effective binder property. 

2- Show a sound and strong correlation with indicators of mixture performance in both 

cracking and rutting resistance. 
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Rheological properties of the recovered binders were obtained using the DSR, and master-

curves were developed with the CA model. Figure 29 (a – d) show the G-R parameter and 

the crossover temperature (Tδ=45
o) of the recovered binders for the two mix designs. The 

results are plotted against the high PG of the virgin binder used in the mixtures. The G-R 

results in Figure 29 (a) and (b) show that the mixtures produced with the PG64-22 binder 

have higher G-R than those produced with the PG58-28 and PG52-28 binders. This is 

logical given that all of the data is taken at the same temperature (15oC) and the PG64-22 

has the highest stiffness (G*). Also, the 30% RAP binders naturally show higher G-R 

values for all virgin binders due to the stiffening effect of the more aged binder contributed 

by the RAP. Moreover, the range of G-R values is wider for mixtures with higher PG virgin 

binders. Most binders recovered from mixtures produced at HMA temperatures show 

higher G-R values than those produced with WMA temperatures. An exception to this is 

in the 30% RAP – PG52-28 mixtures and the 15%RAP – PG58-28 ones, where the HMA 

and WMA binders have somewhat similar values. It is important to note that the effect of 

the temperature is more pronounced in the high RAP – high binder grade combination. 

Figure 29 (c) and (d) show the crossover temperature for the two mix designs. The same 

trends for the effect of RAP content, binder grade, and production temperatures on G-R 

parameter are observed in the values of the crossover temperature, where binder recovered 

from stiffer mixtures have higher crossover temperature values. This means that these 

binders will transition from an elastic response to a more viscous response at higher 

temperatures. Therefore, these binders will be more resistant to permanent deformation at 

service temperatures. However, this also leased to a higher susceptibility to cracking. 
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A key observation from the binder results is the systematic changes in the rheological 

properties of the effective-binder (i.e. RAP binder + virgin binder) due to changes in the 

production variables. This allows mix designers to tweak these variables to target effective-

binder properties that warrant producing mixtures that performance adequately in the field. 

Other master-curves parameters of the recovered binders were also examined such as the 

R-value, crossover frequency, high continuous grade, and |G*|/sin(δ). The R-values 

showed the poor correlations with changes in the production factors in comparison with 

the other parameters. The high continuous grade and |G*|/sin(δ) showed very good 

sensitivity, however, the G-R parameter was selected because it can be related to both 

cracking and rutting performance of the mixtures. 
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(c)                                                            (d) 

Figure 29 - Binder characterization results. (a) G-R of MD-1 Mixtures, (b) G-R of 

MD-2 Mixtures, (c) Crossover frequency MD-1, (d) Crossover frequency MD-2. 

Statistical analysis was performed to determine factors with a statistically significant effect 

on the master-curve parameters. The results shown here (Table 13) are for the effect on 

the Log (G-R) parameter, however, the crossover temperature, high continuous grade, and 

|G*|/sin(δ) showed similar results in terms of the significant factors. All assumptions for 

the statistical analysis were met. For a significance level α = 0.1, the results showed that 

the RAP% and binder grade have a significant effect on the Log G-R. Further, the analysis 

showed that the production temperature and RAP source were borderline significant with 

p-values of 0.086, and 0.116, respectively. 
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Table 13 - Statistical Analysis of factors affecting Log(G-R) 

Summary of 

Fit 

R Square 0.911     

R Square Adj 0.887     

Root Mean Square 

Error 

0.170     

Mean of Response 3.846     

Observations (or Sum 

Wgts) 

20     

Analysis of 

Variance 

Source DF 

Sum of 

Squares 

Mean 

Square 

F Ratio 

Prob > 

F 

Model 4 4.4597 1.1149 38.3538 <.0001 

Error 15 0.4360 0.0291 - - 

C. Total 19 4.8958 - - - 

Parameter 

Estimates 

Term Estimate Std Error t Ratio Prob>|t|  

Intercept -2.0562 0.5732 -3.59 0.0027  

RAP % 4.0353 0.5113 7.89 <.0001  

RAP Source  0.0822 0.0493 1.67 0.1161  

Temperature 0.1521 0.0828 1.84 0.0862  

Binder Grade  0.0757 0.0088 8.62 <.0001  

The statistical analysis clearly show that the selected rheological properties are dependent 

on the production factors used in WMA-RAP mixtures, thus passing the first of the two 
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criteria. Changes in these factors directly reflect on the effective binder properties. 

Equation (26) provide a relation based on the regression analysis for estimating the G-R 

parameter of an effective binder from the production factors: 

𝐿𝑜𝑔 𝐺 − 𝑅 =  −2.07 + 4.04 × 𝑅𝐴𝑃%+ 0.15 × 𝑇𝑒𝑚𝑝. +0.08 × 𝐵𝑖𝑛𝑑𝑒𝑟 𝐺𝑟𝑎𝑡𝑒 

(26) 

4.6 Relation of Effective Binder Properties to Mixture Performance 

In this section, the relation between results of the recovered binder testing and mixture 

performance testing is investigated, thus testing the second criteria is tested to prove that 

there is strong connection between the effective binder properties and WMA-RAP mixture 

performance. 

4.6.1 Relation to Rutting Performance 

Figure 30 (a) and (b) shows the mixture IDT-HT mixture rutting performance indicator 

plotted against Log of the G-R parameter, and the |G*|/sin(δ) parameter measured at 48oC, 

respectively. 48oC was chosen because it is the temperature at which the IDT-HT test was 

conducted. The IDT results at high temperatures show a very good correlation with both 

the G-R parameter and |G*|/sin(δ) parameter of the recovered binders. Moreover, the 

distribution of the data points is logical and directly dependent on the production factors, 

where the low RAP - low binder grade mixtures are on the lower left corner of the plot 

(small IDT strength and small |G*|/sin(δ) and G-R) and the high RAP – high binder grade 

mixtures are on the upper right corner of the plot (high IDT strength and high |G*|/sin(δ) 

and G-R values).  
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Further, the results shown here are for both mix design make it clear that the relation 

between production factors and mixture rutting performance (represented by the IDT-HT 

strength) is controlled by the effective binder rheological properties.  

 

(a) 

 

(b) 

Figure 30 – Mixture IDT-HT results and recovered binder results. (a) Log G-R, (b) 

|G*|/sin(δ) @ 48 (kPa). 
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Based on the results in Figure 30, the following recommendations can be made on the 

effective binder properties to achieve target rutting performance levels for lab produced 

mixtures: 

1- A minimum value of G-R parameter of 4000 (Pa) for new lab-produced (unaged) 

mixtures can be proposed to prevent rutting for a traffic level of 10-30 million 

ESALs. However, a wide variety of mix designs should be tested before such a 

minimum limit is adopted.  

2- A minimum limit for the |G*|/sin(δ) parameter of 60000 (Pa) for lab produced 

mixture tested at a temperature 10oC below the yearly 7-day average maximum 

pavement temperature at a depth 20 mm below the pavement surface, which is the 

same temperature the IDT-HT would be tested at for any given climate condition. 

Table 14 shows recommendations for minimum G-R values and |G*|/sin(δ) @ 48oC of the 

effective binder for the 3-10 million ESALs traffic level included in the NCHRP 09-33 

table for IDT-HT strength values: 

Table 14 – Recommendations for minimum G-R values based on IDT-HT rutting 

resistance. 

Traffic Level 

(Million 

ESAL) 

Minimum IDT-HT 

Strength (kPa) 

Minimum G-R 

of Effective 

Binder (Pa) 

Minimum |G*|/sin(δ) 

(Pa) @ 48oC of 

Effective Binder (Pa) 

3 to < 10 270         4,000        60,000  
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4.6.2 Relation to Cracking Performance 

Both the Fracture energy and flexibility index were examined. The fracture energy showed 

no clear correlation to any of the measured binder properties; therefore, the analysis was 

continued with the use of the flexibility index as an indicator of cracking performance of 

the mixtures.  

Figure 31 show the G-R parameter of the recovered binders plotted against the flexibility 

index of the mixtures from both mix designs. The results show a good correlation between 

the effective binder indicator and the mixture indicator, where the flexibility index 

decreases with an increase in the G-R of the binder. This is logical given that the less stiff 

mixture with lower RAP content and softer grades of virgin binder would have lower G-R 

values and high flexibility index due to their more ductile failure behavior. The relation 

between the two parameters is best described by a power function.  

 Using the flexibility limit of 8 from Illinois department of transportation, a maximum G-

R limit of 11400 Pa can be proposed for lab-produced WMA-RAP mixtures. The results 

of this study are compared with a large pool of mixture flexibility index results in the 

validation study’s result (See Chapter 5) to provide final recommendations for WMA-

RAP mixtures with an acceptable cracking performance based on selection results of the 

binder incorporated in these mixtures. Also, Chapter 5 also include a discussion about the 

physiochemical elements that explain the nature of the power-law relation between the G-

R and FI parameters. 
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Figure 31 – Mixture SCB results with Log G-R of recovered binders.  

The overall correlation of the crossover temperature and the flexibility index for the 

combination of the two mix designs was similar to that of the G-R parameter and the FI 

values. Therefore, the G-R parameter was selected to provide the final recommendations 

based on the findings of this study. Further, more data was found in the literature to validate 

these G-R recommendations. 

The results showed that the production factors control the fundamental rheological 

properties (G* & δ) of the effective binder in the mixture, and the effective binder controls 

the IDT-HT indicator for rutting resistance and flexibility index for cracking resistance of 

the mixtures. In other words, the effective binder is a function of the production factors, 

and the performance indicators are a function of the Effective binder’s G* & δ. This means 

that production factors can be designed to yield target (G* & δ) that can be used, in turn, 

to predict the rutting and cracking resistance of WMA-RAP mixes. Figure 32 is a 
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Schematic describing this relationship between production factors, effective binder, and 

mixture performance.  

 

Figure 32 – Schematic for the effect of production factors on mixture performance. 

4.7 Estimating Effective Binder Rheological Properties 

To be able to test the effective binder rheological properties required for a binder selection 

test, first the blend of RAP and virgin binder must be obtained. This requires one of two 

methods; either use of chemical extraction and recovery, or manual blending of RAP and 

virgin binder. In this section a simplified empirical method is presented for estimating the 

effective binder rheological properties from the properties of the virgin binder and RAP 

binder without production of mixtures specimens and subsequent binder extraction and 

recovery. The purpose of this work is to guide mix-designers in the selection of the suitable 

RAP content and binder grade to obtain desired effective binder rheological properties, 

before investing time and materials in the mixture production and testing process.  
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4.7.1 Obtaining the Effective Binder from a Mixture Containing RAP 

In this section, a brief discussion is provided on the methods used to obtain the effective 

binder from a WMA-RAP mixture with the advantages and disadvantages of each method 

(See Figure 33): 

 

Figure 33 – Methods for obtaining the effective binder in asphalt mixtures 

containing RAP. 

1- Chemical Extraction and Recovery: this is the most common why of obtaining the 

effective binder for rheological testing. Mixture samples either produced in the lab 

or retrieved from the filed are placed in a centrifuge with a solvent such as 

Trichloroethylene (TCE), Toulene, or n-Propyl Bromide (nPB). The solvent strips 

the asphalt binder from the aggregate particles in a process called extraction. The 

extracted binder is then placed in some form of a distillation system such as the 

rotary evaporator to separate (or recover) the binder form the solvent. The benefit 
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of this method is that it allows for testing the binder from field specimens for which 

the raw materials are not available. The other benefit is that the recovered binder is 

representative of the aging level experienced by the mixture as a whole during 

laboratory or plant production. The disadvantages of this method include being a 

time-consuming process, utilizing hazardous chemicals, and have potential for 

affecting the chemistry of the binder (Diefenderfer 2014, He et al. 2016, Javid 

2016). 

2- Manual Blending: in this approach, only the RAP binder is recovered using 

chemical extraction and recovery. The RAP binder is blended with the virgin binder 

using a blender (Nazzal et al. 2015, Boz & Solaimanian 2018). The advantages of 

this method is that it does not involve use of the hazardous chemicals with the virgin 

binder and the actual blending process is less time-consuming and labor intensive 

than the first method. However if the RAP binder is not readily available, extraction 

and recovery has to be used to be able to use this method, which cancel out most of 

the benefits that this method has over the extraction and recovery method. Further, 

the blended binder is usually aged artificially through use of a laboratory aging 

process such as the Rolling Thin Film Oven (RTFO) test, so the aged binder 

becomes comparable to the effective binder in a corresponding mixture specimen. 

4.7.2 Degree of Blending (DOB) 

Both methods for obtaining the effective binder from the RAP and virgin binder are 

approximations because in both methods the virgin and RAP binder are force blended. 

Most agencies also use this assumption of 100% blending between RAP and virgin binder 

in asphalt mix-design (Johnson et al. 2010, Shirodkar et al. 2011, Zaumanis & Mallick et 
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al. 2015). However, several studies on the Degree of Blending (DOB) between virgin and 

RAP binder have shown that 100% blending is not reached (Bonaquist et al. 2011, Gaitan 

2012, and Zhao et al. 2016). Bonaquist et al. 2011 calculated the DOB in WMA-RAP 

mixtures by measuring the dynamic modulus of asphalt mixtures and using the Hirsch 

model to estimate the dynamic modulus of the mixtures from measured complex modulus 

of recovered binder. The DOB was proposed to be equal to the ratio of the 

Measured/Estimated modulus. The higher the ratio, the higher the degree of blending. 

Gaitan 2012 used gap-graded mixtures with virgin coarse aggregates and RAP fine 

aggregates. After production, the coated coarse and fine aggregates were separated and 

binder recovery was performed. The DOB was calculated using the G*/sin(delta) value of 

the binder coating the fine aggregates and that of the coarse aggregates. Zhao et al. 2016 

estimated the DOB with use of Gel permeation chromatography (GPC). The authors used 

a gap-graded mixture in a similar way to that used in the study by Gaitan 2012. DOB was 

calculated using the ratio of the large molecular size (LMS) of the virgin aggregates over 

the LMS of the RAP aggregate from the GPC test.  

The topic of accurately determining the degree of blending in asphalt mixtures is vast, 

complex, and not the focus of this study. The purpose of the steps provided next is to help 

mix-designers in selecting the right combination of production factors (RAP content & 

virgin binder grade) as a starting point in the performance-based mix-design. 

4.7.3 Estimating the Effective Binder Properties 

The RAP binder and virgin binder properties can be used to estimate the rheological 

properties of the effective binder by following these steps: 
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1- Extraction and recovery of the RAP binder using chemical solvents. 

2- Use of the DSR for measurement of the rheological properties of the RAP binder 

and the different possible virgin binders for the climate region of interest. 

3- Use of the law of mixtures to estimate the blend (RAP+Virgin) binder property 

from properties of the components (See Equation (27), (28)): 𝐸𝐵𝑙𝑒𝑛𝑑 =  𝐸𝑉𝑖𝑟𝑔𝑖𝑛 𝐵 +  𝑅𝐴𝑃% (𝐸𝑅𝐴𝑃 𝐵  −  𝐸𝑉𝑖𝑟𝑔𝑖𝑛 𝐵) 
(27) 

Where E represents the rheological property of interest. Rewriting the equation for the 

G-R parameter, the equation becomes: 

𝐺 − 𝑅𝐵𝑙𝑒𝑛𝑑 =  𝐺 − 𝑅𝑉𝑖𝑟𝑔𝑖𝑛 𝐵 +  𝑅𝐴𝑃% (𝐺 − 𝑅𝑅𝐴𝑃 𝐵  −  𝐺 − 𝑅𝑉𝑖𝑟𝑔𝑖𝑛 𝐵) (28) 

4- Use of the following equation to obtain the effective binder G-R from the blend G-

R: 𝐺 − 𝑅𝐸𝑓𝑓𝑒𝑐𝑡𝑖𝑣𝑒 𝐵𝑖𝑛𝑑𝑒𝑟 = 𝑘 × 𝐺 − 𝑅𝐵𝑙𝑒𝑛𝑑 𝐵𝑖𝑛𝑑𝑒𝑟 
(29) 

Where k is a factor that accounts on the change in the rheological property due to aging 

during mixture production. The G-R of the recovered binders from the mixtures produced 

in this study was used as the G-R of the effective binder.  

Figure 34 shows the difference between the actual G-R parameter of the recovered binders 

and the calculated blend G-R from the G-R of the RAP binder and G-R of the virgin binder 

based on the law of mixtures. the 0% data point in each plot is the G-R of the virgin binder 

alone, while the 100% data point is that of the RAP binder alone. It should be noted that 

the RAP percentages in the plots are based on the RAP binder replacement. the factor “k” 

is the ratio between these two G-R values. It is clear from Figure 34 that k changes based 
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on the binder grade and RAP content, with the difference between the calculated and 

recovered G-R being significantly higher for the PG58-28 binder than in the PG-64-22 

binder. This could be the result of two factors. The 1st is the lower aging that PG58-28 

mixtures during production due to the lower mixing and compaction temperatures. the 2nd 

is the possible higher effect of the extraction solvent in softening the PG58-28 binder than 

the higher grade PG64-22 binder. The effect of the WMA additive could not be determined 

as clearly from the plots. Therefore, statistical analysis was used to determine the statistical 

significance of each variable and provide an empirical relation for the estimation of the 

factor “k” depending of the production factors.  

 

      (a)                                                                 (b) 
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        (c)                                                            (d) 

 

        (e)                                                            (f) 

Figure 34 – Difference between calculated G-R from law of mixtures and actual G-R 

of the recovered binders. (a) RAP A - PG64-22 Control, (b) RAP B - PG64-22 

Control, (c) RAP A - PG64-22 Evotherm, (d) RAP B - PG64-22 Evotherm, (e) RAP 

A - PG58-28 Evotherm, (f) RAP B - PG58-28 Evotherm. 

The factor “k” determined using Equation (29) was included in the statistical analysis to 

be used as the dependent variable. The independent variables in the analysis were the 
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binder grade, the rap content, the WMA additive, and the production temperatures. All 

analysis assumptions were met. Table 15 shows the results of the analysis. 

Table 15 - Statistical Analysis of variables affecting the factor “k”. 

Summary 

of Fit 

R Square 0.870423     

R Square Adj 0.796378     

Root Mean Square 

Error 

0.146687     

Mean of Response 0.524307     

Observations (or 

Sum Wgts) 

12     

Analysis of 

Variance 

Source DF 

Sum of 

Squares 

Mean 

Square 

F Ratio 

Prob > 

F 

Model 4 1.0117716 0.252943 11.7554 0.0032 

Error 7 0.1506196 0.021517 -  -  

C. Total 11 1.1623912    -  - 

Parameter 

Estimates 

Term Estimate Std Error t Ratio Prob>|t|  

Intercept -5.532891 1.13518 -4.87 0.0018  

RAP % 1.7110446 0.564599 3.03 0.0191  

Temp. 0.2245234 0.103723 2.16 0.0671  

Binder Grade 0.0844625 0.017287 4.89 0.0018  

WMA Additive 0.0919999 0.115966 0.79 0.4536  
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The analysis showed that the RAP% and binder grade have a significant effect on the factor 

“k”, the temperature is borderline, and the WMA additive’s effect is not significant. The 

R2 of the fit (0.87) is very good. The empirical expression based on the regression analysis 

is given in Equation (30). 

𝑘 =  −5.53 + 1.71 × 𝑅𝐴𝑃% + 0.22 × 𝑇𝑒𝑚𝑝. +0.08 × 𝐵𝑖𝑛𝑑𝑒𝑟 𝐺𝑟𝑎𝑡𝑒 (30) 

It should be mentioned that the purpose of this analysis is to provide an example of how to 

obtain effective binder properties without mixture production, and the time consuming and 

labor-intensive extraction and recovery process. This is only meant as a starting point to 

guide mix-designers in the selection of the optimum combinations of the production factors 

that ensure production of mixtures with acceptable performance levels. The use of this 

analysis can be similar to that of the formulas in the appendix of AASHTO R35 standard 

that are used to determine an initial binder content that assists mix designers in the 

volumetric design process.  
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 CHAPTER 5: VALIDATION STUDY  

In this chapter, results on the relation between effective binder rheological properties and 

performance of asphaltic mixtures from four independent studies from different regions 

and climates in the united states are presented. These studies were selected to provide a 

relatively large pool of mixture and extracted binder data using a wide range of aggregate 

sources and blends, Nominal Maximum Aggregate Sizes (NMAS), binder sources and 

grades, mixture aging levels including both laboratory and field aged mixtures, recycle 

material sources and contents with the inclusion of both RAP and Recycled Asphalt 

Shingles (RAS), as well as polymer modification levels.  

These specific studies were also selected based on the availability of mixture cracking 

performance results in the form of flexibility index measurements from the SCB test, as 

well as G-R values for the extracted binder in these mixtures to be in line with the 

objectives and methodology of this study. The four studies are as follows: 

1- Wisconsin Highway Research Program (WHRP) study (Bonaquist et al. 2017). 

2- National Center for Asphalt Technology (NCAT) study (Chen et al. 2020). 

3- Federal Highway Administration’s (FHWA) Accelerated Loading Facility (ALF) 

study (Bennert et al 2019). 

4- New Hampshire Department of Transportation (NHDOT) study (Sias et al. 2019). 

Unfortunately, while several studies were conducted on the IDT-HT test (Christensen and 

Bonaquist 2002, Zaniewski & Srinivasan 2004, Pellinen et al. 2005, Christensen & 
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Bonaquist 2007, Wen et al 2013, Bennert et al 2018), none of these studies included 

extracted binder results in the form of G-R. 

5.1 WHRP Study (Bonaquist et al. 2017) 

As part of the Wisconsin Highway Research Program (WHRP), a study was conducted on 

resistance of asphalt mixtures to aging and load associated cracking. The study included 

the use of three virgin binder grades (PG52-32, PG58-22, PG64-22). styrene-butadiene-

styrene (SBS) was used to create two levels of polymer modified binders. Each binder was 

used without modification, with medium and high modification levels depending on the 

added SBS recovery level (AASHTO T 350). Table 16 shows the resulting binder 

performance grades.   

Table 16 - Binders used in the WHRP study (after Bonaquist et al. 2017). 

Binder No. PG Grade 

AASHTO M332 

Grade 

Modification Level 

1 52-34 PG52-34 S None 

2 58-34 PG58-34 V Middle 

3 64-34 PG58-34 E High 

4 58-22 PG58-22 S None 

5 64-28 PG58-28 V Middle 

6 70-28 PG58-28 E High 
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Table 16 (Continued) 

Binder No. PG Grade 
AASHTO M332 

Grade 
Modification Level 

7 64-22 PG64-22 S None 

8 76-22 PG64-22 V Middle 

9 76-22 PG64-22 E High 

The study also included use of four different RAP sources and two different RAS sources 

used at different levels and combinations. Further, nine mix-designs (aggregate structures) 

were included in the study with Nominal Maximum Aggregate Sizes (NMAS) of 9.5mm, 

12.5mm, and 19mm. the use of the different NMAS levels were reported by the authors to 

provide three different Volume of Effective Binder (Vbe) (See Figure 35).  
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Figure 35 - Aggregate gradations used in the WHRP study (after Bonaquist et al. 

2017). 

The authors used a partial factorial experimental design resulting in 27 different mixture 

combinations. Table 17 shows the combinations of mixtures produced with the different 

NMAS levels and RAP/RAS contents. The flexibility index of the mixtures was measured 

at two levels of aging: Short-Term Oven aging level (ST) and Long-Term oven aging level 

(LT). The ST mixtures were aged as prior to compaction for four hours at 135°C, while the 

LT mixtures were aged for an additional 120 hours at 85°C after short-term aging. The 

binder was recovered from the mixtures after each aging level and binder rheological 

properties were measured.  
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Table 17 - Mixture combinations produced in the WHRP study (after Bonaquist et 

al. 2017) 

Run  
Mix 

ID  

NMAS, 

mm  
Recycle  

Low 

Grade  
Modification  Space  

1  8  19.0  Virgin  -28  V  

Vbe –  

Recycle  

2  9  9.5  Virgin  -28  V  

3  3  19.0  RAP+RAS  -28  V  

4  4  9.5  RAP+RAS  -28  V  

5  6  12.5  RAP  -22  S  

Low Grade  

–  

Modification  

6  6  12.5  RAP  -34  S  

7  6  12.5  RAP  -22  E  

8  6  12.5  RAP  -34  E  

9  6  12.5  RAP  -28  V  Center  

10  5  19.0  RAP  -28  S  

Vbe –  

Modification  

11  1  9.5  RAP  -28  S  

12  5  19.0  RAP  -28  E  

13  1  9.5  RAP  -28  E  

14  2  12.5  Virgin  -22  V  Recycle -  

Low Grade  15  7  12.5  RAP+RAS  -22  V  
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Table 17 (Continued) 

Run  
Mix 

ID  

NMAS, 

mm  
Recycle  

Low 

Grade  
Modification  Space  

16  2  12.5  Virgin  -34  V  

 

17  7  12.5  RAP+RAS  -34  V  

18  6  12.5  RAP  -28  V  Center  

19  2  12.5  Virgin  -28  S  

Recycle –  

Modification  

20  7  12.5  RAP+RAS  -28  S  

21  2  12.5  Virgin  -28  E  

22  7  12.5  RAP+RAS  -28  E  

23  5  19.0  RAP  -22  V  

Vbe – Low 

Grade  

24  1  9.5  RAP  -22  V  

25  5  19.0  RAP  -34  V  

26  1  9.5  RAP  -34  V  

27  6  12.5  RAP  -28  V  Center  

Figure 36 shows the flexibility index values and corresponding G-R (at 15oC and 

0.005rad/sec) for the ST and LT aged mixtures. Worth mentioning that the FI was 

measured at 15°C with a loading rate of 0.5 mm/min. Using time-temperature 

superposition, the loading conditions of 15°C, 0.5 mm/min used in this project are 
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approximately equivalent to 8.5 mm/min at 25°C (Bonaquist et al. 2017). This is slower 

than the loading rate used in this study which was 50 mm/sec as recommended by Al-Qadi 

et al. (2015). 

 

Figure 36 - Plot of the G-R values versus the flexibility index (after Bonaquist et al. 

2017). 

5.2 NCAT Study (Chen et al. 2020) 

The National Center for Asphalt Technology (NCAT) study involved the use four surface 

mix-designs (N1, N8, S5, S6) from the NCAT test track for Top-Down Cracking (TDC) to 

validate two laboratory aging protocol. Two types of samples were utilized in the study:  

1) Plant produced-lab compacted samples. These samples were taken from the plant 

before compaction of the test sections and were compacted in the laboratory after 

reheating directly (RH), after aging the loose mixtures for 120 hours at 95°C (120-

95),  and after aging the loose mixtures for 8 hours at 135°C (8-135). 
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2) Field cores. The field cores were taken for all four mix-design after 2, 3, and 4 years 

of field service.  

Figure 37 shows the aggregate gradations for the four mix designs used in the study. All 

the mix-design were 12.5 mm NMAS mixtures. Also, three binders were used in the study: 

an unmodified 67-22 binder in N1 and N8 mix-designs, a SBS-modified 58-28 binder in 

S5 mix-design, and a Highly Modified Asphalt (HiMA) 94-22 binder in S6 mix-design. 

 

Figure 37 - Aggregate gradations used in the NCAT study (after Chen et al. 2020) 

The recycled content for the four mix-designs was 20% RAP, 20% RAP+5% RAS, 35% 

RAP, 20% RAP for the N1, N8, S5, and S6 mix-designs respectively. Table 18 provide 

the mix design details and volumetric properties obtained in the quality control testing of 

the four mix-designs. 
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Table 18 – Mix design details for the NCAT study (after Chen et al. 2020) 

Mix ID Mix N1 Mix N8 Mix S5 Mix S6 

Recycled Material 
67-22 + 

20% RAP 

67-22 + 

20%RAP, 

5%RAS 

58-28 + 35% 

RAP 

HiMA + 20% 

RAP 

Tot. Binder Content 

(Pb) 
5.4 5.3 5.8 5.8 

Eff. Binder Content 

(Pbe) 
4.7 4.8 5.1 5 

RAP Binder Ratio 0.2 0.2 0.33 0.19 

RAS Binder Ratio -- 0.14 -- -- 

Dust/Binder Ratio 1.1 1.5 1.2 1.1 

Air Voids (Va), % 3.8 3.1 3.2 3.1 

VMA, % 14.7 14.4 15.1 14.7 

VFA, % 74 79 79 79 

Virgin Binder 

Grade 
67 -22 67 -22 58 -28 94 -22 

Rec. Binder True 

Grade 
88.6 -16.6 107.3 -5.4 82.8 -23.0 101.4 -21.5 
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The authors reported conducting SCB on the plant produced-lab compacted samples as 

well as on the field cores upon retrieval from the field. The flexibility index was obtained 

at a test temperature of 25°C and a loading rate of 50 mm/min. Further, the binder from 

each group of mixtures was recovered and the G-R parameter along with other rheological 

properties were determined. Figure 38 (a) and (b) show the results for the flexibility index 

plotted against the G-R of the corresponding recovered binders. 

 

(a) 
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(b) 

Figure 38 - Plot of the G-R values versus the flexibility index for the NCAT study 

(after Chen et al. 2020). 

5.3 FHWA-ALF Study (Bennert et al. 2019) 

This study was conducted to investigate asphalt mixture and binder fatigue cracking test. 

The data used in the study was obtained from The Federal Highway Administration’s 

(FHWA) Accelerated Loading Facility (ALF) at the Turner-Fairbanks facility. 11 test lanes 

were constructed with identical structures and different materials. The study included use 

of two binder grades (PG 58-28 and PG 64-22), and two WMA technologies (foam and 

Evotherm). The recycled content in the test lanes was 0%, 20% RAP, 40% RAP, and 20% 

RAS. All lanes had mixtures with NMAS of 12.5 mm. Table 19 shows the details of the 

mix-designs for the 11 lanes in the FHWA-ALF study. 
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Table 19 – Summary of the details for mix design used in the lanes of the FHWA-

ALF study (after Bennert et al. 2019) 

ALF 

Lane 

Virgin 

binder 

grade 

Recycle RAP RAS WMA AC% 

Va 

% 

VMA% VFA% 

1 64-22 Virgin 0%     5.14 5.8 15.9 75.4 

2 58-28 RAP 40%   Foam 5.13 4.6 16.7 72.2 

3 64-22 RAS   20%   5.02 7.7 14.7 77.6 

4 64-22 RAP 20%   Evo 3.97 6 15.5 73.5 

5 64-22 RAP 40%     4.62 6.9 16.4 65 

6 64-22 RAP 20%     4.92 5.4 15 74 

7 58-28 RAS   20%   4.85 7.6 15.4 74 

8 58-28 RAP 40%     5.02 6 16.1 75.1 

9 64-22 RAP 20%   Foam 5.16 5.3 15.1 78.6 

11 58-28 RAP 40%   Evo 4.89 7.4 16.5 71 

Samples were cored from the 11 lanes and mixture testing was conducted to obtain the 

flexibility index of the mixtures. The SCB test was conducted at a temperature of 25oC and 

a loading rate of 50 mm/min. further, the binder from the cored samples was recovered for 

evaluation of the rheological binder properties related to cracking. Figure 39 shows the 
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results obtained for the G-R parameter of the recovered binders and flexibility index of the 

mixtures.  

 

Figure 39 - Plot of the G-R values versus the flexibility index (after Bennert et al. 

2019). 

5.4 NHDOT Study (Sias et al. 2019) 

This study was conducted for the New Hampshire Department of Transportation 

(NHDOT). In this study, 11 plant produced-lab compacted mix-designs were used to 

evaluate cracking in the asphalt mixtures and binders with different aging levels. The 

authors used aggregate structures with two different NMAS levels; 9.5 mm and 12.5mm. 

Also, both RAP and RAS were used in the mixtures at ratios up to 28.3% of the total binder 

weight in the mixtures. The 11 mixtures were made with a variety of different asphalt 

binder grades as well (See Table 20 for details of the mix-designs).  



132 
 

The mixtures were aged to four different levels, and the cracking performance was 

evaluated at each aging level with the use of the SCB test as well as other tests. Further, 

binder extraction and recovery were also conducted at each aging level and the rheological 

properties were determined. the four aging levels were as follows: 

- Short-term Aging (STA): The loose mixtures were placed in a forced draft oven a 

135 ± 3°C (275 ± 5°F) for 4 hr. 

- Asphalt Institute aging procedure: the loose mixtures were aged for 24 hours at 

135°C. this was done after the short-term aging level. 

- NCHRP 09-54 aging procedure: the loose mixtures were aged for 5 and 12 days at 

95°C. 

- Four of the 11 mixtures were place in the field as part of another NHDOT study. 

Field cores were obtained for these mixtures after four years of service. These four 

mixtures are indicated with a “**” sign in Table 20.  

Table 20 – Summary of the details for mix design used in the NHDOT study (after 

Sias et al. 2019) 

Mixture ID  

Virgin  

Binder  

Grade  

Design 

Gyration  

Levels  

NMAS 

(mm)  

Total  

Binder  

Content (%)  

Recycled 

Binder 

Content (%)  

5234LM**  PG 52-34  50 12.5 5.3 18.9 (RAP) 

5234LL** PG 52-34  50 12.5 5.3 28.3 (RAP) 
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Table 20 (Continued) 

Mixture ID  

Virgin  

Binder  

Grade  

Design 

Gyration  

Levels  

NMAS 

(mm)  

Total  

Binder  

Content (%)  

Recycled 

Binder 

Content (%)  

5834LM  PG 58-34  50 12.5 5.4 
18.5 

(RAP+RAS) 

5828SM  PG 58-28  50 9.5 5.9 16.9 

5828LM** PG 58-28  50 12.5 5.3 18.9 (RAP) 

5828LL**  PG 58-28  75 12.5 5.3 28.3 (RAP) 

6428SV  PG 64-28  75 9.5 6.4 0 

6428SM  PG 64-28  75 9.5 6.3 
18.5 

(RAP+RAS) 

6428LM  PG 64-28  75 12.5 5.8 
18.5 

(RAP+RAS) 

7034LV  PG 70-34  75 12.5 5.8 0 

7628SM  PG 76-28  75 9.5 6.1 14.8 

**Field cores available 
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The SCB test in the NHDOT study was conducted at 25°C and at a loading rate of  50 

mm/min. Figure 40 shows the results of the recovered binder G-R plotted against the 

flexibility index from the NHDOT study. 

 

Figure 40 - Plot of the G-R values versus the flexibility index (after Sias et al. 2019) 

5.5 Verification of the G-R Selection Limit 

Table 21 shows a summary of the data considered for verification of the proposed selection 

limit of the G-R limit from the four studies in addition to the data obtained in this study. A 

total of 98 data points was included in the validation work. Three NMAS sizes, RAP 

content up to 35% and RAS content up to 20% were included in the analysis. It should be 

mentioned that the Highly Modified Asphalt (HiMA) binder with a PG of 94-22 and 

binders with PGXX-34 where not used in the validation analysis. Short-term aged (2 hrs at 

compaction temperature), long-term aged, as well as field aged data were used to provide 

a wide range of flexibility index and G-R values.  
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Table 21 – Summary of all studies included in the validation study 

Study 

I-FIT test 

conditions 
NMAS 

(mm) 

Virgin 

Binder PG 

Recycle Content Aging Level 

No. of 

Data 

Points 

Test 

Temp. 

(C ) 

Loading 

Rate 
RAP% RAS% Lab Aging 

Field 

Data 
 

Alsalihi 25 
50 
mm/min 

12.5 
PG 52-28 
PG 58-28 
PG 64-22 

15-30 - STA - 20 

WHRP 15 

0.5 
mm/min 
(Equiv. to 
25 C 8.5 
mm/min) 

9.5 
12.5 
19 

PG 58-28 
PG 64-22 

0-26 0-18 
STA 
120 hr at 85°C 

- 42 

ALF 25 
50 
mm/min 

12.5 
PG 58-28 
PG 64-22 

0-40 0-20 STA - 9 

NCAT 25 
50 
mm/min 

12.5 
PG 58-28 
PG 67-22 

20-35 0-5 
STA 
8 hr at 135°C 
120 hr at 95°C 

2, 3, 4 
years 

16 

NHDOT 25 
50 
mm/min 

9.5 
12.5 

PG 58-28 
PG 64-28 

0-28.3 0-11 

STA 
24 hr at 135°C 
120 hr at 95°C 
288 hr at 95°C 

4 years 11 
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Figure 41 shows the overall data from all 5 studies plotted together. Using a power law to 

fit the data, R2 value of 0.63 is obtained. This is a very good overall correlation considering 

the wide range of data source, binders, aggregate sources and gradations, RAP and RAS 

sources and contents, as well as laboratory and field data. In fact, without inclusion of the 

NHDOT results that is shifted to the right of all of the other results, the R2 reaches 0.74. 

The reason behind this shift could not be determined from analysis of the available data 

from that project. Based on the power-law relation, and as can be seen from the results, the 

flexibility index shows a very significant drop in the early aging stage (low G-R values). 

The reduction in the FI becomes slower as the binders become very aged (high G-R values). 

 

Figure 41 - plot of the G-R parameter with the FI values from all five studies (after 

Bonaquist et al. 2017, Chen et al. 2020, Bennert et al. 2019, Sias et al. 2019). 
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5.5.1 Data Range 

Given the different aging levels from the five studies (including this one), different parts 

of the G-R – FI curve could be constructed. Data from the NCAT and NHDOT studies 

contribute mainly to the lower end (highly aged binder) of the curve, while the WHRP and 

FHWA-ALF cover the middle part of the curve. The data from this study provides an 

insight to the upper end of the curve (low G-R/high FI region) that is not covered in other 

studies in the literature. The range of the flexibility index values is from 24.7 on the upper 

end to 0.1 on the lower end. Also, the G-R range is from 553 (Pa) to 4111111 (Pa). 

5.5.2 Power Law G-R – FI Relation 

To better understand the nature of the relation between the Glover-Rowe parameter and the 

flexibility index, it’s important to first discuss aging in asphalt binder and the physio-

chemical changes that take place during oxidate aging, and second discuss the origin of the 

G-R parameter and it’s relation to the mechanical properties measured in the SCB test. 

5.5.2.1 Why does Viscosity Change with Oxidative Aging? 

Asphalt aging has been long associated with an increase in the asphaltene fraction that in 

turn causes an increase in viscosity (Lin 1995, Lin et al. 1995, Lin et al. 1998, Glover et al. 

2009). This increase in viscosity has been shown to be related to the formation of the 

Carbonyl functional group (Lau et al. 1992, Petersen et al. 1993). The rate of the increase 

in viscosity as a function of asphaltene and the carbonyl group can be expressed as follows 

in Equation ((31)) (Glover et al. 2009): 

𝑟𝜂 =  𝜕𝑙𝑛𝜂𝜕𝑡 =  𝜕𝑙𝑛𝜂𝜕𝐴𝑆  ∙  𝜕𝐴𝑆𝜕𝐶𝐴 ∙ 𝜕𝐶𝐴𝜕𝑡  (31) 
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Where 
𝜕𝑙𝑛𝜂𝜕𝐴𝑆  represents the influence of asphaltene on the increase in viscosity, 

𝜕𝐴𝑆𝜕𝐶𝐴 is the 

extent to which the increase in the carbonyl group increases the asphaltene fraction, and 

𝜕𝐶𝐴𝜕𝑡  is the rate of carbonyl formation. 

The carbonyl functional group, as measured by infrared absorption, is made largely from 

the ketone functional group that is formed due to the oxidation of benzyl carbons inside 

chains connected to highly condensed aromatic ring systems. The formation of the ketone 

group changes the polarity and solubility of the aromatic ring systems, which in turn 

agglomerate and become part of the asphaltene fraction (Dorrence et al. 1974, Petersen & 

Harnsberger 1998). The increase in viscosity with aging follows a very similar path to that 

of the increase in the ketones and sulfoxide groups with aging as seen in Figure 42 

(Petersen, & Glaser 2011). 

 

Figure 42 – Change in ketones, sulfoxides, and viscosity with aging (after Petersen, 

& Glaser 2011). 
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5.5.2.2 How does Viscosity Change with Oxidative Aging? 

Figure 42 also shows the two distinct stages of change in viscosity asphalt oxidative aging, 

which are the fast reaction period and the constant reaction period. Equation (32) (Glover 

et al. 2009) describes the change in asphalt viscosity in the different reaction periods: 

𝑙𝑛 𝜂𝑡 = 𝑙𝑛 𝜂𝑜 + ∆(𝑙𝑛 𝜂𝑜𝑡) + ∆(𝑙𝑛 𝜂𝑗) +  𝑟𝜂 ∙ 𝑡  (32) 

 

Where ηt is the viscosity at any time, ηo is the original asphalt viscosity, ∆(𝑙𝑛 𝜂𝑜𝑡) is the 

change in the viscosity that takes place during the plant mixing process (simulated by oven 

test), ∆(𝑙𝑛 𝜂𝑗) is the change in viscosity in the fast reaction period, and 𝑟𝜂 is the constant 

rate of viscosity change that occurs in the constant reaction period.  

In the fast reaction period, oxygen reacts with highly reactive hydrocarbons (argued to be 

perhydroaromatics) to produce a hydroperoxide. It is this reaction that is responsible for 

the fast rate change in the 1st period. In the constant reaction period, oxidation of benzyl 

carbon molecules in the polar aromatics fraction takes place. The hydrogen attached to the 

benzyl carbon is removed and a free radical is created. The free radical then reacts with 

atmospheric oxygen that results in the creation of a hydroperoxide that decomposes 

through different routes that are a function of asphalt binder source-dependent and 

environmental factors such as sulfur content, molecular mobility, temperature and oxygen 

availability (Petersen & Glaser 2011). 
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5.5.2.3 G-R Parameter Relation to Aging 

The G-R parameter was developed as a reinterpretation of the DSR Function (G’/(η’/G’) 

originally developed by Glover in 2005.  The derivation of the G-R parameter can be made 

as follows (Rowe et al. 2014) in Equations (33)-(36) : 

 

Given that    𝜂 = 𝐺"𝜔  (33) 

and      𝑡𝑎𝑛 𝛿 = 𝐺"𝐺′ (34) 

𝜂′𝐺′ =  1𝜔 𝐺"𝐺′ = 𝑡𝑎𝑛 𝛿𝜔    

Therefore  
𝐺′(𝜂′𝐺′)   or   

𝐺′𝑡𝑎𝑛 𝛿𝜔  =  𝐺′𝜔𝑡𝑎𝑛 𝛿  (35) 

Substituting G’ with G* cos 𝛿 , and 𝑡𝑎𝑛 𝛿 with sin 𝛿/cos 𝛿, we obtain: 

𝐺 − 𝑅 = 𝐺∗(cos 𝛿)2 × 𝜔𝑠𝑖𝑛 𝛿 = 𝐺∗(cos 𝛿)2𝑠𝑖𝑛 𝛿   (36) 

Given that 𝜔 has a fixed value of 0.005 rad/sec, it can be considered as a parameter of 

significance leading to the known form of the G-R parameter.  

As evident from the derivation, the G-R parameter is simple reinterpretation of the DSR 

function. However, G-R parameter has the important advantage of being expressed in terms 

of G* and the phase angle 𝛿. Further, the G-R parameter is directly related to changes in 

the viscosity with aging. 
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Glover et al 2005 tested several asphalt binders at different aging levels using, among other 

methods, an environmental room at 60oC for up to 22 months. The DSR function was 

measured after each aging interval. Results from the aging of few of these binders are 

shown in Figure 43. The increase in the Log DSR function with aging is best captured by 

a power law. This increase also captures the change in viscosity of the binders that takes 

place with aging. 

 

Figure 43 – Change in the DSR Function with aging (after Glover et al. 2005) 

Figure 44 (a) shows the relation between the measured binder ductility and DSR function 

for the Strategic Highway Research Program (SHRP) asphalt binders on a Log-Log scale. 

A very similar relation is seen in Figure 44 (b) between the G-R parameter and the 

flexibility index of the mixtures included in the validation study. While no assumption is 

made about the ductility being the only factor controlling the flexible index of the mixtures, 

nevertheless, the results in Figure 44 suggest that there is logical relation between the 
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ductility of the asphalt binders and the flexibility index of the mixtures, and both are 

captured by the change in the G-R parameter (or DSR Function) with aging.  

 

                                   (a)                                                                    (b)         

Figure 44 – (a) Relation between DSR function and ductility (after Glover et al. 

2005), (b) relation between G-R parameter and FI 

Moreover, the flexibility index is a function of the fracture energy and post peak slope. 

Examination of the changes of these two parameters with aging (higher G-R) also helps in 

identifying the cause for the power-law nature of the relationship between G-R and FI 

parameters. Figure 45 shows the change in FE and m for the mixtures produced in this 

study. For the same change in the G-R parameter, the post peak slope shows a growth rate 

of 4 times that of the fracture energy.  
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                                  (a)                                                                    (b)         

Figure 45 - Change in flexibility index parameters with change in G-R parameter. 

(a) post peak slope, (b) fracture energy. 

The post-peak slope is a function of how brittle or ductile the failure behavior is. In other 

words, the post peak slope is a function of the crack growth rate. The more brittle the 

material (more aged binder) the faster the crack propagation in the SCB specimen as 

captured by the post peak slope. AL-Qadi et al 2015 showed through experimental 

observations with the use of digital image correlation (DIC) system that the measure crack 

propagation velocity as a surrogate for crack growth rate that the velocity increases non-

linearly (i.e. acceleration of crack growth) for more brittle asphalt mixtures (See Figure 

46) Rearranging Equation 4 (see Chapter 2) the relation between crack growth and post 

peak slope becomes more clear: 

ά = |𝑚|𝐺𝑓 (𝐾𝐼)𝑛/2 (37) 
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Where KI is the stress intensity factor, which is related to the geometry and loading which 

can be assumed to be constant for the SCB–geometry, and n is a material and geometry 

factor. 

 

Figure 46 - Correlation between normalized FI and approximate crack velocity 

(after AL-Qadi et al. 2015). 

5.5.3 Refining the Limit for G-R Parameter  

Based on the combined results for all five studies in Figure 41, and with the use of the 

flexibility limit of 8 from Illinois department of transportation as a minimum acceptable 

cracking resistance indicator, the proposed maximum limit for the G-R parameter can be 

refined to (15100 Pa). The original limit based on the results from this study were more 

conservative (11400 Pa), however, they were developed with 20% of the total data utilized 

in the validation study. 
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In this study, the impact of WMA-RAP mixture production factors on the effective binder 

properties was investigated and a strong dependence of the effective binder properties on 

these mix-design variables was established with evidence form the statistical analysis. 

Further, the relation between effective binder properties and mixture rutting and cracking 

performance was examined and limits for the G-R parameter were proposed based on the 

observation made in this study and in the validation data. Also, based on the physio-

chemical changes that take place in asphalt binders during aging, a phenomenological 

explanation for the nature of the relation between the G-R parameter and the flexibility 

index was provided.  

The conclusions reached in this study, although logical and based on scientifically sound 

grounds, they provide an empirical limit for binder selection to achieve target mixture 

performance. Further, no assumption is made about the cracking performance of WMA-

RAP mixtures (as measured by the FI) being controlled solely by the G-R parameter or 

even the binder properties alone. It is well known that the cracking resistance differs 

between different mixtures. it is also known that several other factors have a great 

contribution to the cracking performance pavements in the field such as layer thickness, 

climate, traffic level...etc. However, the results of this study show that for a given mix-

design, the effective binder properties are a major factor controlling the cracking resistance 

in asphaltic mixtures, and that they can be used with a reasonable amount of certainty to 

estimate cracking and rutting performance in asphaltic mixtures. 
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 CHAPTER 6: GUIDELINES FOR IMPLEMENTATION 

IN ASPHALT MIX-DESGIN 

In this chapter, preliminary guidelines are proposed for the utilization of the findings of 

this study in the mix-design process. The proposed guidelines are divided into two sections. 

The first is on the implementation of a binder selection test, based on the results of this 

study, during the mix-design process. The second is on recommendations for utilizing the 

findings of this study for quality control purposes in the plant production phase (i.e. post 

mix-design approval). 

6.1 Mix-Design Phase 

In this section, guidelines for the implementation of a binder selection test, based on the 

results of this study, during the mix-design process is presented. i.e. in the pre-approval 

stage of the final mix-design. The proposed selection test is aimed to be used within the 

framework of the Balanced Mix Design (BMD). A brief introduction of the BMD 

framework is presented first, followed by a review of the results of this study from the 

prospective of the balanced mix design. The section is concluded with the presentation of 

a strategy for the incorporation of the asphalt binder selection test into the BMD structure. 

6.1.1 Balance Mix Design 

The Federal Highway Administration (FHWA) Expert Task Group (ETG) on Mixtures and 

Construction formed a Balanced Mix Design (BMD) Task Force that defined balanced mix 

design as “asphalt mix design using performance tests on appropriately conditioned 

specimens that address multiple modes of distress taking into consideration mix aging, 
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traffic, climate and location within the pavement structure” (West et al. 2018). The BMD 

is essentially an approach to asphalt mix design that attempts to create a balance between 

the cracking performance and rutting performance of an asphalt mixture. This is achieved 

by changing the binder content in the mixtures. Increasing the binder content is known to 

make a mixture more prone to rutting and less prone to cracking, while decreasing the 

binder content improves rutting resistance but reduces cracking resistance. And it is the 

task of the mix designer to select a binder content that creates a balance between the ability 

of the mixtures to resist these two distress types. Figure 47 shows a schematic of the three 

common approaches for designing asphalt mixtures under the BMD method (NCAT 2019):  

- Method-1 includes selecting an aggregate structure and finding the optimum binder 

content (OBC) that achieves volumetric requirements (i. e. 4% air at Ndesign). This 

is what is referred to as the “design binder content”. Once volumetric requirements 

are passed, performance testing and moisture resistance testing would be 

conducted.  

- In Mothod-2, the aggregate structure is selected and only an initial binder content 

is determined without verification through rigorous production of several la-

produced mixture samples to determine the design binder content. Performance 

testing for rutting and cracking is made based on the initial binder content. Only if 

the performance tests are passed, the volumetric analysis are verified again. 

Otherwise, the binder content is adjusted or the mix-design itself is altered. 

- Method-3 bypasses the volumetric analysis and starts directly with performance 

testing at few different binder contents. The binder content that results in passing 

both rutting and cracking tests is used as the design binder content. A volumetric 
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analysis is conducted afterward, not to change the binder content again, but to only 

report the volumetric properties at the design binder content that was determined 

solely based on performance testing.  

 

Figure 47 - The three main approaches of the performance engineered mix design 

(adopted from NCAT (2019)) 

NCHRP project 20-07 on the balanced mix design included a survey of the states that use 

the different approaches of the BMD. Figure 48 shows the responses of the states to the 

survey. Five states reported using Method-1 of the BMD, while only California reported 

the use of Method-2. No other state reported the use of Method-3. 20 states (marked in 

orange) reported the incorporation of some performance test in the mix design; however, 

none follow the definition of a BMD as determined by the FHWA ETG BMD task force.  
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Figure 48 - Survey of States using the balanced mix design approaches (Adopted 

from West et al. 2018) 

6.1.2 Effective Binder - Performance Relation from Prospective of the BMD  

Figure 49 shows the combined results of the recovered binder testing on the x-axis the 

flexibility index on the left y-axis, and the IDT-HT strength on the right y-axis. Combining 

the results for both cracking and rutting performance with effective binder properties leads 

to obtaining a “balanced” mixture performance zone. Mixtures that fall to the right of this 

zone would be too strong (high IDT-HT strength) but also too stiff (low flexibility index) 

that would be prone to cracking. On the other hand, mixtures that fall to the left of this zone 

would be very soft (high flexibility index) but also very weak (low IDT-HT strength). For 

a given mix-design (meaning at optimum binder content), the use of the effective binder 

properties as a “selection tool” based on the limits for the G-R parameter (4000 Pa to 11400 

Pa) ensures the production of WMA-RAP mixtures that are balanced in cracking and 

rutting performance.  
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Figure 49 - Combined plot of the recovered binder and mixture cracking and 

rutting results. 

The addition of this selection tool will not add any additional work to the mix-design 

process; however, it will add a great value when used in conjunction with the currently 

proposed BMD framework. While the concept of designing asphalt mixtures through 

control of the asphalt “content” gives control of the targeted level of mixture performance 

based on “quantity” of the asphalt in the mixture, the addition of the G-R selection process 

adds more control of the mixture performance through controlling the “quality” of the 

asphalt binder used in it. Thus, the two approaches can be used together to ensure that the 

produced mx-designs have the right quantity and quality of asphalt binder.  

For example, the use of the relation in the illustrative schematic in Figure 50 allows the 

mix-designer to know that 5.0% asphalt content (AC) is too low for adequate cracking 

resistance, while 6.0% AC is too high to prevent rutting. This leads the designer to the 
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selection of 5.5% AC to balance the rutting and cracking performance of the produced 

mixture. However, this relation does not directly address the quality that 5.5% AC. In other 

words, if 15% of that 5.5% AC is RAP binder versus if 50% of it is RAP binder, the mixture 

will not perform the same way. Therefore, the use of the relation in Figure 49 is of 

importance, because it fine-tunes the mix-design based on the quality of the asphalt binder 

incorporated in the mixture. Further, due to the direct influence of the production factors 

such as RAP content and binder grade on the effective binder properties, the relation in 

Figure 49 will also allow the mix-designer to make engineered adjustments to the amount 

of RAP to be incorporated, the binder grade to be used, or the mixing/compaction 

temperature at which the mixture is produced.  

 

Figure 50 - Schematic of the balanced mix design based on asphalt binder content 

(adopted from West 2018) 
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6.1.3 Incorporation of a Binder Selection Test into the BMD Framework 

Based on results of this study, and to shows how the effective binder-mixture performance 

relationship can be employed in enhancing the process of WMA-RAP mix design, an 

additional “step” is proposed to be incorporated in the BMD framework. The goal of 

implementing the binder selection is not add work to an already demanding mix-design 

process. Rather, the implementation would help reduce the time and effort that goes into 

the mixture testing step in any of the three approaches of the balanced mix design. The 

mixture performance tests require materials, time, and effort, and if they yield 

unsatisfactory results, then the mix proportions and/or binder content have to be 

redesigned. This is another part of the mix design that is both labor intensive and time 

consuming, which is undesired in a production line. 

The aim is to be foresee failure potential in the mixture performance test without spending 

the resources. This is done through a selection test of the effective binder (RAP + Virgin) 

that would be incorporated in the asphalt mixture at the optimum binder content that is 

determined in the “Volumetric analysis” step. If the selection test shows that the effective 

binder property (for example G-R) is in the acceptable range determined based on the 

results of this study (and verified by round robins and field validation), then specimens for 

performance testing are prepared, and performance tests are conducted. However, if the 

selection test shows that the current proportions of RAP/virgin binder, or the binder grade 

and mixing temperatures will not yield acceptable performance, then necessary changes 

are made to the production factors and the selection test is repeated until satisfactory results 

are obtained. Figure 51 (a and b) shows an illustrative schematic of the proposed future 

additions to the BMD framework. The “orange” colored parts of the flowchart are the parts 
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that are changed or added to the existing framework as presented in (NCAT 2019), while 

the “gray” parts remain unchanged in the original framework. 

Given that the results of this study are preliminary and require an extensive study to further 

validate and refine the applicability and limits proposed for the selection test, it is proposed 

that the implementation of such a selection test in the future follow two phases. In phase I 

(Figure 51 (a)) after passing the selection test on the binder, mixture performance tests are 

conducted. If the performance tests are not passed, then the necessary adjustments on the 

mix proportions and/or binder content are made, and the selection test is repeated based on 

the new adjustments. In phase II, and after field validation of the accuracy of the selection 

test in correctly predicting good and bad performing mixture, the lab-based mixture 

performance step can be used for verification purposes only.  
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                         (a)                                                                (b) 

Figure 51 - Proposed additions to the BMD framework. (a) phase I, (b) phase II. 

The goal of this proposal for implementation of a binder selection test is not to provide a 

better alternative to the BMD, rather, it is aimed at utilizing such a tool withing the 

framework of the current BMD method.  
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6.2 Plant Production Phase 

In this section, recommendations are made for utilizing the findings of this study in the 

mixture production phase for quality control purposes. As shown in the previous chapters, 

this study connects WMA-RAP mixture production variables in asphalt plants to key 

cracking and rutting performance indicators. the connection can be employed in the 

production line to monitor changes in the raw materials used in WMA-RAP mixture 

production and help predict the resulting mixture performance. To put things in 

prospective, sensitivity of these performance indicators to changes in the production 

variables from a quality control point of view for plant production is presented next. 

Table 22 shows the average percent change in the performance and compaction indicators 

with changes in the production variables. The results show that the RAP content has the 

highest effect on the FI values. The implication of increasing the RAP by only 15% is very 

significant. Keeping the other factors fixed, it results in an average 47% decrease in the 

cracking resistance of the mixtures. Assuming a linear relationship between the production 

variables and the performance indicators, this means that a 1% increase in the RAP content 

leads to a 3% decrease in the flexibility index. 

The average % decrease in the FI due to an increase of 1 PG in the grade of the virgin 

binder used in the mixture is about 23%. This is half the effect of the increase in RAP 

content. Current AASHTO M 323 standards recommend the use of one grade softer binder 

upon incorporation of 15% to 25% RAP, and the use of blending charts for higher 

percentages (>25%). The results of this study show that the change in the RAP content 

from 15% to 30% require, on average, two grade reduction in the virgin binder grade to 
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compensate for the reduction in the cracking resistance due to the increased mixture 

stiffness. 

Table 22 - Percent change in performance and compaction indicators with changes 

in production variables. 

Variable 

Performance Compaction 

% Change 

in FI 

% Change 

in IDT-

HT 

% Change 

in %Va 

% Change in 

%VMA 

Increase in RAP% (from 

15% to 30%) 
-47% 59% 13% -3% 

Increase in Temp. (+30 C) -11% 18% -18% -4% 

Increase in Virgin Binder 

by One PG 
-23% 48% 8% 7% 

Furthermore, increasing mixture production temperatures from WMA temperatures to 

HMA temperatures (+30oC) results in about 11% reduction in the cracking performance of 

the resulting mixture. If the effect of the increased RAP content by only 15% is combined 

with that of producing a mixture at HMA temperature, the resulting loss in the FI can be 

as high as 58%. This shows the importance of quantifying the effect of the different 

production variables to ensure that changes in raw material (RAP & virgin binder ) or in 

production conditions (plant temperatures) can mitigated to maintain the produced 

mixtures at an acceptable performance level.  
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The effect of RAP content and virgin binder grade changes are similar for the IDT-HT 

strength. The IDT-HT Strength show somewhat higher percent change than the FI 

parameter for an increase in the RAP content by 15%. Also, for one grade increase in the 

virgin binder grade, the IDT-HT strength increases twice as much as the flexibility index 

decreases. This gives an idea about the relative gain/loss in cracking and rutting resistance 

for any single change in the production variables. For example, while reducing the 

production temperatures for a mix design from HMA to WMA can help increase the FI by 

11%, the reduction in the rutting resistance is 1.6 time more (18%).  

Table 22 supports the observation made in Chapter 4 on the limitations of a volumetrics-

based mix design alone. While the changes in the RAP content can increase or decrease 

the performance of a mixture by 50% to 60%, its effect on the volumetric properties is very 

little. In fact, all the changes in the compaction indicators are very low in comparison with 

corresponding changes in the mixture performance. 

Expanding the results obtained in this study to large number of mix designs will allow for 

the developing a database that can be utilized for the correct selection of the variable to 

change and amount of change to obtain target adjustments in the performance indicators. 

Use of the effective binder selection test in the mix design process in conjunction with 

utilization of the direct impact of production variables on performance indicators for 

quality control purposes provides a complete system that allows for monitoring WMA-

RAP mixture production from the mix-design phase to the construction phase.  
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 CHAPTER 7: SUMMARY AND CONCLUSIONS 

7.1 Conclusions 

In this study, the effect of mixing and compaction temperatures, RAP content, and binder 

grade on the rheological properties of the effective binder in WMA-RAP mixtures was 

evaluated. Further, the study included investigation of the relation between the effective 

binder rheological properties and the performance of WMA-RAP mixtures.  

A comprehensive experimental program was developed. Two mix-designs, three binder 

grades and RAP sources, two RAP contents, and two production temperatures were 

considered. Cracking performance was evaluated through the Semi-Circular Bend (SCB) 

test. Rutting evaluation was made using the Indirect Tension Test at High Temperatures 

(IDT-HT), and compaction was determined from the volumetric properties in addition to 

the Construction Densification Index (CDI). The study also included a chapter on 

validating the dependency of WMA-RAP mixture performance on the effective binder 

properties. The following conclusion were reached: 

• Production temperatures, RAP content, and binder grade have statistically 

significant effect on the rheological properties of the effective binder in WMA-

RAP mixtures 

• The effective binder properties can be utilized to optimize the rutting, as measured 

by the IDT-HT, and cracking performance, as measured by the flexibility index, of 

WMA-RAP mixtures through calculated changes in the production factors 
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• Mixing/compaction temperatures, RAP content, and RAP source have a significant 

effect on the volumetric properties and compaction of RAP-WMA mixtures.  

• The CDI is a more sensitive volumetric parameter to changes in the production 

factors of WMA-RAP mixtures than the air content at the designed number of 

gyrations.  

• The current practice of reliance on volumetric properties and compaction data in 

accepting mix designs is not enough to ensure that WMA-RAP mixtures perform 

adequately against cracking and rutting distresses in the field. 

• Based on the results from this study and several projects it was found that there is 

a unique relationship between the cracking performance of WMA-RAP mixtures, 

as measured by the flexibility index, and the G-R parameter of the effective binder 

in the mixtures. This relation follows a power law and is a function of the changes 

in viscosity of asphalt binders due to age hardening. 

• This study also included proposal of guidelines for implementing a binder selection 

test during the mix-design process, and utilizing the findings of this study on the 

connection between production variables and mixture performance indicators for 

quality control purposes during plant production. 

• This is study demonstrates the reciprocal relationship between mix design and 

production quality control. The experimental program is designed to highlight the 

effect of material selection for a mix-design to perform well. It also quantifies the 

effect of variation in production on meeting (or not) the target performance.  
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7.2 Contribution to the Knowledge Base: 

- This study showed how the effective binder properties control the relationship 

between mix-design variables and performance of WMA-RAP mixtures. This was 

achieved through the systematic and comprehensive evaluation of the effect of mix-

design variables (production factors) on different performance indicators of WMA-

RAP mixtures. 

- This study included the development of a guideline for the use of the G-R parameter 

as a selection tool for acceptance/rejection of asphalt binders in the process of a 

performance-based WMA-RAP mix-design. 

- Also, due to the inclusion of different levels of asphalt binder grade, RAP content 

and source, and production temperatures, this study presented an empirical relation 

for estimation of the G-R parameter from mix-design variables. 

- This study also presented an approximate method for calculating the effective 

binder rheological properties from the properties of the virgin binder and RAP 

binder to be used in a mix design, without the need for production of mixture 

specimens and the use of chemical extraction and recovery. 

7.3 Recommendations for Future Studies 

- This study did not investigate the effect of rejuvenators and adjustments of the 

WMA additive dosages in the WMA-RAP mixtures. a study that includes one or 

both variables in the production of the mixtures is needed to clearly define the role 

of the WMA additive and rejuvenator dosage on the properties of the effective 

binder. 
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- This study was focused on evaluation of mixtures produced with neat binders (i.e. 

not polymer modified). A study that expands on testing of polymer modified 

binders is needed to test applicability of the findings from this study for polymer 

modified WMA-RAP mixtures. 

- A field study is needed to evaluate the ability of the IDT-HT test in capturing the 

rutting performance of pavements in the field. Unfortunately, not many studies 

have been conducted using the IDT-HT in rutting characterization of field 

projects.   
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