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Abstract 

 

 

With the increasing emphasis on sustainability within the asphalt industry, the 

adoption of Recycled Asphalt Materials (RAM) in asphalt mixtures is on the rise. 

Incorporating RAM into the mixtures offers several advantages, including savings in raw 

materials, cost reduction, decreased energy consumption, and reduced greenhouse gas 

emissions. Even a mere one percent increase in Reclaimed Asphalt Pavement (RAP) in new 

asphalt mixtures nationwide could lead to a reduction of 0.14 million metric tons (MMT) of 

CO2e emissions annually, equivalent to the emissions of 30,000 passenger vehicles (Shacat et 

al., 2022). Particularly, the National Asphalt Pavement Association (NAPA) has announced 

an initiative to achieve net zero carbon emissions by 2050, thereby paving the way for 

increase RAM utilization in asphalt mixtures. However, RAP, being reclaimed from 

pavements that have undergone extensive aging and loading during their design life, often 

renders the binder too stiff for reuse without mitigation strategies. The primary challenge 

associated with incorporating high stiff binder in mixtures lies in the loss of flexibility, 

making the mixture brittle and prone to initial cracking issues. To address these challenges, 

various mitigation strategies are available in the market, which not only tackle cracking 

problems but also enhance the overall lifecycle performance and durability of mixtures. 

Nonetheless, asphalt contractors encounter a major hurdle due to the absence of 

comprehensive guidelines or standards governing the use of these strategies. Limited studies 

have been conducted to evaluate different strategies for improving performance on the same 

mixture, thereby assessing the effectiveness of these strategies based on various factors such 

as RAM content, quality and quantity of RAM binder, properties of virgin aggregates and 

virgin binder. This study aims to investigate various mitigation strategies for enhancing the 

cracking performance of asphalt mixtures with high recycled binder ratios (RBR). Different 

aggregates and binders were sourced from two climatic zones, namely south and north. The 

south-moisture resistant (SR) mixtures were designed with typical low 0.16 and high 0.29 

RBRs with RAP, while the north having two mixture types i.e., north-moisture resistant (NR) 

mixtures included 0.21 and 0.37 RBRs with RAP and 0.44 RBR with RAP/RAS and north-

susceptible (NS) mixtures with typical 0.20 and high 0.29 RBR mixes. The mitigation 

strategies evaluated included the use of softer binder, different binder sources with higher 

∆Tc, recycling agent (RA), reduced recycled binder availability (RBA), polymer-modified 
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asphalt (PMA), and hybrid approaches including softer binder + RBA and PMA+RBA. The 

Indirect Tensile Asphalt Cracking Test (IDEAL-CT) and Disc-shaped Compact Tension 

(DCT) test were conducted to evaluate intermediate-temperature and low-temperature 

cracking performance, respectively. In addition to the cracking tolerance index (CTIndex), an 

IDEAL-CT interaction diagram analysis was incorporated to further know the effect of test 

result variables on cracking performance. Utilizing the results from cracking tests, mixtures 

meeting defined thresholds were selected for further analysis through pavement performance 

modeling. FlexPAVETM was employed for this modeling, with inputs derived from Dynamic 

Modulus (E*) and Cyclic Fatigue (CF) tests. The findings indicate that while no single 

strategy proves universally effective for all RBR mixtures tested, RA, RBA, softer binder, or 

their combinations demonstrate satisfactory cracking performance depending upon factors 

such as RAP binder stiffness and quantity, RA dosage, climatic zone, and RBA. 
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Chapter 1 Introduction 

 

 

1.1 Background 

 

The incorporation of recycled materials in asphalt mixtures has been of top interest in 

the asphalt industry over the past few decades. This practice yields numerous environmental, 

economic, and engineering benefits. Moreover, NAPA announced its vision of achieving net 

zero carbon emissions during asphalt production and construction by 2050. Reclaimed 

asphalt pavement (RAP) and recycled asphalt shingles (RAS) are among the most commonly 

used recycled materials in new pavement construction and rehabilitation. According to the 

National Asphalt Pavement Association (NAPA), in 2021, approximately 94.6 million tons of 

RAP and 0.6 million tons of RAS were reused in about 432 million tons of asphalt mixture 

produced (Williams et al., 2020). These recycled materials not only saved approximately $3.5 

billion in material costs but also conserved about 62 million cubic yards of landfill space 

(Williams et al., 2020). In 2019, 27 kg CO2e emissions were avoided by using every ton of 

RAP in new asphalt mixtures (Shacat et al., 2022). 

Despite the potential benefits of using recycled asphalt materials (RAM) in asphalt 

mixtures, there are significant concerns among state Departments of Transportation (DOTs) 

regarding their use due to lack of guidance, limited research, and inconsistent specifications. 

One major concern is that higher recycled material content alters binder properties, resulting 

in a stiffer and more brittle mixture, which is certainly more prone to cracking (Copeland, 

2011). Again, it is not clearly understood how and whether or not RAM perfectly blends with 

the virgin binder to contribute to the mixture volumetric and performance properties. The 

current practices of volumetric mix design do not address these concerns, as it does not 

consider the quality of the blended binder (i.e., virgin and recycled binders), its interaction 

with additives, and the interaction of these factors with the incorporation of higher recycled 

material content. Therefore, various highway agencies currently limit the RAP and RAS 

contents, their associated binder ratios (RAPBR and RASBR), and/or the overall Recycled 

Binder Ratio (RBR) introduced in AASHTO M 323-17. The RBR is defined in Equation 1, 

assuming 100% recycled binder availability. 

 

𝑅𝐵𝑅 = 𝑅𝐴𝑃𝐵𝑅 + 𝑅𝐴𝑆𝐵𝑅 =
𝑃𝑏𝑅𝐴𝑃×𝑃𝑅𝐴𝑃

100×(𝑃𝑏𝑡𝑜𝑡𝑎𝑙)
+

𝑃𝑏𝑅𝐴𝑆×𝑃𝑅𝐴𝑆

100×(𝑃𝑏𝑡𝑜𝑡𝑎𝑙)
                                      (1) 

 

Where, 𝑅𝐴𝑃𝐵𝑅 is Reclaimed Asphalt Pavement (RAP) Binder Ratio, 𝑅𝐴𝑆𝐵𝑅 is 

Reclaimed Asphalt Shingles (RAS) binder ratio, Pbi = binder content of recycled material i or 

total, and Pi = recycled materials content by weight of the mixture (%).  

The allowable limits for incorporating RAP and RAS in asphalt mixtures are set by 

state Departments of Transportation (DOTs). RAS incorporation limits are significantly lower 

than those for RAP due to RAS binders' higher stiffness and the fact that RAS consists only 

of fine aggregates, limiting its use in mixtures. According to Aschenbrener survey in 2018, 

RAS contents were typically limited to between 2% and 5%. For example, the Virginia 

Department of Transportation (VDOT) limits RAS content based on the combination of 
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RAP/RAS in the mixture, allowing a maximum of 2% RAS when a minimum of 20% RAP is 

included and a maximum of 5% RAS when no RAP is included in the mixture 

(Aschenbrener, 2018). To fully utilize the potential benefits of higher recycled materials 

content, it is crucial to properly engineer combinations of virgin materials, recycled materials, 

and additives to ensure durability and resistance to cracking. 

One way to address these issues is through balanced mix design, which targets 

mixture performance rather than specific material properties. This approach automatically 

considers unknown variables such as the blending of RAM and virgin binder and their 

interaction in the mixture. However, it is important to explore the mixture interaction with 

high RAM content if any mitigation strategies are used. Several mitigation strategies can 

potentially offset the effects of stiff, brittle, aged RAP/RAS binder and facilitate their use at 

higher contents without compromising performance. These strategies include utilizing a 

softer binder, recycling agent (RA), polymer-modified asphalt (PMA), reduced recycled 

binder availability (RBA), a different binder source with higher ∆Tc, or a hybrid approach 

combining these strategies (Haddadi et al., 2021, and Mogawer et al., 2016). 

One approach involves adjusting the binder grade to accommodate higher RAP 

contents. Studies have indicated that reducing the high-temperature performance grade (PG) 

by 6 °C for RAP contents of 15-25% can help maintain performance, as per AASHTO M 

323. However, for RAP contents exceeding 25%, a blending chart is recommended but it has 

shown conflicting results regarding the effectiveness of lowering the virgin binder grade, 

potentially due to stiffness variations in RAP binder (McDaniel et al., 2012). Excessive 

reduction in binder grade can lead to rutting issues in the mixture. 

In addition to binder grade adjustments, the binder sources have been recognized as a 

critical factor impacting cracking performance. The ∆Tc parameter, which quantifies the 

difference between low continuous grade temperatures based on stiffness and relaxation 

criteria, has emerged as a useful indicator of binder ductility. Binders with higher ∆Tc values 

exhibit greater ductility and resistance to block cracking, suggesting that using higher ∆Tc 

binders can enhance the performance of high RBR mixtures (Epps Martin et al., 2019). 

Furthermore, the incorporation of a RA has shown promise in mitigating the adverse 

impacts of high RAP and RAS content by Mogawer et al. (2016) and Pasetto et al. (2021). 

RAs help restore the rheological properties of RAP binder by enhancing colloidal structure 

and adjusting chemical composition, particularly the maltenes to asphaltenes ratio (Mogawer 

et al., 2016). 

Considering the actual RBA is crucial for achieving adequate cracking performance. 

Designing with 100% RBA may lead to inadequate cracking performance due to the typically 

lower availability of recycled binder (Epps Martin et al., 2021). The Georgia Department of 

Transportation (GDOT) has recommended adjusting the RBA factor to ensure sufficient 

cracking performance and adding additional virgin binder into the mix. Epps-Martin et al. 

(2021) recommended an RBA factor of 75% for mixtures with high RAP/RAS content based 

on different projects adjusted according to RAP/RAS binder PG grade. 

Moreover, a hybrid strategy combining various approaches has been proposed to 

enhance the durability of high RAP content mixtures. Studies have demonstrated the 

effectiveness of combining softer virgin binders with increased virgin binder content 

(Haddadi et al., 2021). Bonicelli et al. (2017) demonstrated that combinations of RA and 

polymer at different proportions can enhance the overall durability of 40% RAP mixtures. 

Similar findings were also reported by Mogawer et al. (2016) regarding the effectiveness of a 

hybrid approach for high RBR mixtures. 
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In the pursuit of developing durable asphalt mixtures with high RAP percentages, 

comprehensive evaluation and modeling techniques are indispensable. Given the elevated 

RAP content, a thorough assessment of cracking resistance becomes paramount. Laboratory 

performance testing, particularly at intermediate and low temperatures, should be integrated 

into the mix design to ensure the robustness of high RAP content mixtures. Furthermore, to 

comprehensively understand the interaction of these mixtures under real-time weathering and 

traffic loading, pavement performance modeling emerges as a valuable tool. By leveraging 

the properties of all pavement layers, a structural analysis of the entire pavement system can 

be conducted. Asphalt binders endow the mixture with viscoelastic characteristics, 

necessitating modeling approaches that can accurately account for this behaviour. Two 

primary modeling methodologies are commonly employed: continuum damage mechanics 

and fracture mechanics. An example of fracture mechanics-based modeling is Cohesive Zone 

Modeling (CZM), which adeptly simulates crack formation and propagation in both the 

asphalt mixture and pavement structure, accommodating both brittle and ductile failures. On 

the other hand, continuum damage-based modeling, exemplified by software such as 

FlexPAVETM developed by North Carolina State University, offers a 3D layered Finite-

Element Model (FEM) viscoelastic code, employing Layered Viscoelastic Moving-Load 

Analysis (LVEMA) to address moving traffic and material viscoelasticity properties 

efficiently. LVEMA surpasses the limitations of Layered Elastic Analysis (LEA) and provides 

a more accurate representation of pavement behaviour under dynamic loading and 

temperature fluctuations (Kim et al., 2022). FlexPAVETM employs viscoelastic continuum 

damage mechanics to assess the effects of traffic loading and temperature variations on 

asphalt pavement response and distress. Through this modeling framework, spatial contours 

of damage factors within the asphalt layer can be visualized, and an overall percent damage 

evolution curve for a mixture can be derived. This holistic approach facilitates the 

optimization of asphalt mixtures, ensuring longevity and performance under real-world 

conditions. 

Previous studies have examined individual strategies for high RAP/RAS mixtures, but 

none of these assessed all strategies and their combinations on the same mixture. 

Additionally, the assumption of 100% of the recycled binder availability for blending with 

the virgin binder is often inaccurate for highly aged RAP/RAS, as confirmed by Epps-Martin 

et al. (2021). This highlights the need for a comprehensive evaluation of all mitigation 

strategies, taking into account different climatic conditions and RBR ranges, to accurately 

determine the cracking performance of asphalt mixtures with high RAP/RAS contents. 

Currently, there is no standardized AASHTO practice for assessing the component materials, 

their proportions, or their combination in binder blends or mixtures for adding high RAM to 

the mixtures. The existing mix design specifications mainly focus on the quantity of binder in 

the mixture through volumetric requirements. However, as RAM content (and the need for 

additives) increases, the quality of the effective blended binder and its interaction with 

additives must be considered. To develop better performing RAM mixtures, a comprehensive 

evaluation of various strategies through laboratory testing and performance modeling is 

needed. 
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1.2 Scope and Objectives 

 

This study aims to establish effective strategies to enhance the resistance to cracking 

in high RBR asphalt mixtures sourced from diverse climatic regions. To facilitate the study 

objective, firstly, a comprehensive laboratory cracking experiment was conducted to establish 

appropriate strategies for high RBR mixtures. Secondly, several high RBR mixtures, showing 

adequate laboratory cracking properties, were modelled for long-term pavement performance 

by a finite element program, FlexPAVETM. The laboratory evaluation includes asphalt 

mixtures with varying RBRs, tested for resistance to intermediate- and low-temperature 

cracking using the Indirect Tensile Asphalt Cracking Test (IDEAL-CT) and Disc-shaped 

Compact Tension (DCT) tests, respectively. Various mitigation strategies were examined to 

improve the cracking performance of high RBR mixtures, such as utilizing a softer binder, 

employing a different binder source with a higher ∆Tc, implementing a recycling agent (RA), 

reducing recycled binder availability (RBA), using polymer-modified asphalt (PMA), and 

applying hybrid approaches (e.g., combining a softer binder with RBA or using PMA with 

RBA). Pavement performance modeling was conducted considering a conventional flexible 

pavement section with high RBR asphalt mixtures as surface layers. Finally, the study 

established the strategies of high RBR asphalt mixtures based on the key findings from the 

laboratory cracking results and pavement performance modeling. 

 

1.3 Organization of Thesis 

 

This thesis is structured into six chapters, starting with Chapter 1 'Introduction', which 

provides background information on the research, current industry practices, and the 

challenges associated with high RBR mixtures. Chapter 1 also outlines the scope and 

objectives of the research. Chapter 2 presents a comprehensive literature review on the use of 

RAM in asphalt mixtures, the challenges of increased RAM utilization, available mitigation 

strategies, testing methods for assessing cracking performance, and asphalt mixture modeling 

for overall performance evaluation. Chapter 3 details the research outline, experimental 

program, materials, and laboratory testing to facilitate the study. Chapter 4 presents the 

results of the cracking tests conducted in this study, while Chapter 5 presents the results of 

the modeling efforts. Finally, Chapter 6 summarizes the key findings of the study and 

recommendations for future research. 
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Chapter 2 Literature Review 

 

 

2.1 Introduction 

 

This chapter contains a comprehensive literature review regarding current practices of 

RAM use in asphalt mixtures, challenges in incorporating higher content of RAM, and 

various measures and/or strategies to mitigate the durability issues of high RAM asphalt 

mixtures. The use of RAM in asphalt mixtures is gaining momentum, driven by its 

environmental benefits and cost savings. There is a growing interest in increasing the 

percentage of RAM in asphalt mixtures. However, the durability of high RAM asphalt 

mixtures is a big concern in high RAM use in asphalt mixtures. The high stiffness of aged 

RAM can lead to cracking problems in asphalt mixtures. Various mitigation strategies are 

available to address these cracking issues. This literature review begins with providing 

background information on the use of RAM in asphalt mixtures, including its environmental 

and economic benefits. Then it discusses the current state of practice regarding RAM 

incorporation, highlighting the challenges associated with high RBR mixtures. The review 

also covered testing methods for assessing the quality of RAP and the durability of high RBR 

mixtures, as well as strategies for improving the cracking performance of high RBR mixtures. 

It also covered laboratory testing of high RBR mixtures at intermediate and low 

temperatures, as well as different aging protocols available for both short and long-term 

aging. Additionally, the review explored several studies related to performance modeling. By 

synthesizing existing literature and identifying gaps in current knowledge, this review aims to 

provide a comprehensive understanding of the challenges and opportunities associated with 

the use of RAM in asphalt mixtures, offering insights into the need of this study for 

establishing strategies for high RBR mixtures.   

 

2.2 Current Usage of RAM 

 

The integration of RAM into asphalt mixtures offers significant advantages, including 

reductions in virgin aggregate and binder usage. This practice not only conserves natural 

resources but also mitigates emissions and lowers energy consumption during production 

(Hand and Aschenbrener, 2021). By incorporating RAM binder, typically RAP, the need for 

virgin binder diminishes, thereby reducing overall mixture costs. These cost-saving benefits 

have spurred contractors to embrace RAM utilization in asphalt mixtures. 

RAP stands out as the most common form of RAM used in asphalt mixtures, 

experiencing a steady increase in usage from 2009 to 2022, with percentages rising from 

15.6% to 22.2% by weight of the aggregates in the mix (Williams, 2024). Notably, all State 

Departments of Transportation (DOTs) permit some level of RAP usage (Hand and 

Aschenbrener, 2021). Additionally, RAS represents another RAM used in asphalt mixtures. A 

survey by the Federal Highway Administration (FHWA) revealed that RAS usage is restricted 

to an average maximum of 4.1%, with variations ranging from 2% to 5% in practice. This 

restriction is often defined by the RBR, with an average maximum of 0.25 and a range from 

0.15 to 0.50, where mixtures may comprise both RAP and RAS components (Aschenbrener, 

2018). 
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The Nebraska Department of Transportation (NDOT) has demonstrated significant 

utilization of RAP, averaging 39% over the past six years as of 2021, with typical percentages 

ranging from 35 to 50% (Hand and Aschenbrener, 2021). Similarly, Oregon's regulations 

permit a maximum of 5% RAS by weight, with RBR restrictions of 0.20 in wearing courses 

and 0.30 in base courses (Aschenbrener, 2018). 

Despite the numerous benefits, the incorporation of high RAM in asphalt mixtures 

poses challenges to overall durability. While RAM enhances rutting resistance, it may 

compromise cracking resistance performance. Therefore, for optimal performance and 

durability of high RBR mixtures in field, a thorough design needs to be done.  

 

2.3 RAP Workability  

 

The evaluation of RAP quality is essential due to its complex composition, which 

includes aged binder and aggregates. Dongre and Morari (2015) introduced the Dongre 

Workability Test (DWT) specifically for assessing the workability of RAP and asphalt 

mixtures. This test employs a Superpave Gyratory Compactor (SGC) to measure workability 

by applying force to an uncompacted RAP sample heated to the required temperature without 

gyrating and at a constant loading rate of 0.05 mm/s until reaching 700 kPa. Subsequently, 

the stress vs. volumetric strain curve data obtained from the test is analyzed, as shown in 

Figure 2-1. 

The DWT value, calculated as the slope of the SGC applied stress and volumetric 

strain curve at 600 kPa, serves as an indicator of RAP workability. A higher DWT value 

signifies greater workability, suggesting better quality RAP. This selection of 600 kPa is 

based on its representativeness as a compaction level in the SGC (Dongre et al., 2014). 

Research has shown that the DWT value is influenced by various factors, including 

changes in the binder in the asphalt mixture, RAP binder Performance Grade (PG), aggregate 

gradation, and the use of Warm Mix Asphalt (WMA) additives (Dongre and Morari, 2015). 

The DWT effectively distinguishes between these factors, making it a valuable tool for 

assessing RAP quality. Consequently, the DWT can be utilized to test RAP from different 

sources and evaluate its suitability for use in asphalt mixtures (Dongre et al., 2021). 

 

Figure 2-1 SGC Stress vs Volumetric Strain Curve (Dongre et al., 2014).   
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2.4 Durability of high RBR mixtures  

 

Asphalt mixtures are subjected to traffic and various climatic conditions in the field 

over their lifetime, which causes degradation of its quality. This degradation is evident on the 

pavement in the form of different distresses. The most common distresses are rutting, 

cracking, ravelling, and moisture damage. Several factors can affect the durability of a 

mixture, including proper design, quality of construction, materials used in the mix, climatic 

conditions, etc. This study focuses on high RBR asphalt mixtures, which are prone to more 

durability issues due to the aged and stiff binder of RAMs. The durability issues in high RBR 

mixtures are discussed as follows: 

 

2.4.1 Cracking Issues 

 

Cracking poses a significant challenge in asphalt mixtures with high RAP content. 

The stiffness and aged nature of RAP binder contributes to increased stiffness in the overall 

mixture, leading to brittleness and cracking issues as the mixtures age and interact with the 

environment. This phenomenon arises due to three fundamental composition-related 

mechanisms outlined by Petersen (1984): loss of oily components, chemical composition 

changes from reaction with atmospheric oxygen, and molecular structuring leading to 

thixotropic effects (i.e., steric hardening). 

Bahia and Anderson (1995) investigated aging effects on asphalt binders using the 

Pressure Aging Vessel (PAV) aging method, developing a master curve illustrating these 

effects as shown in Figure 2-2. Wang et al. (2020) assessed crack resistance in hot mix 

asphalt (HMA) containing reclaimed SBS-modified asphalt pavement (RAP-SBS) using the 

semi-circular bending (SCB) test. Their findings revealed a decrease in crack resistance with 

increasing RAP-SBS content at medium and low temperatures, despite the application of 

rejuvenating agents (RAs). Additionally, the sensitivity of low-temperature crack resistance 

to freeze-thaw (F-T) cycles increased with higher RAP-SBS content. 

 

 

Figure 2-2 Rheological master curve shifts due to aging (Bahia and Anderson, 1995) 
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Moreover, Yu et al. (2024) emphasized the importance of performance testing, 

especially with high RAP and RAS levels, in asphalt mix design due to potential durability 

issues, particularly fatigue and thermal cracking. They recommended a balanced mixture 

design approach with testing of blended asphalt binders to enhance the long-term 

performance of recycled asphalt mixtures. 

Chen et al. (2020) utilized Linear Amplitude Sweep (LAS) and Binder Yield Energy 

Test (BYET) to measure asphalt binder performance in fatigue. Their results suggested that 

these tests effectively define binders' roles in mixture cracking resistance. Abbas et al. (2021) 

evaluated two laboratory tests, the Illinois Flexibility Index Test (I-FIT) and the Indirect 

Tensile Asphalt Cracking Test (IDEAL-CT), for assessing cracking resistance in asphalt 

mixtures containing RAP. They recommended IDEAL-CT due to its advantages in sample 

preparation and test procedure. The findings from the laboratory indicated that the key factors 

influencing the cracking parameter determined through the IDEAL-CT test are the total 

asphalt content (%), the proportion of RAP, blend absorption (%), and the gradation of 

aggregates as indicated by the percentage passing through a 3/4” sieve (Abbas et al., 2021). 

Furthermore, Saq et al. (2022) conducted tests using the Indirect Tensile Test (IDT) to 

quantify cracking resistance, identifying significant parameters affecting cracking 

performance. Obaid et al. (2019) examined the adhesion characteristics and microstructure of 

binders from distinct RAP sources using atomic force microscopy (AFM), highlighting the 

influence of RAP source on fatigue cracking resistance in asphalt mixtures. Their findings 

emphasized the importance of determining the adhesive qualities of RAP binders and the 

potential for mixes with up to 50% RAP to exhibit sufficient low-temperature cracking 

resistance when paired with appropriate virgin asphalt binders. 

 

2.4.2 Moisture-Damage  

 

The bonding between asphalt binder and aggregate significantly influences how an 

asphalt mixture responds to traffic loads and changes in weather conditions. Moisture-

induced deterioration is a major contributor to various forms of pavement damage (Cho and 

Kim, 2010; Hicks et al., 2003). Traditionally, the ratio of strength or stiffness maintained 

with exposure to moisture compared to that without exposure has been used to assess the 

impact of moisture on mixture durability. However, some performance tests incorporate 

moisture resistance and combination resistance, which can complicate analysis. Various 

methods for conditioning mixtures with moisture have been developed, including vapor 

diffusion, water penetration with or without freeze-thaw cycles, and pressured water 

application. Additionally, assessing asphalt-aggregate bonding can be done separately. 

Moisture damage in any mixture can be evaluated using a loose mixture or testing on 

compacted samples, each with its advantages and disadvantages. Loose mixture testing is 

cost-effective and simplified but may overlook factors like pore pressure, traffic effects, and 

binder-to-binder bond strength. 

Latifi and Goli (2020) investigated moisture damage in WMA containing RAP using 

different laboratory tests. They employed experimental techniques such as Resilient 

Modulus, Indirect Tensile Strength (ITS), Indirect Tensile (IDT) fatigue failure, SCB, and 

Dynamic Creep tests to study how moisture affects the performance of these mixes. Despite 

the presence of aged binder and hydrophilic, moisture-sensitive aggregates, the results 

showed that WMA mixes with RAP performed well in mitigating the effects of moisture. 
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This suggests that incorporating RAP in WMA mixes can help enhance moisture resistance, 

contributing to the overall durability of the pavement (Latif and Goli, 2020). 

 

2.4.3 Rutting 

 

In general, asphalt mixtures containing RAP often exhibit higher stiffness due to the 

presence of aged binder, which helps prevent rutting. However, these mixtures are prone to 

cracking issues, prompting the use of various strategies. These strategies typically involve 

softening the blended binder, which may introduce some rutting concerns. To address this, a 

study conducted by Liao et al. investigated the rutting performance of high RAP mixes 

treated with rejuvenators. The study evaluated the asphalt mixture performance using the 

Hamburg Wheel-Tracking (HWT) test at conditioning temperatures of 44°C and 50°C, 

focusing on resistance to permanent deformation and moisture damage. Highly recycled 

asphalt mixes containing 50% RAP were prepared using a range of bio-based rejuvenators 

and a soft binder, and their performance was compared to a control mix with 20% RAP 

content. Various techniques were employed to analyze the HWT data, including the Rutting 

Resistance Index (RRI), which is calculated based on rut depth and wheel passes during the 

test. The results, depicted in Figure 2-3, showed that rejuvenated high RAP mixes exhibited 

greater rut depth and increased susceptibility to stripping compared to the control mix and the 

50% RAP mix without rejuvenators. Regardless of the type and amount of rejuvenator used, 

significant stripping was observed in both the control and rejuvenated high RAP mixes under 

elevated testing temperatures. Interestingly, the 50% RAP mix demonstrated superior 

performance at both temperature conditions. These findings underscore the importance of 

carefully evaluating the potential negative impacts of rejuvenators or soft binders on the 

rutting resistance and moisture susceptibility of high RAP mixes. It highlights the need for 

cautious selection and application of rejuvenators to ensure the overall performance and 

durability of asphalt mixtures containing RAP (Liao et al., 2023). 

 

Figure 2-3 RRI of different mixes at two testing temperatures (Liao et al., 2023). 
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2.5 Crack Strategies for High RBR mixtures 

 

Researchers and practitioners have been investigating several crack mitigation 

strategies to enhance the cracking resistance of asphalt mixtures containing high RAM 

asphalt mixtures over the years. Some of the key experiences with such these strategies are 

mentioned below: 
 

2.5.1 Utilizing Softer Asphalt Binders  

 

The utilization of RAP in asphalt mixtures has become increasingly common due to 

its potential cost savings and environmental benefits. However, incorporating RAP 

introduces complexities, particularly regarding the performance of the asphalt binder within 

the mixture. While lower levels of RBR, typically below 0.25, may not necessitate 

adjustments to the virgin binder, higher RBR values often require the incorporation of softer 

virgin binders to offset the stiffening effect caused by the aged binder present in RAP 

(Newcomb et al., 2016). 

 

Another method recommended by AASHTO M 323 involves lowering the 

Performance Grade (PG) of the binder by 6°C for mixtures with RAP content in 15-25% 

range. The method suggests using a blending chart for binder grade adjustment for more than 

25% RAP. Studies by McDaniel et al. (2012) and Hajj et al. (2012) have presented 

inconsistent findings regarding the necessity of adjusting binder grade for RAP contents 

exceeding certain thresholds. 

 

Willis et al. (2012) found that the use of a softer virgin binder is effective in 

enhancing the fatigue behaviour of recycled binder blends. Daniel et al. (2010) evaluated 28 

field mixtures containing varying percentages of RAP upto 25%. The study found that the 

high and low-temperature Performance Grades (PGH and PGL) of fully blended extracted 

binders remained relatively same or increased only one grade across various RAP 

percentages. 

 

In Oregon, a comprehensive study by Coleri et al. (2018) quantified the performance 

and cost benefits of employing binder-grade bumping and increased binder content strategies 

in RAP and RAS mixtures. The study showed using a softer binder resulted in an increase in 

flexibility index (Figure 2-4). Their findings suggest that these strategies can effectively 

reduce life-cycle costs, enhance cracking performance, and encourage the adoption of high 

RAP/RAS asphalt mixtures within the state. 
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Figure 2-4 Flexibility Index and flow number (number on each bar) of different mixtures 

tested (Coleri et al., 2018) 

 

In conclusion, while there are various approaches available for optimizing asphalt 

mixtures with RAP, it is imperative to carefully consider factors such as binder selection, 

content, and blending methods to ensure both performance and cost-effectiveness. This 

holistic approach is vital for achieving sustainable and resilient asphalt pavement solutions in 

the long term. 

 

2.5.2 Using different source or higher ΔTc Binder 

 

The source of the virgin binder used in asphalt mixtures containing RAP can 

significantly impact the overall performance of the recycled binders and the resulting 

mixtures. Research conducted as part of the NCHRP project 09-58 shed light on this aspect 

by evaluating the performance of two PG 64-22 virgin binders sourced from different 

suppliers in a field project in Texas (Epps Martin et al. 2019). The evaluation focused on 

assessing the rheological properties and aging resistance of recycled binder blends using the 

Bending Beam Rheometer (BBR). One key parameter studied was the difference between 

critical low continuous grade temperatures based on stiffness and relaxation criteria in BBR 

testing, denoted as ΔTc. Equation 2 represents the ΔTc, a useful parameter to indicate binder 

ductility. 

 ΔTc = Tc,S – Tc,m,                                                   (2) 

Where Tc,S means the critical low temperature grade based on S-value or stiffness 

critical in BBR testing and Tc,m means the critical low temperature grade based on m-value 

or relaxation critical in BBR testing. 
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The findings revealed that recycled binder blends derived from the less m-controlled 

binder, characterized by a less negative ΔTc, exhibited significantly better rheological 

properties and aging resistance compared to those from the more m-controlled binder with a 

more negative ΔTc. In essence, binders with different chemistries displayed varying degrees 

of performance when incorporated into asphalt mixes with high RAP contents. This 

underscores the importance of considering not only the grade but also the source and 

chemistry of the binder when designing asphalt mixtures containing RAP. By selecting 

binders with favourable properties and compatibility with RAP, engineers and practitioners 

can optimize the performance and longevity of recycled asphalt mixtures, thereby enhancing 

sustainability and cost-effectiveness in road construction projects (Epps Martin et al. 2019). 

 

2.5.3 Incorporating Recycling Agents (RA) 

 

Recycling agents are crucial components used in rejuvenating aged asphalt binders in 

RAM with high RAP contents. These agents, whether petroleum-based or bio-based, are 

organic materials selected based on their chemical and physical properties to restore the aged 

asphalt to specified limits, as defined by the Asphalt Institute (1986). 

 

When selecting recycling agents, it's essential to consider not only their capacity to 

reduce viscosity but also their chemical composition. Different mechanisms can reverse the 

detrimental effects of oxidative aging on asphalt binder properties. For instance, some 

recycling agents are more compatible with aromatic fractions in the asphalt binder, reducing 

viscosity and modulus by lowering the viscosity of the solvent phase. Others may have 

affinity for multiple asphalt binder fractions, restoring the original binder properties. 

However, some agents may exhibit low compatibility with various asphalt fractions, leading 

to reduced modulus but also potential colloidal instability and asphaltene precipitation over 

time (Johnson and Hesp, 2014). NAPA conducted a survey in 2018 on the use of recycled 

materials and Warm mix asphalt, Table 2-1 shows different US states using RA as percentage 

of total RAP mixtures as part of survey (Williams et al., 2018). 

 

The performance of recycling agents can impact both high-temperature rutting 

resistance and low-temperature performance. While these agents can soften asphalt binders, 

enhancing flexibility, extended aging can diminish their effectiveness, particularly in bio-

based products. Fatty acids, commonly found in bio-based recycling agents, vary in stability 

based on their degree of unsaturation. Polyunsaturated fatty acids (PUFA) are prone to 

oxidation, leading to degradation of bio-based oils and potentially affecting their rejuvenating 

properties (Kamal-Eldin, 2006). 
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Table 2-1 Percentage of RAP Mixes Using Softer Binder and/or Recycling Agents in Each 

State, (Williams et al., 2018) 

State 

Softer 

Binder 

(%) 

Recycling 
agent (%) 

State 

Softer 

Binder 

(%) 

Recycling 
agent (%) 

State 

Softer 

Binder 

(%) 

Recycling 
agent (%) 

 

Alabama 0 0 Kentucky 22 18 Ohio 33 0  

Alaska * * Louisiana 25 0 Oklahoma 7 0  

American Samoa * * Maine * * Oregon 3 3  

Arizona 11 0 Maryland 19 4 Pennsylvania 13 3  

Arkansas 14 0 Massachusetts 2 0 Puerto Rico NCR NCR  

California 28 8 Michigan 35 0 Rhode Island * *  

Colorado 25 0 Minnesota 28 1 
South 

Carolina 
29 0  

Connecticut 0 0 Mississippi 0 1 South Dakota NCR NCR  

Delaware * * Missouri 35 4 Tennessee 5 2  

Dist. Of 
Columbia 

* * Montana * * Texas 38 8  

Florida 55 12 Nebraska 17 0 
U.S. Virgin 

Isl. 
* *  

Georgia 14 0 Nevada * * Utah 40 12  

Guam NCR NCR New Hampshire 0 0 Vermont * *  

Hawaii 0 0 New Jersey 2 0 Virginia 5 1  

Idaho 79 2 New Mexico 0 0 Washington 19 9  

Illinois 23 3 New York 2 8 West Virginia 0 0  

Indiana 8 8 North Carolina 19 0 Wisconsin 21 3  

Iowa 19 3 North Dakota * * Wyoming * *  

Kansas 68 15 No. Mariana Isl. NCR NCR        

     Average, when used~ 20 4 
 

NCR No companies responding for the state to the survey      
 

* Fewer than 3 companies reporting       
 

~ Includes values from states with fewer than 3 companies reporting     
 

 

Analytical techniques like Gas Chromatograph/Mass Spectrometry (GC/MS) allow 

for the evaluation of recycling agent chemical composition. Studies have shown that the total 

fatty acid content in bio-based agents correlates with their performance, particularly in terms 

of low-temperature properties (Zhou et al., 2018). However, differences in fatty acid types 

and content can directly impact the aging susceptibility and overall stability of bio-based 

recycling agents (Moraes, 2021a). Therefore, achieving a proper balance in the types and 

amounts of fatty acids in recycling agents is essential for producing durable and effective 

rejuvenators. This balance ensures resistance to detrimental physical property changes upon 

oxidative aging, ultimately enhancing the performance and longevity of recycled asphalt 

mixtures (Moraes, 2021a). 

 

 A detailed report by NCHRP (Research report 927) in 2020 was published on 

evaluating the effects of RA on asphalt mixtures with high RAS and RAP binder ratios. The 

report summarized all different RA available in US presented in Table 2-2, and also provide 

detailed effects of RA in asphalt mixture in different aspects.  

Table 2-3 summarizes the effects of RA on intermediate cracking of asphalt mixtures 

captured by previous researchers (Epps Martin et al., 2020).  
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Table 2-2 Recycling agent categories and types (Epps Martin et al., 2020). 

Category Types Description 

Paraffinic oils 

Waste engine oil 

Refined used lubricating oils. 

Waste engine oil 
bottoms 

Valero VP 165® 

Storbit® 

Aromatic extracts 

Hydrolene® 

Refined crude oil products with polar 
aromatic oil components 

Reclamite® 

Cyclogen® 

ValAro 130A® 

Naphthenic oils 
Sonne Warmix RJTM Engineered hydrocarbons for asphalt 

modification Ergon HyPrene® 

Triglycerides and fatty 

acids 

Waste vegetable oil 

Derived from vegetable oils 

Waste vegetable 

grease 

Brown grease 

Oleic acid 

Tall oils 
SylvaroadTM RP1000 Paper industry by-product. Same 

chemical family as liquid antistrip 

agents and emulsifiers Hydrogreen® 

 

Table 2-3 Previous research on the effect of RA on intermediate temperature cracking (Epps 

Martin et al., 2020) 
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2.5.4 Using Polymer Modified Asphalt (PMA)  

 

For years, researchers have explored the benefits of incorporating polymers into 

asphalt binders to address common pavement distress issues like rutting, fatigue cracking, 

and thermal cracking. Studies have consistently shown improvements in the performance of 

mixtures made with PMA. Bahia et al. (2001) conducted tests using the Simple Shear Test 

(SST) and Bending Beam Fatigue device, finding that PMA mixtures exhibited greater 

resistance to permanent deformation and longer fatigue life compared to other binder types. 

Similarly, the Wisconsin Highway Research Program (WHRP) project 14-06 

examined various levels of polymer modification and found that increasing polymer content 

led to improved mixture cracking resistance as measured by tests like the Illinois Flexibility 

Index Test (I-FIT) and the Multiple Stress Creep and Recovery (MSCR) test (Bonaquist 

2016). This finding was further supported by Zhou et al. (2017) in their study using the 

IDEAL-CT. 

Mixtures incorporating polymer-modified binders, such as styrene-butadiene-styrene 

(SBS), have demonstrated excellent performance against rutting and cracking. Laboratory 

evaluations conducted to assess the rutting and cracking performance of RAP mixtures with 

SBS polymer-modified binders as virgin binders utilized tests like the asphalt pavement 

analyzer (APA) and indirect tensile (IDT) test (Kim et al., 2009). These tests showed that 

RAP mixtures with modified binders performed well regardless of the amount of RAP 

materials in the mix. IDT strength of all mixtures is shown in Figure 2-5, strength is similar 

across all the mixtures. 

 

Figure 2-5 IDT strength of all mixtures (Kim et al., 2009) 

Furthermore, research indicates that combining polymers with recycling agents can 

help balance the softening effect of the agents, thereby enhancing the durability of asphalt 

mixtures with high RAP content (Bonicelli et al., 2017). It was observed that asphalt mixtures 

containing plastomeric polymer, with or without recycling agents, exhibited reduced rutting 

potential compared to mixtures without additives. Mixtures without polymer showed the 

lowest resistance to permanent deformation, with those containing only recycling agents 

displaying the highest susceptibility to rutting. This underscores the importance of 
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considering both polymer modification and recycling agents in optimizing asphalt mixture 

performance, particularly in the context of RAP utilization. 

 

2.5.5 Decreased Recycled Binder Availability (RBA) 

 

The durability of asphalt mixtures hinges on both the quantity and quality of the 

binder used. State highway agencies (SHAs) employ various strategies to enhance binder 

quality and increase the volume of effective binder (VBE) in mixtures. A survey by Tran et 

al. (2019) highlighted that 33 SHAs have modified their mix design methods to boost virgin 

binder contents. The top three changes include: (a) reducing design gyration levels, (b) 

raising minimum voids in mineral aggregate (VMA) requirements, and (c) decreasing design 

air voids. 

Other alterations reported in the survey encompass setting minimum total or effective 

asphalt binder content, applying discount factors for recycled asphalt binders or RAM, 

adopting air void regression approaches, stipulating minimum asphalt film thickness, and 

reducing maximum aggregate size (NMAS). Discount factors enable SHAs to account for 

only a portion of the recycled asphalt binder in the mixture. For instance, Georgia DOT limits 

RAP's contribution to the total mixture to 60%, while Illinois DOT and Iowa DOT allow 67% 

and 85% of the RAS asphalt binder, respectively. However, disregarding a portion of the 

recycled asphalt binder doesn't eliminate its presence; it remains in the mixture and may 

influence its cracking properties (Bennert et al., 2014). To overcome the non-available RAM 

binder, the additional virgin binder is needed in the mix which increase the total binder 

content and change the volumetrics.  

 

2.5.6 Hybrid Strategy 

 

A hybrid strategy in asphalt mixtures involves combining two approaches to address 

the challenges posed by highly aged RAP binders. When either the percentage of RAP used is 

too high or the quality of the RAP is subpar, a hybrid strategy becomes necessary. Mogawer 

et al. (2016) explored such a hybrid approach by combining PMA with RA in a mixture 

containing 50% RAP. Their objective was to develop mixtures with high RAP content that 

could match or surpass the performance of an all-virgin-material control mixture. The study 

evaluated the impact of five asphalt rejuvenators on the performance of a 50% RAP surface-

layer mixture in terms of rutting and cracking resistance. Results showed that while the 

rejuvenators initially decreased the rutting resistance of the 50% RAP mixture, the 

incorporation of PMA binders effectively mitigated these negative effects. Furthermore, the 

rejuvenators significantly improved the fatigue cracking resistance of the 50% RAP mixture, 

surpassing even the performance of the all-virgin control mixture and the 50% RAP mixture 

with softer binder alone, as depicted in the accompanying Figure 2-6. Overall, the findings 

suggested that a hybrid approach combining an asphalt rejuvenator with a PMA binder was 

essential to achieve high RAP mixtures with performance levels similar to or better than 

those of conventional mixtures (Mogawer et al., 2016). 
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Figure 2-6 Results for flexure beam fatigue at 500 µɛ stain rate (Mogawer et al., 2016) 

  

2.6 Aging Protocols 

 

2.6.1 Short-Term Oven Aging (STOA) of Asphalt Mixtures 

 

There are numerous studies conducted on STOA of asphalt mixtures since 1960. 

STOA refers to the aging that occur during the production and placement of asphalt mixtures. 

The past studies found a significant aging occurs during this phase (Heithaus and Johnson 

1958; Traxler 1961; Chipperfield and Welch 1967). In addition, these studies also identified 

various factors influencing the short-term aging process, including the source and type of 

binder, aggregate absorption, plant type, production temperature, and storage duration 

(Traxler 1961; Chipperfield and Welch 1967; Lund and Wilson 1984; Topal and Sengoz 

2008; Zhao, Lei, and Yao 2009; Morian et al. 2011; Rashwan and Williams 2011; Mogawer 

et al. 2012; Daniel et al. 2014). Laboratory simulation of short-term aging typically involves 

conditioning loose asphalt mixtures at elevated temperatures to replicate the volatilization, 

oxidation, and binder absorption processes that occur during production and construction. 

The recommended procedure, as specified in AASHTO R 30 (2002), involves two hours of 

conditioning at the compaction temperature (Tc) or for four hours at 135°C for mechanical 

performance testing. However, over the years, alternative short-term oven aging (STOA) 

protocols have been explored to better simulate plant aging and its impact on mixture 

properties. NCHRP report 815, summarize different STOA protocols used in different 

research and shown in Table 2-4 (Newcomb et al. 2019). These studies showed that 

increasing the temperature and/or duration of laboratory STOA leads to more severe asphalt 
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aging and absorption in mixtures. Therefore, concerns have been raised about the accuracy of 

the standard STOA procedure prescribed by AASHTO R 30, as it tends to produce aging 

levels that are more severe than those observed during actual plant production and 

construction. 

 

Table 2-4 List of laboratory STOA Protocols in existing research (Newcomb et al. 2019) 

 

 

NCHRP project 09-49 conducted experiments to evaluate the moisture susceptibility 

of WMA technologies, recommending a laboratory STOA protocol of two hours at 135°C for 

Hot Mix Asphalt (HMA) and two hours at 116°C for WMA to simulate short-term aging 

during production and construction (Epps Martin et al. 2014). This study found that STOA 

significantly increased the stiffness of asphalt mixtures, with temperature having a more 

pronounced effect than duration. Among the evaluated protocols, two hours at 135°C for 

HMA and two hours at the compaction temperature for WMA produced specimens with 

stiffness levels similar to those observed in field cores at construction. Considering the 

challenges in defining the compaction temperature for WMA and the typical temperature 

range for WMA production, the study recommended aging loose mixtures for two hours at 

116°C instead of at the compaction temperature. These protocols were subsequently verified 

in NCHRP project 09-52, based on volumetric and mechanical testing results from various 

asphalt mixtures (Newcomb et al. 2015). 

 

 

2.6.2 Long-Term Aging of Asphalt Mixtures  

 

The aging of asphalt pavements is a critical factor influencing their long-term 

performance and durability. While short-term aging primarily occurs during plant production 

and construction, long-term aging continues throughout the pavement's service life, 

predominantly driven by oxidation mechanisms (Airey, 2003; Kim et al., 2018). To simulate 
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long-term aging in laboratory settings, two main categories of protocols have been 

established: conditioning compacted specimens and conditioning loose mixtures prior to 

compaction (Airey, 2003; Kim et al., 2018). One of the earliest recommended protocols, 

proposed by the NCHRP project 09-6(1), involved conditioning compacted specimens in a 

forced-draft oven at 60°C for 2 days followed by 107°C for 3 days (Von Quintus et al., 1991). 

Subsequently, numerous studies evaluated different compacted specimen aging protocols, 

encompassing various temperature ranges and durations (Bell et al., 1994; Brown and Scholz, 

2000; Morian et al., 2011; Safaei et al., 2014). Notably, the SHRP-A-003A project concluded 

that conditioning specimens at 85°C for 5 days could simulate significant field aging, verified 

by mixture stiffness results (Harrigan et al., 1994; Bell et al., 1994). However, studies such as 

those by Sirin et al. (2018) and Chen et al. (2018) raised concerns about the adequacy of 

standard protocols to simulate long-term field aging accurately, particularly in hot climates. 

Sirin et al. (2018) recommended extending aging durations to better represent field conditions 

in specific climates, while Chen et al. (2018) explored loose mixture aging protocols and 

found comparable impacts on oxidation kinetics. 

Additionally, challenges related to specimen integrity have been identified, 

particularly with compacted specimens, including changes in air voids and geometry, as well 

as aging gradients within specimens (Houston et al., 2005; Reed, 2010; Elwardany et al., 

2017). Further evaluations, such as NCHRP project 09-52, have assessed the accuracy of 

standard protocols across a wide range of asphalt mixtures, highlighting variations in aging 

effects based on climate and material compositions (Newcomb et al., 2015). Findings by 

Islam et al. (2015) and Howard and Doyle (2015) corroborated the suitability of certain 

protocols, while Chen et al. (2020) continued the investigation, considering binder and 

mixture properties. 

Moreover, recent studies, including Chen et al. (2020), emphasized the importance of 

considering mixture-specific characteristics and the susceptibility of certain additives, such as 

SBS polymers, to thermal degradation. 

The NRRA report by Yin et al., (2023) states that the temperature and duration of 

existing aging procedures for asphalt mixtures exhibit considerable variability, ranging from 

85°C to 135°C and from hours to weeks, respectively, depending on the desired level of 

simulated field aging. Among these range of temperatures, two are particularly well-studied: 

loose mix aging at 95°C and 135°C. Loose mix aging at 95°C is widely regarded as more 

accurate for predicting asphalt binder and mixture properties relevant to pavement 

performance. Conversely, loose mix aging at 135°C is favoured for practical purposes in 

mixture performance testing for asphalt mix design and production. In addition to these 

procedures, loose mix aging for 20 hours at temperatures ranging from 100°C to 125°C has 

demonstrated promising results and is considered convenient for laboratory operations. The 

kinetics model developed in the NCHRP project 9-54 holds potential for correlating loose 

mix aging procedures at different temperatures. However, further investigation is necessary to 

validate its accuracy and applicability across asphalt mixtures with diverse components and 

mix design variables (Yin et al., 2023). The report also summarizes existing studies on loose 

mix aging at 95ºC versus 135ºC, presented in Table 2-5. 

In summary, while standard aging protocols provide valuable insights into asphalt 

aging, ongoing research underscores the need for nuanced approaches that consider climate, 
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mixture composition, and specimen integrity to better simulate long-term field conditions and 

ensure accurate assessment of asphalt pavement performance over time. 

 

Table 2-5 Existing studies on loose mix aging at 95ºC versus 135ºC (Yin et al., 2023) 

 

 

2.7 Intermediate-temperature Cracking Tests  

 

This section focuses on intermediate-temperature mixture cracking tests that show 

promise for adoption by State Highway Agencies (SHAs) and the asphalt pavement industry 

to assess cracking properties. Notably, the tests discussed include the IDEAL-CT, the I-FIT, 

the Overlay Test (OT), and the CF test. The IDEAL-CT, I-FIT, OT, and CF tests offer viable 

options for evaluating mixture cracking at intermediate temperatures. However, it is 

important to note that certain other intermediate-temperature cracking tests, such as Bending 

Beam Fatigue (BBF), Louisiana Transportation Research Centre Semi-Circular Bending 

(LTRC-SCB), and Energy Ratio (ER) tests are also there. The IDEAL-CT is the most 

feasible for design and production phases. By focusing on tests with greater potential for 

practical implementation and reliable results, SHAs and industry stakeholders can effectively 
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assess the durability of high RAP asphalt mixtures, facilitating informed decision-making in 

pavement design and maintenance strategies. 

 

The IDEAL-CT test, as specified in ASTM D 8225-19, serves as a laboratory method 

for assessing the intermediate-temperature cracking resistance of asphalt mixtures. This test 

applies a monotonic load along a SGC specimen with a specified air void content at a 

constant displacement rate and temperature. Key parameters, including work of fracture and 

slope of the load-displacement curve, are analyzed to calculate the cracking tolerance index 

(CTIndex), with higher values indicating better cracking resistance. 

Existing literature has demonstrated the IDEAL-CT test's sensitivity to various mix 

design variables such as binder content, grade, RAP content, and use of recycling agents. 

However, a limitation noted is that the CTIndex parameter tends to favor specimens with high 

air voids, which may not align with the desired trend of increased in-place density for 

improved pavement durability. Thus, maintaining a consistent range of specimen air voids is 

crucial when utilizing the IDEAL-CT test for evaluating mixture cracking resistance. Another 

limitation is the test's inability to consistently demonstrate the benefits of PMA, potentially 

due to its single temperature/loading rate combination, which may not adequately capture the 

enhanced binder elasticity provided by elastomeric polymers. Strategies such as adjusting the 

test temperature or loading rate have been suggested to address this limitation, though their 

effectiveness requires further investigation. The NAPA BMD Resource Guide highlights 

several states that have implemented the IDEAL-CT test for bituminous mixture design 

(BMD) purposes, each with its own specific thresholds or criteria, as presented in Table 2-6 

(Yin and West, 2021). While some states require IDEAL-CT testing for mix design approval, 

others use it as an alternative or surrogate cracking test for production acceptance. The aging 

protocols employed for IDEAL-CT testing vary among states, with Wisconsin notably 

incorporating both short-term and long-term aging protocols for comprehensive evaluation. 

Additionally, states such as Georgia and South Carolina have chosen to utilize the IDEAL-

CT test for mix design approval, although results are currently used for informational 

purposes only. 

In summary, although the IDEAL-CT test provides valuable insights into the cracking 

resistance of asphalt mixtures, it is essential to acknowledge and address its limitations. The 

variations in testing protocols among different states must be carefully considered to ensure 

the test's effective implementation and accurate interpretation in pavement design and quality 

assurance procedures. 

Table 2-6 IDEAL-CT Criteria for Mix Design Approval used by State DOTs (Yin and West, 

2021) 

State Mixture Aging Protocol Minimum CTIndex Thresholds or Criteria 

Alabama STOA (4 hours at 135°C) 

55 (< 1 million ESALs) 

83 (1 to 10 million ESALs) 
110 (10 to 30 million ESALs) 

Oklahoma STOA (4 hours at 135°C) 80 

New York STOA (4 hours at 135°C) 100 

Tennessee STOA (4 hours at 135°C) 

50 (state routes with < 10,000 ADT) 

75 (state routes with > 10,000 ADT) 
100 (interstates and controlled access state routes) 

Virginia STOA (4 hours at 135°C) 70 

Wisconsin 
STOA (4 hours at 135°C) plus LTOA (loose 

mixture aging for 6 hours at 135°C) 
30 
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2.8 Low Temperature Cracking Tests  

 

Low temperature or thermal cracking is the predominant form of pavement distress in 

cold climatic zones. The common tests that have been used or proposed as potential tests to 

determine the low-temperature cracking performance of asphalt mixtures are: the DCT test, 

the SCB, the Thermal Stress Restrained Specimen Tensile Strength (TSRST) test, and the OT 

tests. A brief detail of DCT tests and its sensitivity to different mixture and testing parameters 

were discussed in this section. 

  

The DCT test, standardized in ASTM D7313-20, is designed to assess the low-

temperature cracking resistance of asphalt mixtures. Specimens, typically 50 mm thick, are 

prepared with a notch and drilled holes for testing. The test involves pulling the specimen 

apart at a specified rate while measuring crack mouth opening displacement (CMOD) with a 

gage. Fracture energy (Gf) is calculated from the load versus CMOD curve, with the test 

temperature typically set at the low continuous PG grade of the binder plus 10°C. 

Several researchers have explored the sensitivity of the DCT test to asphalt mixture 

composition and mix design parameters. Braham, Buttlar, and Marasteanu (2007) found that 

aggregate type, test temperature, and binder content significantly influenced DCT fracture 

energy. Specifically, granite mixtures exhibited higher fracture energy compared to limestone 

mixtures, and fracture energy increased with higher test temperatures. Additionally, an 

increase in effective binder content, PG spread, and a decrease in RAP content were 

associated with increased fracture energy (Dave et al., 2019). 

Studies have reported the repeatability of the DCT test, with coefficients of variation 

(COV) ranging between 10% and 15%, depending on mixture composition and test 

temperature (Braham, Buttlar, and Marasteanu, 2007). Marasteanu et al. (2012) observed 

typical COVs around 10%, although some mixtures exhibited higher variability. Furthermore, 

fracture energy values obtained from field cores were correlated with observed cracking, 

leading to the establishment of a preliminary fracture energy threshold of 400 J/m2 for the 

DCT test. 

In summary, the DCT test offers valuable insights into asphalt mixture cracking 

resistance, with sensitivity to various mix design parameters. While it demonstrates 

repeatability, careful consideration of mixture composition and test conditions is necessary to 

ensure reliable results and inform pavement design and performance assessment practices. 

 

2.9 Pavement Performance Modeling 

Pavement performance prediction is a crucial aspect of designing pavement 

structures. With the increasing use of RAP, pavement damage and long-term durability are 

highly influenced by mixture quality. RAM content plays a significant role in governing 

mixture durability, as it accelerates degradation due to aging and moisture compared to virgin 

mixtures. However, predicting the effects of RAM on mixture deterioration and subsequent 

impacts on pavement performance is challenging due to the interrelated nature of many 

factors, including mixture components, design proportions, traffic, climatic conditions, and 
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pavement structure. To address this challenge, mechanistic performance prediction models 

were employed, with FlexPAVETM being a commonly used pavement modeling technique. 

FlexPAVETM utilizes a 3D layered Finite-Element Model (FEM) viscoelastic code, 

employing Layered Viscoelastic Moving-Load Analysis (LVEMA) to account for moving 

traffic and material viscoelastic properties. LVEMA is recognized as a more efficient 

alternative to traditional 3D FEM analysis, overcoming the limitations of Layered Elastic 

Analysis (LEA) (Kim et al., 2022). The software employs viscoelastic continuum damage 

mechanics to evaluate the impact of traffic loading and temperature variations on asphalt 

pavement response and distress. Assumptions, such as treating the pavement as an infinite 

layered system with depth variation, considering temperature variation only in terms of 

depth, and assuming cyclic traffic loads with constant tire footprint and speed, help 

streamline the analysis process. The program divides pavement life into stages based on 

seasonal or monthly temperature variations, updating damage values at the end of each stage. 

Output is provided in the form of a percent damage evolution curve, calculated based on 

damage factors within a specified reference cross-section area (Kim et al., 2022). 

FlexPAVETM predictions have been validated in numerous field sections worldwide, 

including those on the NCAT Test Track and MnROAD (Wang et al., 2021). The predicted 

percentage of damage (% damage) at the end of pavement design life serves as an index 

parameter for comparing fatigue performance among different asphalt mixtures. Furthermore, 

the software's ability to generate damage factor distribution contours aids in assessing fatigue 

damage mode, severity, and spatial distribution within the asphalt layer. 

In summary, FlexPAVETM offers a comprehensive tool for predicting pavement 

performance, integrating advanced modeling techniques to inform decision-making in 

pavement design and maintenance strategies. 

 

2.10 Summary  

 

A detailed literature review relevant to high RBR asphalt mixtures, durability 

concerns, and mitigation strategies were discussed in this chapter. Overall, high RBR 

mixtures have been the top of interest in the asphalt industry considering sustainability and 

economic perspectives. Main concern relevant to high RBR mixtures is cracking issues, as 

RAM mixtures becomes largely stiff and brittle and lose ductility. To address these 

challenges, various strategies have been experimented by researchers. However, the lack of a 

comprehensive study guiding the selection of the appropriate strategy for a specific design is 

noted. In addition, simulation using pavement modeling emerges as a valuable tool in 

validating the performance considering traffic and environmental effect. 
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Chapter 3 Materials and Methodology 

 

 

3.1  Introduction 

 

The study is divided into two main sections: (i) a comprehensive laboratory cracking 

evaluation and (ii) pavement performance modeling. This chapter provides a brief description 

of the raw materials, laboratory experimental program, and pavement performance modeling 

to facilitate the study. Regarding materials, the chapter includes aggregate selection, design 

volumetric properties, RAP sources, binder properties, and various additives utilized in this 

study. Since the study aims to develop strategies for cracking resistance improvement for 

high RBR mixtures, it is crucial to consider different climatic zones and sources. A 

comprehensive experimental program was developed to stepwise evaluation of different 

strategies. Various cracking mitigation strategies, such as utilizing a softer binder, recycling 

agent (RA), polymer-modified asphalt (PMA), reduced recycled binder availability (RBA), a 

different binder source with higher ∆Tc, or a hybrid approach (i.e., a combination) of these 

strategies were utilized. Laboratory cracking test, including Indirect Tensile Asphalt Cracking 

Test (IDEAL-CT) and Disk-shaped Compact Tension (DCT) tests were conducted to assess 

the cracking properties. Finally, the study included a pavement performance modeling to 

predict pavement damage with traffic utilizing a Finite Element Model (FEM) by 

FlexPAVETM software. 

 

3.2  Materials 

 

3.2.1  Aggregates 

Aggregates, RAP, and RAS were sampled from two different climatic zones, the 

southern and northern zones. Two types of aggregates, moisture resistant and moisture 

susceptible, were considered. Aggregates from southern climatic zone are moisture resistant 

aggregates, which have been referred to as Southern Resistant (SR) aggregates in this study. 

Northern aggregate consists of both moisture-resistant and moisture susceptibly, named as 

north resistant (NR) and north susceptible (NS) mixtures. Based on the job mix formula 

(JMF) of each mixture, the design aggregate gradation was verified through a series of wet 

sieve analysis of the combined blend. Based on different RBRs incorporated in this study, the 

combined gradation was modified to achieve JMF gradation as close as possible, which is 

presented in a further section ahead. Moisture resistant aggregates were mainly granite and 

dolomite. In moisture susceptible designs gravel was also part of the aggregate blend.  

 

3.2.2  Binders 

Considering the diverse climatic zones and temperature variations in each zone, 

different base binder grades were selected for all three control mixtures. The control binder 

for both northern mixtures, NR and NS, was PG 58-28, while a PG 64-22 binder for the SR 

mixture. In addition to these control binders, the study used several other binders to conduct 

various crack mitigation strategies that are associated with the binder. Firstly, the ∆Tc 
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parameter was considered for all the control binders, a higher ∆Tc binder was considered as a 

mitigation strategy having better quality. As discussed in Chapter 2, ∆Tc is the difference 

between critical low temperatures based on low temperature stiffness (S) and rate of stress 

relaxation (m-value), measured from the Bending Beam Rheometer (BBR) Test. The 

parameter provides insights into embrittlement distress or relaxation related properties which 

can contribute to cracking properties of asphalt mixtures. Another binder strategy involved 

using a softer graded binder. Each region employed a different softer binder: PG 58-28 for the 

SR and PG 52-34 for the NR mixtures. For NR mixture, using a softer binder was not 

required based on the initial evaluation of the control mixture, rather a harder graded binder 

than control was used to see the effects.  As part of the investigation with different strategies, 

polymer-modified binders (PMA) were also incorporated. A PG 76-22 was used for the SR 

mixture, while a PG 70-22 for the NR mixtures. 

Each of the sampled virgin binders was tested for continuous binder grading and true 

grading prior to use for the mix design. The tests include the conventional Superpave PG 

rheological parameters at different aging conditions. Table 3-1 presents the continuous and 

true binder grades of the sampled virgin binder for the study.  

In addition to virgin binders, the sampled RAP and RAS binders were also extracted 

for a similar grading evaluation, as further discussed in section 3.2.3. 

 

Table 3-1 Continuous and True Performance Grades of virgin binders.  

Material Region Classification 

Continuous Binder Grade Testing 

Continuous 

PG Grade 

PG 

Grade 
ΔTc High 

Temperature 

(oC) by DSR1 

Low Temperature (oC) by BBR1 

 
Creep 

Modulus (S) 

Relaxation Rate (m-

value) 
 

Virgin 

Binder 

North 

Control 59.6 -28.6 -29 59.6 - 28.6 58 - 28 0.4  

Higher ΔTc 60.3 -28.8 -30.8 60.3 - 28.8 58 - 28 2  

Softer 53.6 -35.5 -38 53.6 - 35.5 52 - 34 2.5  

PMA 72.3 -32 -31.4 72.3 - 31.4 70 - 28 -0.6  

South 

Control 65.7 -26.7 -25.3 65.7 - 25.3 64 - 22 -1.4  

Higher ΔTc 65 -26.4 -27.7 65.0 - 26.4 64 - 22 1.3  

Softer 60.3 -28.8 -30.8 60.3 - 28.8 58 - 28 2  

PMA 77.4 -25.6 -24.6 77.4 - 24.6 76 - 22 -1  

1 Average of two replicates  

 

3.2.3  Reclaimed Asphalt Materials (RAM) 

RAP and RAS were sampled from two distinct climatic zones, northern and southern 

zones. The SR mix included only RAP, which is named southeast RAP (SE). The North mix 

included both RAP and RAS in their design. There were two RAP sources from the North 

climatic zone, one for the NR mixture and the other for the NS mixture. The NS mixture 

included only RAP, which is named Midwest RAP (MidW), while the NR mixture included 

both RAP and RAS. The RAP used in the NR mixture is named Northeast RAP (NE). The 

RAS used in the NR mixture is tear-off asphalt shingles (TOAS), which was also sampled 

from the northeast zone.  

The RAM material properties were determined in the laboratory prior to introducing 

them in the mix design. RAP binder properties such as RAP binder content, RAP aggregate 

gradation, and RAP binder grade were determined. The RAP and RAS binder contents (Pb%) 
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were determined using Automated extraction or the NCAT ignition oven test as shown in 

Table 3-2. The aggregates obtained from the ignition oven test were subjected to a wet sieve 

analysis to determine their gradation, which is needed to adjust the design gradation for mix 

design. Again, the RAP binder was also extracted by automated extraction method for 

rheological testing. Various rheological tests such as PG characterization by Dynamic Shear 

Rheometer (DSR) on rotational thin film oven (RTFO) aged, bending beam rheometer (BBR) 

using pressure aging vessel (PAV) were conducted to determine performance grade at high, 

intermediate, and low temperature. In addition, the ΔTc parameter was also calculated from 

the BBR test results. The sampled RAS was also characterized similarly in this study. Table 

3-3 presents the summarized results of RAP and RAS.  

 

Table 3-2 Asphalt Binder Content in RAM from Different Climatic Zones 

RAM Pb (%) 

NE RAP 5.07 

NE TOAS 25.18 

MidW RAP 4.28 

SE RAP 4.75* 

* By ignition oven  

 

Table 3-3 RAM Binder characterization 

Material Region Classification 

Continuous Binder Grade Testing 

Continuous 

PG Grade 

PG 

Grade 
ΔTc 

High 

Temperature 

(oC) by DSR1 

Low Temperature (oC) by BBR1 

 
Creep Modulus 

(S) 

Relaxation Rate (m-

value) 
 

RAP 

North 
NE RAP 92.6 -17.3 -9.5 92.6 - 9.5 88 - 4 -7.8  

MidW RAP 84.8 -25.0 -17.6 84.8 - 17.6 82 - 16 -7.4  

South SE RAP 126.7 -12.5 0.3 126.7 + 0.3 124 + 2 
-

12.8 
 

TOAS North  NE TOAS 152.3 -24.9 33.7 152.3 + 33.7* 
148 + 
32* 

-
58.6 

 

1 Average of two replicates  

* Estimated based on 4mm DSR results for reference only  

 

The workability or RAP was also determined by the Dongre Workability Test (DWT). 

The DWT test utilizes a gyratory compactor at defined 0.05mm/s or load velocities to assess 

the compactibility of RAP until a stress of 700 kPa is reached (Dongre and Morari, 2015). 

Typically, the test is conducted at three different temperatures to account for mixing, 

compaction, and aging conditions. The DWT value is derived from the rate of change of 

height (strain) with compaction load, as stated in Chapter 2. The outcomes of RAP DWT tests 

are presented in Figure 3-1. The higher the DWT, the value more workable the RAP. It was 

observed that the South mix exhibited a higher stiffness compared to the North mix RAP as 

SE RAP has the lowest DWT value. 
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Figure 3-1 DWT Values of all RAP sources.  

 

3.3  Experimental Plan  

 

The experimental program was designed for a stepwise evaluation of different crack 

mitigation strategies through laboratory cracking tests. Figure 3-2 presents the experimental 

program conducted in this study. As presented in Figure 3-2, there were three control 

mixtures (SR, NR, and NS) were utilized in this study. All the mixtures were designed with a 

typical low RBR and at least a high RBR, as detailed in Table 3-4. The SR mixture was 

designed with two RBRs, (i) 0.16 RBR with 20% RAP and (ii) 0.29 RBR with 35% RAP. 

The NR mixtures were designed with three RBRs, (i) 0.21 RBR with 25% RAP, (ii) 0.37 

RBR with 41% RAP, and (iii) 0.44 RBR with 26% RAP and 4% RAS. The NS mixtures were 

two RBRs: (i) 0.20 RBR with 25% RAP and (ii) 0.29 RBR with 35% RAP. Two laboratory 

cracking tests, the Indirect Tensile Asphalt Cracking Test (IDEAL-CT) following ASTM 

D8225 and the Disk-shaped Compact Tension (DCT) test per ASTM D7313 conducted to 

assess intermediate and low-temperature cracking performance, respectively. In addition, two 

more laboratory tests, the dynamic modulus (E*) and cyclic fatigue (CF), were also 

conducted to obtain the input parameters for pavement performance modeling. Primarily, the 

IDEAL-CT test was conducted on all mixtures with different strategies. The mitigation 

strategies were applied hierarchically to improve the cracking performance of the control 

mixtures and meet preliminary thresholds. According to the state of practices of cracking, and 

previous research, preliminary CTIndex thresholds of 20 and 30 were established set for the 

mixtures representative of South and North climatic zones, respectively (Epps Martin et al., 

2021). Mixtures that met the CTIndex threshold underwent further evaluation using the DCT 

test. As per the report (Epps Martin et al., 2021) findings, the NR mixtures required a fracture 

energy threshold of 400 J/m2 from DCT test results. It is important to note that while the DCT 

test was not required for the SR mixtures, still for some of SR mixtures were evaluated for 

low-temperature cracking by DCT test. Finally, the robust mixtures passing all thresholds 

were simulated for pavement layer interactions and traffic loading using FlexPAVETM. For 

FlexPAVETM to run, it requires mixture properties which are calculated using Dynamic 

modulus (E*) and Cyclic fatigue (CF) test results data. 
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Figure 3-2 Experimental Program Outline 
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Table 3-4 Verified Mix Designs 

Aggregate 

Source 
RAM Source 

RAM 

Content 

(%) 

RBR 

Total 

Binder 

Content 

(%) 

Binder content (%) 

High RAM Strategies 

Virgin 

Binder 

Grade Virgin RAP/RAS 

South 

Resistant 

(SR) 

Southeast 

RAP 

20 0.16 5.79 4.85 0.94 

None (control) PG 64-22 

Higher ΔTc PG 64-22 

PMA*** PG 76-22 

Softer PG 58-28 

Recycling Agent (3.7%**) PG 64-22 

Decreased RBA* PG 64-22 

Hybrid: Softer + Decreased RBA* PG 58-28 

35 0.29 5.75 4.10 1.65 

None (control) PG 64-22 

Higher ΔTc PG 64-22 

Softer PG 58-28 

Decreased RBA* PG 64-22 

Recycling Agent (7%**) PG 64-22 

PMA*** PG 76-22 

North 

Resistant 

(NR) 

Northeast 

RAP 

25 0.21 5.95 4.69 1.27 

Harder PG 64-22 

None (control) PG 58-28 

Higher ΔTc PG 58-28 

41 0.37 5.61 3.54 2.07 

None (control) PG 58-28 

Higher ΔTc PG 58-28 

Softer PG 52-34 

Recycling Agent (4.8%**) PG 58-28 

Decreased RBA* PG 58-28 

Hybrid: Softer + Decreased RBA* PG 52-34 

Hybrid: PMA*** + Decreased 

RBA* PG 70-28 

Northeast 

RAP + 

Northeast 

RAS 

26+4 0.44 5.85 3.28 2.57 

None (control) PG 58-28 

Softer PG 52-34 

Decreased RBA* PG 58-28 

North 

Susceptible 

(NS) 

MidWest 

RAP 

25 0.2 5.2 4.14 1.06 None (control) PG 58-28 

35 0.29 5.2 3.72 1.48 

None (control) PG 58-28 

Recycling Agent PG 58-28 

Decreased RBA* PG 58-28 

*the binder calculation shown are without considering reduced binder availability  

**All %dosages are by weight of total binder 

*** SBS polymer at 2.5% by weight of virgin binder 

 

3.3.1  Mixture Labelling  

 

A naming and labelling convention for mixtures was adopted for reporting results, 

indicating the mix design (which defines aggregate type and gradation and associated RAM 

source(s)), the RBR and associated RAM type(s), the binder PG and ΔTc level (if needed), 

and any additives including recycling agent (RA) or the decreased RAM binder availability 

(RBA) high RAM mitigation strategy. For example, the typical 0.20 RBR control NS mixture 

with a PG 58-28 (Low ΔTc) virgin binder and no additives nor any strategy was labelled as 

NS_0.20_58-28Low, while the typical 0.16 RBR SR mixture with a hybrid high RAM 

strategy of a softer virgin binder (PG 58-22 with High ΔTc) and decreased RBA was labelled 

as SR_0.16_58-22High_RBA. Virgin binders were labelled by PG and ΔTc level (if needed), 
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and RAM binders were identified by the region they were sampled from and RAM type 

(RAP or TOAS). 

 

3.3.2  Aging Protocol 

 

The mixture under evaluation were conditioned using a short-term oven aging 

(STOA) and long-term oven aging (LTOA) protocols to simulate the real-time aging of 

pavement. Table 3-5 presents the aging protocol used in this study. For the STOA, all the 

mixtures were aged for 4 hours at 135ºC, regardless of the climatic zone (AASHTO R 30, 

2002). This state of aging represents the aging that occurred in the mixing and compaction 

phases during paving. For the LTOA, aging protocols were adjusted for different climatic 

zones and presence of PMA. The NR mixtures were aged for 6 hours at 135°C using flat 

pans, while the SR mixtures were aged at 8 hours at 135°C. It was essential to consider the 

maximum thickness during long-term aging to avoid exceeding the Nominal Maximum 

Aggregate Size (NMAS). A different aging protocol was used for mixtures having PMA, as 

their polymer network might be affected if aged at high temperatures for extended periods. 

For the SR mixtures having PMA, aging was conducted for 5 days at 95°C with pan rotation 

each day to avoid oven aging variability. For the NR mixtures having PMA, aging was 

conducted for 3 days at 95°C.    

 

Table 3-5 Aging Protocol  

Region Virgin Binder Type STOA LTOA 

North 
Without PMA 4 hours @135°C 6 hours @135°C 

With PMA 4 hours @135°C 3 days @ 95°C 

South 
Without PMA 4 hours @135°C 8 hours @ 135°C 

With PMA 4 hours @135°C 5 days @ 95°C 

 

3.3.3  Cracking Mitigation Strategies 

 

As mentioned in the literature, cracking is a common issue with high RAM due to the 

increased stiffness of the blended binder. Various strategies exist in the asphalt industry to 

improve cracking performance. In this study, the strategies were selected based on past 

experience on their effectiveness and cost to implement. The following strategies are 

experimented in this study: 

• Higher ΔTc Binder: This approach used a virgin binder with a higher ΔTc value, 

representing better quality in terms of flexibility. This approach does not change the PG 

grade of the binder, making it easy to apply and practical to implement. It is possible 

that using a higher ΔTc binder or adding a higher flexibility can help slightly improve 

the cracking resistance of RAM mixtures. 

 

• Softer Virgin Binder: This approach involved replacing the control virgin binder with 

a one-grade softer virgin binder. This approach, certainly, softens the mixtures and 

improves cracking resistance. However, there is a limit to what extent the grade of the 

virgin binder can be lowered, as excessive soft binder can lead to rutting issues. 
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Therefore, using a softer binder requires a balanced approach. This study used a one-

grade softer binder. For example, a PG 58-28 was used for the SR mixture having the 

control binder as PG 64-22.  

 

• Polymer Modified Asphalt (PMA): In this study, 2.5% Styrene-Butadiene-Styrene 

(SBS) modified binders were used. The PMA binder grade for the NR and SR mixtures 

are PG 70-28 and PG 76-22, respectively. 

 

• Recycling Agent (RA): The use of a recycling agent (RA) into the mix is a common 

strategy used to improve cracking resistance. Different types of RAs are available in the 

market to improve the cracking performance of RAM mixtures. In this study, a bio-

based RA was chosen for evaluation. This RA not only acts as a softening agent for the 

binder but also facilitates the rejuvenation of the RAM binder. The doses of recycling 

agent by weight of total binder for specific mixtures were determined using a hybrid 

dose selection method developed during this project. The steps for RA dosage 

determination used in this study are as follows: 

 

o Increase the dose such that the PG Low is equal to the target PG Low minus 3 

and verify that PG High is less than the target PG High plus 5.9. 

o If PG High is greater than the target PG High plus 6.0, increase the dose further 

such that PG Low is equal to the target PG Low minus 5.9 and verify that PG 

High is less than the target PG High plus 5.9. 

o If PG High still exceeds the target PG High plus 6.0, increase the dose even 

further such that PG High is equal to the target PG High plus 5.9. 

 

The recycling agent doses were determined based on measured virgin and RAM binder 

properties and their respective verified contents in the selected mix designs. The target 

binder blend PG was PG 64-22 for SR aggregates and SE RAM sources, while it was 

PG 58-28 for North aggregates and NE and MidW RAM sources. Table 3-6 presents 

the recycling agent dosage of different mixtures % by weight of total binder determined 

as per the above procedure.  

 

Table 3-6 Recycling Agent Doses  

Region Mixture 
Recycling Agent Dose (% by weight 

of total binder) 

North 
NR_0.37_58-28Low_RA 4.8 

NS_0.29_58-28Low_RA 2.8 

South 
SR_0.16_64-22Low_RA 3.7 

SR_0.29_64-22Low_RA 7 

 

During the mixing process, the recycling agent was blended with the mix, replacing a 

specific amount of the virgin binder. Thus, for this study, the recycling agent was 

considered an integral part of the binder composition. This approach allowed for a 

comprehensive examination of the agent's impact on the overall mixture performance 

without increasing the overall binder content. 

 

• Decreased RAM Binder Availability (RBA): As discussed in literature review, since 

100% of RAM binder doesn’t activate in a mix, reducing binder availability in the 
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RAM helps in improving mixture performance. According to different previous studies 

(Epps Martin et al., 2021) and RAP/RAS binder PG grade, binder availability was 

taken 85% and 75% in RAP and RAS respectively for this study. This addition 

increased the total binder content (TBC) and also virgin binder content (BC), which 

affected the volumetrics of the mixtures. As presented in Table 3-7, mixtures that used 

this concept have shown a reduction in voids in mineral aggregate (VMA) as virgin 

binder content increases. 

 

Table 3-7 Change in mix volumetrics using decreased RBA 

MIXTURE 
Original 

TBC 

Original 

Virgin BC 

RAM 

BC 

Updated 

TBC 

Updated 

Virgin BC 
Increment 

Original 

VMA 

New Air 

voids 

New 

VMA  

SR_0.29_64-

22Low_RBA 
5.75 4.1 1.65 5.99 4.35 0.25 15.2 3.5 15.05 

SR_0.16_58-
28High_RBA 

5.79 4.85 0.94 5.93 4.99 0.14 15.8 3.7 15.73 

NR_0.44_58-

28Low_RBA 
5.85 3.28 2.57 6.37 3.79 0.51 16.5 2.8 16.07 

NR_0.37_58-
28Low_RBA 

5.61 3.54 2.07 5.92 3.85 0.31 16.3 3.3 16.05 

 

 

• Hybrid Approach: A hybrid approach involves implementing two different strategies 

together for one mixture. If a mixture failed to meet the required threshold for cracking 

performance even after implementing all the above strategies, a hybrid approach was 

considered. For example, using a softer binder and also considering the decreased RBA 

concept simultaneously can be considered a hybrid approach. A hybrid approach is 

selected based on the results of previous strategies that have already been experimented 

with but did not meet the performance threshold and considered as the last option for a 

satisfactory performance benefit. This study used a softer binder + RBA approach for 

SR mixtures with 0.16 RBR and a PMA+RBA approach for the NR mixture with 0.37 

RBR. 

 

3.4  Mix Design and Sample Preparation 

 

All selected mix designs for this study were verified, primarily focusing on gradation 

and volumetrics. The process began with drying the aggregates used in the different designs. 

Aggregates stockpiles from the same source were combined according to design proportions 

and fractionated using different sieves. After fractionation, aggregates were combined based 

on mix design stockpile percentages, and a wet sieve analysis was conducted. Aggregate 

blends were adjusted to achieve the gradations similar to JMF gradations as a whole blend. 

Figure 3-3 shows the verified gradations for the mix designs SR and NR used in this study. 
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Figure 3-3 Design Aggregate Gradations of Control Mixtures 

 

Once gradations were verified, the mixtures were prepared with the JMF binder 

contents. The mixes were then short-term aged at 135°C for 2 hours before compaction. 

Compaction for all mixes followed design gyrations, with a sample height of 115±5 mm and 

a diameter of 150 mm, as per Superpave mix design guidelines AASHTO R 35. The loose 

mix theoretical maximum specific gravities (Gmm) for each mix were determined, along with 

the compacted bulk specific gravities (Gmb). Air voids were then calculated and verified, and 

any required adjustments to binder contents were made. Table 3-4 shows all the verified 

designs with adjusted binder contents. 

After the mix designs were verified, samples were prepared for performance test 

evaluation. The IDEAL-CT and DCT tests were used for cracking evaluation at intermediate 

and low temperatures. Samples were mixed using the verified binder contents and compacted 

according to test requirements. For IDEAL-CT samples, no cutting procedure was involved, 

and they were directly compacted at 7±0.5% air voids. On the other hand, for DCT, large 

samples with a height of 160 mm were first compacted, and then two DCT samples were cut 

out from the larger samples. Dynamic modulus and cyclic fatigue testing were conducted for 

pavement modeling purposes. Both of these tests were performed using small specimens 

instead of large ones. Firstly, a large sample with a height of 180 mm was compacted, and 

then four small specimens were cored out from that large sample as per AASHTO PP99. The 

small specimens were maintained at 7±0.5% air voids. Further details on each of test is 

explained in section 3.5.  
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3.5  Laboratory Testing 

 

3.5.1  IDEAL-CT Testing 

 

The IDEAL-CT test, similar to the traditional indirect tensile strength test, is 

conducted at 25°C using cylindrical specimens loaded in compression across the diameter to 

induce tension. The test specimens are 150 mm in diameter and 62 mm in height, with target 

air voids of 7±0.5%, following ASTM D8225. A monotonic load is applied to the specimen at 

a constant displacement rate of 50 mm/min. The test setup is shown in Figure 3-4 along with 

typical sample before and after testing. Like the typical indirect tension test, a load-deflection 

plot is obtained from the raw data of the test, as shown in Figure 3-5. The Cracking Tolerance 

Index (CTIndex), which serves as the final measure of cracking performance, is calculated 

based on the fracture energy, slope, and displacement at 75% of the post-peak load, along 

with the diameter of the specimen (Equation 3). 

𝐶𝑇𝑖𝑛𝑑𝑒𝑥 =
𝑡

62
∗

𝐺𝑓

|𝑚75|
∗
𝐿75

𝐷
                                        (3) 

Where Gf = fracture energy (J/m2); m75 = slope at 75% of post-peak load (kN/mm); l75 

= displacement at 75% post-peak load (mm); t = thickness of sample (mm); and D = 

specimen diameter (mm). 

 

 

(a)                                                                  (b) 

Figure 3-4 IDEAL-CT (a) Testing setup (b) sample before and after testing 
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Figure 3-5 Load vs Displacement curve from the IDEAL-CT test (ASTM D8225) 

 

3.5.2  DCT Testing 

 

The Disk-shaped Compact Tension (DCT) test, standardized in ASTM D7313-20, 

evaluates the low-temperature cracking performance of asphalt mixtures. A 50 mm thick and 

150 mm diameter specimen is cut from a larger compacted specimen of 160mm height. A flat 

edge is cut on one side for mounting gage points, a 62.5 ± 5.0 mm notch is cut towards the 

center, and two 25 mm diameter holes are drilled on each side of the notch. The test involves 

pulling the specimen apart at a specified rate, measured with a crack mouth opening 

displacement (CMOD) gauge as shown in Figure 3-6. Figure 3-6 also shows a typical crack 

development at the end of testing. The test temperature is the continuous low performance 

grade (PG) of the binder plus 10°C. The South mixtures, tested for DCT only for trend 

analysis, had a control binder grade of PG64-22 and were tested at -12°C. On other hand, the 

North mixtures, with a control binder grade of PG58-28, were tested at -18°C. After 

conditioning to the test temperature, the specimens are loaded at a constant rate until the load 

drops below 0.1 kN. Fracture energy is calculated by determining the area under the load 

versus the CMOD curve, normalized by the initial ligament length and thickness. 
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Figure 3-6 DCT Testing 

 

3.5.3  Dynamic Modulus (E*) 

 

The dynamic modulus (E*) testing was conducted as per AASHTO TP 132 using an 

Asphalt Mixture Performance Tester (AMPT) as shown in Figure 3-7. The E* test was 

conducted to obtain input parameters for the pavement modeling. Small-scale samples were 

prepared from a larger compacted sample (with a height of 180 mm), having a diameter of 

38± 2 mm and height of 110 ± 2.5 mm following AASHTO PP99 guidelines. The dynamic 

modulus test is a linear viscoelastic test for asphalt materials. It measures the viscoelastic 

response of a material under sinusoidal loading conditions. The dynamic modulus is 

calculated as the absolute value of the peak-to-peak stress divided by the peak-to-peak strain 

for a material subjected to sinusoidal loading. In this test, three different test temperatures 

were used: 4°C, 20°C, and 40°C, selected based on the mix. At each temperature, three 

frequencies were used: 0.1 Hz, 1 Hz, and 10 Hz. Based on strain and stress values calculated 

from the gauge readings attached to the samples as shown in Figure 3-7, dynamic modulus at 

that particular temperature and frequency was calculated. 

 

(a)                                                             (b) 

Figure 3-7 (a) AMPT and (b) E* sample setup  
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3.5.4  Cyclic Fatigue (CF) 

 

The Cyclic Fatigue (CF) test was also conducted for input parameters of pavement 

modeling. The test was conducted as per AASHTO TP 133 guidelines utilizing a AMPT 

system. Small-scale specimen, 38± 2 in diameter and 110 ± 2.5 mm in height, were prepared 

from a larger compacted specimen as per AASHTO PP 99 guidelines. The test was conducted 

at 21°C, specifically for RAM mixtures. The strain level varied from specimen to specimen 

as 300, or 450, or 800 microstrains, adjusted based on number of cycles to failure. Mix 

damage properties, such as C vs S curve, DR failure criteria etc, were calculated from the CF 

testing results. Using the pseudo strain energy concept and Viscoelastic continuum damage 

(VECD) model or simplified version (S-VECD), helps to show the change in modulus value 

as fatigue grows based on pseudo stain energy concept. The pseudo stiffness is referred as C, 

and the damage accumulation is represented by S. C initiates with a value of 1.0 and reduce 

as fatigue happens. A failure criterion developed by Wang and Kim (2014), defined as the 

average reduction in pseudo stiffness until failure is DR.  

 

3.6  Pavement Performance Modeling  

 

In this study FlexPAVETM software developed by North Carolina State University was 

used for pavement performance modeling. The FlexPAVETM software has a user-friendly 

interface that simplifies the simulation of pavement structures using asphalt concrete and 

unbound materials. Users can define material properties for each asphalt concrete layer based 

on established test methods, as shown in Figure 3-8. The FlexPAVETM program allows these 

material characteristics to be input via output files produced by FlexMATTM. These files are 

related to the dynamic modulus (E*) and cyclic fatigue (CF) tests conducted in this project. 

The software also allows users to specify traffic conditions and design vehicle configurations, 

as shown in Figure 3-9. Additionally, FlexPAVETM gives users a range of options for 

selecting site-specific environmental conditions. One such option is choosing from a list of 

preselected U.S. cities, enabling the software to use data from the Enhanced Integrated 

Climatic Model (EICM) to determine temperature variations throughout the pavement depth 

over the year. Users can also input environmental conditions via a text file or opt for an 

isothermal condition. When running an analysis, the program can display results showing the 

pavement response to a single axle passing or predict distress over time. This data can be 

presented visually using contour plots or time history graphs, providing valuable insights into 

the behaviour of the chosen point or the entire asphalt layer.  

A structural pavement analysis was conducted for the four NR mixtures and two SR 

mixtures that passed all thresholds using the FlexPAVETM software Version 1.1, which is 

based on the Viscoelastic Continuum Damage (VECD) mechanism. The analysis was 

performed based on a single representative pavement structure and traffic level with different 

asphalt mixtures used for the surface layer. The analysis focused mainly on fatigue cracking 

under repeated traffic loadings without further aging of the surface asphalt mixtures or 

thermal stresses. The representative structure used was the pavement cross-section of the 

FHWA Accelerated Loading Facility (ALF), consisting of 100 mm of asphalt and 600 mm of 

aggregate base. The analysis was conducted for a design life of 10 years with a traffic load of 
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835 ESALs per day. Loadings were based on a single axle with a single tire, using a load of 

64.4 kN, a tire pressure of 690 kPa, and a design velocity of 4.9 m/s. 

The data obtained from E* and CF test results were analyzed using FlexMATTM to 

generate inputs for FlexPAVETM. FlexPAVETM was then used to analyze mixtures up to the 

design life. Damage factor spatial distribution contours were obtained from FlexPAVETM for 

all mixtures throughout the asphalt surface layer at the end of the design life. The cumulative 

damage evolution over time throughout the pavement structure was also obtained from the 

FlexPAVE™ analysis. FlexPAVETM calculates the average pseudo stiffness value at the end 

of each life stage for all the points with the pavement section. It then predicts the ratio of 

experienced number of load cycles to maximum allowable cycles, this ratio is Damage factor 

(Kim, 2022).  

 

 

Figure 3-8 FlexPAVETM Interface for Adding Pavement Structure for Analysis. 

 

 

Figure 3-9 FlexPAVETM Interface for Adding Traffic Data for Analysis. 
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Chapter 4 Cracking Testing Results 

 

 

4.1 Introduction 

 

This chapter presents results of the different laboratory cracking tests evaluated. As 

described in the previous chapter, mixtures representing two different climate zones were 

used in this study. Various crack mitigation strategies were applied to each mixture type to 

improve their cracking resistance and meet the threshold established for each climatic zone. 

As discussed before two cracking tests were conducted, IDEAL-CT and DCT, for 

intermediate and low temperature cracking resistance performance. 

 

4.2 IDEAL-CT Test Results 

 

4.2.1 CTIndex Results 

 

The IDEAL-CT testing was done all mixtures for intermediate cracking performance. 

The cracking results of the SR mixtures having different RBRs and mitigation strategies are 

shown in Figure 4-1. A total of 13 mixtures, including seven mixtures with a typical 0.16 

RBR and six with a high 0.29 RBR, were tested. Figure 4-1 presents the average CTIndex and 

error bars representing plus/minus one standard deviation for the SR mixtures with different 

mitigation strategies.  

Among the typical 0.16 RBR mixtures, the SR_0.16_58-28High (softer binder + 

RBA) mixture exhibited the highest CTIndex of 26.25, above the proposed preliminary 

threshold CTIndex of 20 for SR mixtures. This indicates that the hybrid approach proved to be 

the most effective in improving CTIndex for these typical 0.16 RBR SR mixtures.  Using a 

softer binder strategy alone was not sufficient for the SR_0.16_58-28High (softer binder) 

mixture to pass the threshold even though the strategy helped improve CTIndex.  

For the high 0.29 RBR mixtures, the SR_0.29_64-22Low_RA mixture showed the 

highest CTIndex of 20.63, marginally passing the proposed threshold value of 20, while the 

SR_0.29_76-22High_PMA exhibited the lowest CTIndex of 8.48. In addition, improving ∆Tc 

of the binder did not result in any significant improvement in CTIndex values. These results 

suggest that the effectiveness of the mitigation strategies differed across varying RBR, with 

the high 0.29 RBR mixture passing the threshold with the RA strategy, while the typical 0.16 

RBR mixtures required a hybrid (Softer Binder + RBA) strategy.  

A pairwise comparison (Tukey’s HSD test) was conducted at a significance level of 

0.05 to better understand the relative effectiveness of the different strategies. Tukey HSD is 

honestly significant difference test, which assesses the significance of differences between 

sample means. To know whether a strategy improved the CTIndex statistically significant 

based on the entire population data, a Tukey’s HSD analysis is needed. A normal p-value can 

tell whether two data sets are statistical same or not, but Tukey’s HSD has an advantage over 

this traditional technique. In this, different datasets can be analysed together for whole 
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population. Based on their significance level, the mixtures were labelled with different 

statistical groups, as indicated by the letters in Figure 3. Mixtures labelled with the letters in 

common with each other were not statistically different, while those labelled with different 

letters showed statistically significant differences in CTIndex results. For instance, mixtures 

SR_0.16_64-22Low (None control) grouped in ‘DEFG’ and SR_0.16_58-28High (Softer 

binder) grouped in “BC” do not share a common letter, indicating significantly different from 

each other.  

The analysis of the typical 0.16 RBR mixtures revealed that higher ∆Tc binder, 

PMA, RA, and RBA strategies did not significantly improve the CTIndex compared to the 

control mixture to pass the cracking threshold. Using a softer binder resulted in a significant 

improvement over the control mixtures. However, it was also not substantial enough to pass 

the proposed CTIndex threshold. The hybrid strategy (Softer Binder + RBA) resulted in the 

highest CTIndex and is labelled A. 

Similarly, the analysis of 0.29 RBR mixtures revealed that higher ∆Tc binder, PMA, 

and RBA strategies did not significantly improve the CTIndex from the control mixture. The 

softer binder approach also showed a significant improvement over the control mixture, but it 

was not enough to pass the proposed threshold. The RA approach is labelled B and resulted in 

significant improvement of CTIndex compared to other high 0.29 RBR mixtures.  

Overall, only some strategies produced the anticipated results for enhancing the 

cracking performance of the SR mixtures. This could be attributed to the extreme stiffness of 

the RAP in the mixture. Although the RA strategy worked effectively for the high 0.29 RBR 

mixture, it did not achieve the same effect for the typical 0.16 RBR mixture. An explanation 

for this behaviour could be that the RA dose was higher for the high 0.29 RBR mixtures. This 

higher dose may have caused the high 0.29 RBR to be “softer,” especially the virgin binder 

portion of the mixture, thereby yielding a higher CTIndex. A hybrid strategy (Softer Binder + 

RBA) was needed for the typical 0.16 RBR mixture. 
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Figure 4-1 IDEAL-CT Results for South Resistant (SR) Mixtures 

The cracking performance of NR mixtures designed with 0.21, 0.37, and 0.44 RBRs 

is depicted in Figure 4-2 for different mitigation strategies. Among the three 0.21 RBR 

mixtures, the mixture with PG 64-22 (stiffer binder) failed to pass the proposed CTIndex 

threshold, while the others passed, indicating good cracking performance of the typical RBR 

NR mixtures. For the high RBR mixtures (0.31 and 0.44), only two out of the ten mixtures 

passed the proposed CTIndex threshold. The high 0.37 RBR required only the RA strategy to 

provide adequate improvement to pass the proposed threshold. Additionally, two hybrid 

approaches (Softer Binder + RBA and PMA+RBA) were evaluated for this mixture. The 

hybrid approach incorporating a softer binder and reduced RBA nearly met the proposed 

threshold. For the high 0.44 RBR (RAP/RAS), the reduced RBA strategy (with an RBA of 

85% for RAP and 75% for RAS) provided sufficient improvement to pass the proposed 

threshold. 

Tukey’s HSD analysis was performed for the NR mixtures to determine the relative 

effectiveness of various strategies for improving cracking resistance. NR_0.21_58-28Low 

(control) exhibited a significantly higher CTIndex than other NR mixtures. Four NR mixtures 

sharing the B label, including the 0.21RBR with a higher ∆Tc, two 0.37 RBR mixtures with 

RA and Softer Binder + RBA, and the 0.44 RBR mixture with RBA, are statistically 

equivalent in terms of their CTIndex. The other strategies for these NR mixtures were 

significantly lower than the proposed CTIndex threshold. 
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The effectiveness of mitigation strategies varied among mixtures. RBA proved 

effective for the 0.44 RBR (RAP/RAS) mixtures but not for the 0.37 RBR (RAP only) 

mixtures, possibly due to the total binder content. The control 0.44 RBR mixture had a 

slightly higher total binder than the 0.37 RBR mixtures, affecting the effectiveness of the 

RBA strategy. Additionally, the NR mixtures demonstrated that using only a softer binder did 

not result in sufficient improvement in CTIndex, and using a higher ∆Tc binder did not 

significantly improve cracking resistance. 

 

Figure 4-2 IDEAL-CT Results for North Resistant (NR) Mixtures 

 

Figure 4-3 shows the typical 0.20 RBR NS control mixture did not require any 

mitigation strategy, while the high 0.29 RBR NS mixture needed the decreased RBA strategy 

to meet the preliminary threshold for surface cracking performance. These two mixtures that 

met the cracking resistance threshold were further evaluated to assess balanced performance 

regarding rutting and moisture susceptibility. For the high 0.29 RBR NS mixture, the addition 

of a recycling agent (RA) resulted in a substantial improvement compared to the control 

mixture without any strategies, although it was not enough to meet the threshold. 
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Figure 4-3 IDEAL-CT Results for North Susceptible (NS) Mixtures 

 

A comparison between the South and North mixtures shows that climatic zone 

influences the effectiveness of mitigation strategies. The design virgin binder grade is softer 

for the NR and NS mixtures compared to the SR mixtures, affecting the overall stiffness of 

the mixtures. The stiffness of RAP also varies significantly across climatic zones, directly 

influencing the effectiveness of mitigation strategies. For example, the NR and NS mixtures 

with the typical 0.21 and 0.20 RBR respectively did not require any mitigation strategies to 

pass the CTIndex threshold, while the SR mixture with the 0.16 RBR required a hybrid 

approach, possibly due to the stiffer southeast RAP. 

 

4.2.2 Interaction Diagrams 

 

To further understand the impacts of various strategies on the CTIndex results, an 

IDEAL-CT interaction diagram analysis was conducted. The IDEAL-CT interaction diagram 

provides a new perspective for interpreting the IDEAL-CT results through the mixture 

toughness and relative ductile-brittle behaviour and their combined impacts on cracking 

resistance. The diagram is generated by plotting the average fracture energy (Gf) on the y-

axis against the average ratio of l75-over-m75 (l75/m75) on the x-axis. Ductile materials 

typically exhibit a smooth failure pattern, while brittle materials tend to undergo sudden 

failure. This abrupt failure of brittle materials is indicated by a steep post-peak slope and 

minimal displacement after reaching the peak load, represented by the ratio l75/m75. An 

increase in each parameter yields an increased CTIndex. Therefore, asphalt mixtures with 

higher CTIndex results are closer to the upper right corner of the diagram than those with lower 

CTIndex results. The interaction diagram also includes a series of CTIndex contour curves to link 

Gf and l75/m75 to the final parameter of CTIndex, where all the data points on each contour 

curve have the same CTIndex but different Gf and l75/m75. 

Figure 4-4 presents the IDEAL-CT results of SR mixtures with different mitigation 

strategies on the interaction diagram. For the typical 0.16 RBR mixtures, the Softer Binder + 

RBA strategy yielded a substantial increase in both Gf and l75/m75 compared to the control 

mixture, resulting in the highest CTIndex among these mixtures. Using a softer binder alone 

yielded a slightly lower Gf than the hybrid option but a substantially lower l75/m75, resulting 

in a significantly lower CTIndex than that of the hybrid approach. Similarly, adding a RA also 

improved l75/m75 but reduced Gf from the control mixture, resulting in only a slight 
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improvement in the CTIndex. PMA and a higher-∆Tc binder exhibited higher Gf but lower 

l75/m75, causing minimal changes in CTIndex. In other words, the direction of changes due to 

polymer modification and the use of a higher-∆Tc binder is almost perpendicular to the 

direction of increasing CTIndex on the diagram. 

Figure 4-5 compares the IDEAL-CT results of the high 0.29 RBR mixtures on the 

interaction diagram. Although the addition of a RA caused a reduction in Gf, it yielded a 

significant increase in l75/m75 (more than three times that of the control mixture), resulting in 

the highest CTIndex among the 0.29 RBR mixtures. Other mitigation approaches such as the 

Higher ∆Tc binder, RBA, and Softer Binder slightly increased both Gf and l75/m75 but did not 

yield significant improvements in CTIndex. Similar to the 0.16 RBR mixture, polymer 

modification resulted in an increase in Gf but a decrease in l75/m75, and no improvement in 

the CTIndex was observed by these effects cancelling each other. Overall, the most effective 

strategies for improving the CTIndex were found to be related to increasing l75/m75 to improve 

mixture ductility rather than increasing Gf to improve mixture toughness. 
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(c)  

Figure 4-4 SR 0.16 RBR (a) Interaction diagram, (b) Fracture Energy (J/m2), (c) l75/m75 
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(c)  

Figure 4-5 SR 0.29 RBR (a) Interaction diagram, (b) Fracture Energy (J/m2), (c) l75/m75 

 

Figure 4-6, Figure 4-7, and Figure 4-8 illustrate the IDEAL-CT results for the NR 

mixtures on the interaction diagram. Among the three 0.21 RBR mixtures, the higher ∆Tc 

binder caused a slight increase in Gf but a substantial decrease in l75/m75, resulting in a 

significantly lower CTIndex. The mixture with a harder PG 64-22 binder exhibited the lowest 

l75/m75 among the 0.21 RBR mixtures, resulting in the lowest CTIndex. 

For the high 0.37 RBR mixtures, all strategies, except for the higher ∆Tc binder, 

exhibited a noticeable increase in l75/m75. Adding a RA resulted in the highest l75/m75, 

although it significantly decreased Gf. Using a higher ∆Tc binder did not improve either 

l75/m75 or Gf sufficiently to influence the final CTIndex parameter. 

The RBA strategy was the most effective in improving the CTIndex of the high 0.44 

RBR (RAP/RAS) mixtures, contributing to considerable improvements in both Gf and 

l75/m75. The RBA strategy worked for the 0.44 RBR mixture but was not equally effective for 
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resulting in the highest CTIndex for the RBA approach in the 0.44 RBR (RAP/RAS) mixtures. 

Using a softer binder alone in the high 0.37 or 0.44 RBR mixtures increased l75/m75 

but reduced Gf, which had no significant impact on the CTIndex. 
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(a)  

(b)  

(c)  

Figure 4-6 NR 0.21 RBR (a) Interaction diagram, (b) Fracture Energy (J/m2), (c) l75/m75   
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(b)  

(c)  

Figure 4-7 NR 0.37 RBR (a) Interaction diagram, (b) Fracture Energy (J/m2), (c) l75/m75   
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(b)  

(c)  

Figure 4-8 NR 0.44 RBR (a) Interaction diagram, (b) Fracture Energy (J/m2), (c) l75/m75   

 

4.3 DCT Test Results 

 

Several SR and NR mixtures were tested for low-temperature cracking evaluation 

using the DCT test. The SR mixtures were tested at -12°C, while the NR mixtures at -18°C, 

respectively, which are linked with their low PG temperatures. These temperatures were 

decided based on the low PG temperature of control binders plus 10oC. For the SR materials, 

three 0.16 RBR mixtures (control, higher ∆Tc binder, and PMA) and four 0.29 RBR mixtures 

(control, softer binder, higher ∆Tc binder, and PMA) were selected. Figure 4-9 shows the 

average fracture energy of the SR mixtures, indicating that the typical RBR mixture with 

PMA exhibited the best low-temperature cracking resistance, followed by the high RBR 

mixture with a softer binder. However, all SR mixtures evaluated were statistically 

equivalent. Note that the DCT test is not required for SR mixtures since it is very unlikely to 

experience that extremely low temperature at SR zone, i.e., at Alabama. 
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Figure 4-9 DCT Results for SR Mixtures  

 

For the NR materials, four mixtures (two 0.21 RBR, one 0.37 RBR, and one 0.44 

RBR) were selected as they passed the proposed CTIndex threshold. Additionally, the 0.37 

RBR mixture with Softer Binder + RBA was selected as its CTIndex was near the threshold and 

also 0.37 RBR mixture with PMA + RBA to see PMA effect. Figure 4-10 presents the 

fracture energy results for the NR mixtures, showing that all NR mixtures passed the 

proposed fracture energy threshold and were generally more resistant to low-temperature 

cracking compared to SR mixtures. These results suggest adequate low-temperature cracking 

resistance for both NR and SR mixtures, with all NR mixtures appearing statistically 

equivalent. 

 

Figure 4-10 DCT Results for NR Mixtures 
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Figure 4-11 showing DCT results of NS, a total of two mixtures were tested one for 

typical RBR and other for high RBR as they passed CTIndex threshold. The low RBR mixture 

without any strategy passed the fracture energy threshold for North while the high RBR 

mixture with decreased RBA as strategy was not able to. 

 

Figure 4-11 DCT Results for NS Mixtures 

 

4.4 Summary 

 

This study evaluated the cracking performance of three types of mixtures in two 

climate zones, each assessed with different strategies such as higher ∆ Tc, softer binder grade, 

PMA, using RA, decreasing RBA, or a hybrid approach to pass the threshold for CTIndex 

based on the climate. The effectiveness of the cracking strategies was not the same for all the 

mixtures. The SR mixtures with typical low RBR required a hybrid approach (softer binder + 

RBA) to pass the threshold, whereas the high RBR mixture passed with RA. This difference 

may be due to the high stiffness of the SR RAP binder, which might not fully be activated in 

the mixture. The high RBR (0.29) mixture passed the threshold with a RA strategy. 

Regarding the NR mixtures, the typical low RBR mixtures did not require any strategy to 

pass the CTIndex threshold. The high RBR(0.37)  mixture with RAP only passed using RA, 

while the RAP/RAS (0.44) combination mixture passed with a decreased RBA strategy. The 

RAP/RAS mixture has passed the threshold using only decreased RBA because for RAS, 

only 75% binder availability was considered, resulting in a higher amount of virgin binder 

addition in the mix overall helping it to pass. For NS, the high RBR mixture also passed with 

a decreased RBR strategy. Except for the NS high RBR (0.29) mixture, every mixture tested 

for low-temperature cracking passed the threshold (where the threshold was available). 

Regarding thermal cracking evaluation by the DCT test, all mixtures exhibited adequate and 

statistically equivalent fracture energy except NS high RBR mixture. 
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Chapter 5 Performance Modeling 

 

 

5.1 Introduction 

 

This chapter discusses the cracking performance modeling conducted for the SR and 

NR mixtures that passed all the cracking experiment thresholds, referred to as robust 

mixtures. For performance modeling, a pavement section was considered with a different 

surface layer or asphalt concrete layer that represents the robust mixtures to predict their 

long-term cracking performance. All simulations were conducted using FlexPAVETM 

software, considering a Federal Highway Agency (FHWA) accelerated loading facility (ALF) 

section with single tire loading. At the end of the pavement design life, damage contours 

throughout the top surface layer and damage evaluation curves were extracted to assess 

performance. The FlexPAVETM program requires asphalt mixture’ properties and section 

geometry to simulate damage properties. Regarding mixture properties, the simulation 

requires Dynamic Modulus (E*) and Cyclic Fatigue (CF) testing results. Results from both 

tests were analyzed using FlexMATTM, which provided input files for FlexPAVETM. 

 

5.2 Modeling Inputs 

 

5.2.1 Pavement Design Structure  

 

A three-layered pavement section, representative to FHWA ALF, was considered for 

pavement performance modeling. A schematic of the pavement section is presented in Figure 

5-1. The section consists of 100 mm (3.94in) of asphalt surface layer, 600 mm (23.6in) of 

aggregate base layer, and 800 mm (31.49in) of subgrade at the bottom. The material 

properties of all the layers are also required for the modeling. The modulus of the base and 

subgrade layers are 350 MPa, and 60 MPa, respectively. The modulus for the surface layers, 

which is simulated using the robust mixtures in the study, was evaluated in the laboratory and 

discussed in the following section.  
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Figure 5-1 Typical Pavement section used. 

 

5.2.2 Asphalt Layer Properties 

 

Surface mixture properties such as E* and CF results were evaluated in this study for 

performance modeling. The E* and CF test results was analyzed using FlexMATTM to 

generate inputs for FlexPAVETM. These results were used to determine the basic modulus 

value as a function of temperature and frequency, damage characteristic curves, and cracking 

fatigue parameters using FlexMATTM. The results from FlexMATTM were then employed to 

conduct a structural pavement analysis using FlexPAVETM. 

Moisture conditioning was also conducted for all mixtures to assess their overall 

durability. For SR mixtures, modeling was conducted both with and without moisture to 

observe the moisture effect. The mixtures without moisture conditioning were labelled as 

non-moisture conditioned (NMC) at the end of each mixture label. The NR mixtures 

experienced one complete freeze and thaw cycle, while SR only experienced thaw cycles due 

to the climatic zones. Since there are no freezing problems in the south, freeze cycle was not 

introduced for SR mixtures. For freeze-thaw cycle, firstly, the specimen was saturated with 

70%-80% degree of saturation. Secondly, the saturated specimens were subjected to freezing 

at -18°C for about 12 hours. Then, the specimens were transferred to hot water bath (60°C) 

for 24 hours for thawing.  The specimens were tested after freeze-thaw cycle was completed. 

Note that, since freezing is not required for the SR mixtures, they were directly put into the 

hot bath at 60ºC for 24 hours. 
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The test results were analyzed to evaluate the mixture performance. From the 

Dynamic Modulus (E*) testing, dynamic modulus values can be utilized to develop master 

curves using different shift factors, statistical fitting methods, and the time-temperature 

superposition principle. In this study, master curves were extracted from FlexMATTM, which 

utilized a Sigmoidal function for developing the curves. Master curves are representations of 

modulus values as a function of reduced frequency, which accounts for both frequency and 

temperature. They provide valuable insights into the viscoelastic behaviour of asphalt 

mixtures and are essential for predicting pavement performance under varying loading and 

environmental conditions. Master curves obtained from FlexMAT™ are shown in Figure 5-2 

and Figure 5-3 for NR and SR mixtures, respectively. In master curves, the lower end of the 

curve, representing low reduced frequency, corresponds to the high-temperature region, while 

the upper end of the curve, representing high reduced frequency, corresponds to the low-

temperature region. These curves allow for the determination of mixture modulus values in 

different temperature and frequency regions. However, it's important to note that with these 

modulus values alone, the actual cracking performance of the mixture cannot be fully 

evaluated. The mixture's fatigue properties are also crucial for evaluating its cracking 

performance. Fatigue properties, such as the ability of the mixture to resist repeated loading 

and the rate of damage accumulation under cyclic loading, play a significant role in 

determining the cracking resistance of the pavement. Therefore, both modulus values and 

fatigue properties need to be considered together to accurately assess the cracking 

performance of the mixture. 

 

 

Figure 5-2 Master curve for NR mixtures 
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Figure 5-3 Master Curve for SR mixtures 

 

The other test used as input for modeling was Cyclic Fatigue (CF), which tested the 

fatigue properties of the mixtures. The CF test involves repeated loading of the mixtures to 

evaluate their resistance to repeated loading similar to that experienced by actual traffic. The 

testing was conducted until the failure of the sample, and the total number of cycles before 

failure were recorded. During the loading cycles, damage accumulation in the sample and 

reduction in stiffness were determined. The results were analyzed using FlexMATTM, and 

damage characteristic curves were extracted. Figure 5-4 illustrates the damage characteristic 

curves for the four robust NR mixtures. These curves provide insights into how the material 

behaves under repeated loading and are essential for predicting the fatigue life of the 

pavement. Each curve represents the relationship between material integrity (C) or pseudo 

stiffness and damage (S) of the asphalt mixture. This relationship is used to predict fatigue 

damage and failure in the asphalt mixture by determining the reduction in material integrity 

as damage accumulates within the specimen. The curves that extend further towards the x-

axis and are more downward are considered better. From the NR curves, it was observed that 

using a RA performed the best with the highest S and the lowest C at the end of the test, 

followed by the RBA, then the control, and lastly, the PMA + RBA strategies. This indicates 

that the use of RA in the mixture resulted in the best performance among the tested mixtures. 

Similarly, for SR mixtures, C vs. S curves were extracted from FlexMATTM to determine the 

fatigue properties, as shown in Figure 5-5. In the case of SR, both with and without moisture-

conditioned samples were included in the testing. Similar to NR mixtures, RA (moisture 

conditioned) performed the best in SR, following by RA (NMC), followed by the Softer + 

RBA (NMC) and, lastly, the Softer + RBA (moisture conditioned).   
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Figure 5-4 C vs S curve for NR mixtures 

 

 

Figure 5-5 C vs S curve for SR mixtures 
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is indeed important. Taking this into account, the Nf was considered in a fatigue failure 

criterion in another term referred to average reduction in pseudo stiffness up to failure (DR), 

developed by Wang and Kim (2017). The DR is a function of C and Nf and can be calculated 

using Equation (4). 

𝐷𝑅 =
∫ (1−𝐶)𝑑𝑁
𝑁𝑓
0

𝑁𝑓
                               (4) 

Another S-VECD based fatigue parameter, referred to, Sapp, was considered in this 

study. The Sapp presents fatigue damage capacity considering damage characteristics curve 

(C-S), E*, and the DR parameters, as shown in Equation (5).  

             (5) 

Where aT is time-temperature superposition shift factor, α, C11, C12 are constants 

obtained during CF testing, E* is modulus value at 10Hz at reference temperature. Reference 

temperature for Sapp parameter is determined using climate average PG grade minus three. 

The higher the DR, the higher the Sapp parameter, representing good fatigue 

performance of a particular mixture. In this study, these parameter, DR and Sapp, were 

obtained from FlexMATTM. Table 5-1 shows these Sapp and DR parameters obtained from the 

FlexMATTM and ranking of the mixtures based on Sapp. From the results of SR mixtures, it 

was observed that moisture conditioning results in a slight improvement in both DR and Sapp, 

indicating a slight increase in damage resistance. 

 

Table 5-1 DR and Sapp parameter of both NR and SR mixtures 

Region Mixture Label DR (FlexMATTM) Sapp (FlexMATTM) 
Ranking (based 

on Sapp) 

North 

NR_0.21_58-28Low_LAS 0.599 30.8 2 

NR_0.37_58-28Low_RA 0.669 24.5 3 

NR_0.37_70-28_RBA 0.515 19.0 4 

NR_0.44_58-28Low_RBA 0.579 30.9 1 

South 

SR_0.16_58-28High_RBA 0.575 18.4 3 

SR_0.29_64-22Low_RA 0.657 22.0 1 

SR_0.16_58-28High_RBA (NMC) 0.553 17.7 4 

SR_0.29_64-22Low_RA (NMC) 0.634 20.2 2 

 

Using both DR and Sapp, mixture fatigue properties can be ranked as presented earlier. 

However, the evaluation of this damage in the pavement under traffic is associated with more 

factors, such as combined effect of material properties, structure interaction, climate effects, 

and traffic loading. Therefore, FlexPAVETM modeling using all these properties was done in 

this study to determine the performance of each mixture, which include pavement structure, 

climate conditions, and traffic loading data. 
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5.2.3 Climate and Traffic Data 

 

An isothermal analysis at 19ºC was conducted as per FHWA ALF section. The 

analysis was conducted for a design life of 10 years with a traffic load of 835 ESALs per day 

with no growth of traffic every year. Loadings were based on a single axle with a single tire, 

using a load of 64.4 kN, a tire pressure of 690 kPa, and a design velocity of 4.9 m/s (approx. 

11mph) to match the loading applied in ALF.   

 

5.3 Modeling Output  

 

FlexPAVETM modeling was done for all robust mixtures using all the input discussed 

in previous section. Damage factor spatial distribution contours were obtained from 

FlexPAVETM for all mixtures throughout the asphalt surface layer at the end of the design life, 

as shown in Figure 5-6. The typical 0.21 RBR control NR mixture (NR_0.21_58-

28_Low_LAS) exhibited some surface cracking damage it is not evident in other robust 

mixtures with RA and RBA strategies. 

 

Figure 5-6 Damage factor spatial distribution for NR mixtures 

 

The cumulative damage evolution over time throughout the pavement structure was 

also obtained from the FlexPAVETM analysis. The results for the NR mixtures are plotted in 

Figure 5-7. Among all the NR mixtures, the 0.21 RBR control NR mixture displayed the 
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highest cumulative damage at the end of the design life. On the other hand, the high 0.37 

RBR NR mixture, which used a recycling agent as a high RAM mitigation strategy, showed 

the lowest percentage of damage evolution. The NR 0.44 RBR mixture using decreased RBA 

strategy performed almost similar to that of 0.37 RBR PMA+RBA. For instance, at 6% 

damage evolution the approximate design life of NR 0.37 RBR with RA exhibits the highest 

design life of 73 months, followed by NR 0.37 RBR with PMA+RBA of 17 months, 0.44 

RBR with RBA of 16 months, and NR 0.21 RBR of 7 months. These results clearly show a 

significant improvement in the predicted fatigue cracking performance with utilization of 

RBA and RA strategies for high RBR mixtures. 

 
Figure 5-7 Damage Evolution curve for NR mixtures 

 

Table 5-2 presents the Sapp parameters from FlexMATTM and %Damage from 

FlexPAVETM simulation of four NR robust mixtures. As shown, the two approaches ranked 

the four mixtures differently. As stated earlier, pavement performance modeling by 

FlexPAVETM considers pavement layer interaction towards simulation traffic loading, while 

materials properties are also in conjunction with FlexMATTM results. Thus, %Damage has 

been considered to rank the mixtures as shown in Table 5-2. Based on this ranking, the NR 

0.37 RBR mixtures with RA exhibited the highest damage resistance, followed by the 0.37 

RBR with RBA, 0.44 RBR with RBA, and 0.21 RBR mixtures respectively. 

  

Table 5-2 Comparison of Sapp and %Damage for NR mixtures 

Mixture 
Sapp 

(FlexMATTM) 

%Damage 

(FlexPAVETM) 

Ranking (based 

on %Damage) 

NR_0.21_58-28Low_LAS 30.8 12.1 4 

NR_0.37_58-28Low_RA 24.5 6.5 1 

NR_0.37_70-28_RBA 19.0 9.1 2 

NR_0.44_58-28Low_RBA 30.9 9.3 3 
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A similar structural pavement analysis was also conducted for four SR mixtures using 

the FlexPAVETM software, including both with and without moisture-conditioned samples. 

Damage factor spatial distribution contours were obtained from FlexPAVETM simulation for 

the mixtures throughout the asphalt layer at the end of the design life, as shown in Figure 5-8. 

The typical SR_0.16_58-28High_RBA showed some surface cracking for both with and 

without moisture conditioning. However, no surface cracking is evident for the other 

mixtures. SR 0.29 RBR with RA, indicating the effectiveness of RA strategies on high RBR 

mixtures in crack mitigation. 

 

Figure 5-8 Damage factor spatial distribution for SR mixtures 

 

The cumulative damage evolution throughout the pavement structure with time was 

also evaluated from the FlexPAVETM analysis for SR robust mixtures. The results are plotted 

in Figure 5-9. Among SR mixtures, even with combination strategies of softer virgin binder 

and RBA, the lower 0.16 RBR control SR mixture (SR_0.16_58-28High_RBA) had a higher 

percentage of damage evolution than the high RAP mixture with RA (SR_0.29_64-

22Low_RA) in both moisture conditions. For instance, at a 6% damage evolution, SR 0.29 

RBR mixtures with RA showed the maximum design life of 85 months, followed by 

SR_0.29_64-22Low_RA (NMC) of 45 months, SR_0.16_58-28High_RBA (NMC) of 22 

months, and SR_0.16_5822High_RBA of 19 months. These observations also show the high 

effectiveness of RA strategies for high RBR mixtures in crack mitigation. Again, effect of 

moisture conditioning was not consistent for these two mixtures. As it is illustrated, moisture 
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conditioning caused an increase in design life for the High RBR (0.29) mixture, while for the 

low RBR (0.16) mixture it reduced. As mentioned earlier, the SR mixtures were conditioned 

with only high temperature bath (no freezing), thus, the conditioning certainly helps soften 

the mixtures. It is possible that the conditioning yields some added mixture binder softening 

for the high RBR (0.29) mixtures, as high RBR mixture overall binder grade might be softer 

than low RBR mixture because of RA, for which 60oC was high temperature to avoid 

softening.  

 

 

Figure 5-9 Damage Evolution curve for SR mixtures 

 

Table 5-3 shows FlexMATTM and FlexPAVETM results for all SR mixtures. The two 

approaches yield consistent results. Based on %Damage, SR_0.29_64-22Low_RA exhibited 

the highest ranking, followed by SR_0.29_64-22Low_RA (NMC), SR_0.16_58-

28High_RBA (NMC), and SR_0.16_58-28Hgh_RBA. 

 

Table 5-3 Comparison of Sapp and %Damage for SR mixtures 

Mixture 
Sapp 

(FlexMATTM) 

%Damage 

(FlexPAVETM) 

Ranking (based 

on %Damage) 

SR_0.16_58-28High_RBA 18.4 8.7 4 

SR_0.29_64-22Low_RA 22.0 6.4 1 

SR_0.16_58-28High_RBA (NMC) 17.7 8.3 3 

SR_0.29_64-22Low_RA (NMC) 20.2 7.1 2 
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5.4 Summary 

 

This chapter discusses the pavement performance modeling considering the robust 

mixtures as the surface layer using FlexPAVETM. The modeling effort included four mixtures 

from NR and four from SR zones. For SR, two mixtures passing all the thresholds were 

modelled with and without moisture conditioning, while for NR, all mixtures were moisture 

conditioned. The major inputs for the modeling were E* and CF test results. As part of the 

test results, using Sapp and DR parameters, the fatigue performance of all mixtures was 

determined. However, the ranking obtained from FlexPAVETM was different from the ranking 

obtained from Sapp. This difference could be attributed to the mixture's interaction with the 

pavement structure and traffic loading, which are considered in FlexPAVETM but not in Sapp. 

Overall, all robust mixtures that passed the cracking thresholds showed good performance in 

the modeling, which also validated the laboratory cracking results, as presented in Chapter 4. 

Moisture conditioning helped in increasing the Sapp and DR parameters, but the increase was 

not that significant. 
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Chapter 6 Conclusion and Recommendations 

 

 

6.1 Summary 

 

This study investigated various crack mitigation strategies to enhance the cracking 

performance of asphalt mixtures with high recycled binder ratios (RBRs) or high content of 

reclaimed asphalt pavement (RAP) and recycled asphalt shingles (RAS). Aggregates were 

collected from two climatic zones: South (moisture resistant, SR) and North (moisture 

resistant, NR; moisture susceptible, NS). SR mixtures were designed with 0.16 and 0.29 

RBRs with RAP, while NR mixtures included 0.21 and 0.37 RBRs with RAP, and 0.44 RBR 

with RAP/RAS. NS mixtures included 0.20 and 0.29 RBRs with RAP. Various strategies such 

as using a softer binder, different binder sources with higher ∆Tc, recycling agent (RA), 

reduced Reclaimed Binder Activation (RBA), polymer-modified asphalt (PMA), and hybrid 

approaches (combination of two or strategies) were employed to mitigate the effect of stiff, 

brittle, and highly aged RAP/RAS properties and consequently, improve the cracking 

performance of the mixture. All the virgin binders used were test for their performance grade 

before being used in the mixtures. RAPs from all the sources were also evaluated for 

workability by DWT testing. Mix designs for all the mixtures were verified in the lab for 

volumetrics. Intermediate- and low-temperature cracking resistance was evaluated using the 

IDEAL-CT and DCT tests, respectively. Instead of solely relying on the CTIndex parameters, 

IDEAL-CT results were also analyzed using interaction diagrams to better understand the 

parameter affecting the CTIndex most. To validate the laboratory findings, the study also 

conducted pavement performance modeling with several robust mixtures that passed 

laboratory cracking thresholds. The modeling effort was conducted utilizing a finite element 

program, FlexPAVETM. Two additional laboratory testing, dynamic modulus (E*) and cyclic 

fatigue (CF), were conducted for the input parameter of the modeling. Damage factor spatial 

distribution and percent damage evolution curves were evaluated from the modeling to assess 

the overall cracking performance. Table 6-1 represents the overall performance of all the 

robust mixtures evaluated through various laboratory cracking testing and performance 

modeling. 

Table 6-1 Overall performance of robust mixtures 

Region Mixture Label 
Ideal-CT 

(CTIndex) 

DCT (Facture 

Energy) (J/m2) 

E* (10Hz, 

20ºC) (MPa) 
Sapp 

%Damage 

Evolution 

Ranking (based 

on %Damage) 

North 

NR_0.21_58-28Low_LAS 51.63 464.67 7557 30.8 12.1 4 

NR_0.37_58-28Low_RA 35.50 490.67 6681 24.5 6.5 1 

NR_0.37_70-28_RBA 20.56 429.50 8500 19.0 9.1 2 

NR_0.44_58-28Low_RBA 36.92 462.17 8590 30.9 9.3 3 

South 

SR_0.16_58-28High_RBA 26.25 - 7419 18.4 8.7 4 

SR_0.29_64-22Low_RA 20.63 - 6218 22.0 6.4 1 

SR_0.16_58-28High_RBA (NMC) - - 7798 17.7 8.3 3 

SR_0.29_64-22Low_RA (NMC) - - 7026 20.2 7.1 2 
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6.2 Key Findings 

 

6.2.1 Cracking Results 

 

The following key findings were draw based on laboratory cracking evaluation: 

 

• For SR mixtures, a hybrid approach (Softer Binder + decreased RBA) was required 

for typical 0.16 RBR mixtures to meet the CTIndex threshold of 20, while high 0.29 

RBR mixtures passed with RA. The RA's effectiveness differed between the typical 

0.16 RBR and high 0.29 RBR mixtures, possibly due to the extreme stiffness of the 

southeast RAP, having PG grade of 126.7 + 0.3. The higher RA dose for high RBR 

mixtures softened the 0.29 RBR mixture, particularly the virgin binder portion, 

resulting in a higher CTIndex. 

• For NR mixtures, the typical low 0.21 RBR mixture met the CTIndex threshold with the 

control PG 58-28 binder without any strategy. However, mitigation strategies using 

RA and reduced RBA were necessary for high 0.37 RBR and 0.44 RBR (RAP/RAS) 

mixtures to pass their respective CTIndex thresholds of 30. The reduced RBA approach 

increased the binder content by 0.52% of overall mixture weight for the 0.44 RBR 

(RAP/RAS) mixture, helping it meet the CTIndex threshold. 

• For NS mixtures, the typical low 0.20 RBR did not require any strategy to pass the 

CTIndex threshold of 30. However, the high 0.29 RBR mixture required a decreased 

RBA strategy to pass the CTIndex threshold. 

• IDEAL-CT interaction diagram analysis revealed that the effectiveness of the 

mitigation strategies is mostly related to the reduced l75/m75 rather than improving 

fracture energy. The most effective strategies, i.e., RA and RBA mainly improve the 

l75/m75 parameter, indicating altering the relative ductile-brittle behavior for improved 

cracking resistance. 

• Using a different source of binder with higher or lower ∆Tc parameter or using PMA 

did not significantly improve CTIndex. These strategies slightly increased fracture 

energy with no substantial changes in l75/m75, which was not enough to significantly 

increase the CTIndex parameter to pass the threshold. 

• All NR mixtures tested passed the proposed fracture energy threshold of 400 J/m2 and 

were generally more resistant to low-temperature cracking as compared to the SR 

mixtures. For NS mixtures, typical low RBR was only able to pass the threshold of 

400 J/m2
. 

Overall, the effectiveness of strategies varied based on RBR, binder stiffness, quantity, 

and the relative brittle-ductile behavior of the mixtures. The study included different 

aggregate sources from different climatic zones and different strategies to capture all 

variations in strategy establishment. After evaluating intermediate and low-temperature 
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cracking resistance, mixtures passing thresholds were modelled for real pavement layer 

interactions and traffic loading. 

6.2.2 Modeling Results 

 

The following key findings were drawn based on the pavement performance modeling: 

 

• For NR mixtures, the high 0.37 RBR with RA strategy showed the least percent 

damage evolution from FlexPAVETM simulation, while the control 0.21 RBR 

mixtures showed the highest % damage, indicating the efficacy of RA strategy in 

cracking mitigation. The other two mixtures, 0.44 RBR with RBA and 0.37 RBR with 

PMA+RBA exhibited equivalent predicted cracking performance. 

 

• For SR mixtures, the high 0.29 RBR with RA strategy showed better resistance to 

damage in comparison to 0.16 RBR with a hybrid strategy (Softer+RBA) both with 

and without moisture conditioning. The effect of moisture conditioning was not 

consistent in the two SR mixtures. The conditioning helped increase the damage 

resistance for the high RBR (0.29) with RA mixture, while its effect was insignificant 

for low RBR (0.16) mixtures with RBA mixture. 

 

• Damage factor spatial distribution revealed that there is potential surface cracking in 

control NR 0.21 RBR mixtures. However, it is not evident in the high RBR with RA 

strategy. SR mixtures also revealed potential surface cracking in the low 0.16 

mixtures, however, there was no sign of such cracking for the high 0.29 RBR 

mixtures with RA strategy. 

 

• Damage evolution curves also revealed using a RA increases the design life at a given 

%Damage regardless of mixtures’ climatic zone. 

 

• Using both laboratory and modeling results, it was noticed that though the PMA 

mixtures were not able to perform well in the cracking performance through IDEAL-

CT results but performed comparable to other robust mixtures in FlexPAVETM 

simulation. 

 

6.3 Future Recommendations 

 

Based on the observations from this study, the following recommendations were made for 

future research: 

 

• The strategies evaluated in this study alter binder properties in terms of binder quality 

and quantity. It would be interesting to extract the binder from the mixtures that 

passed the threshold and evaluate their different performance properties.  

• Current evaluation tools like IDEAL-CT testing for PMA and corresponding asphalt 

mixtures are insufficient to capture the enhanced performance documented in the field 

and shown in pavement performance modeling for these mixtures. 
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• It is also recommended to include more control mixtures with diverse aggregate 

properties and climatic zones for such evaluation. This will help with possible 

adjustment and strengthening of the overall findings of this study. 

• A field project construction and evaluation with real-time traffic simulator design 

using stepwise approach would be more promising to establish these strategies for 

implementation. 
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