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3.0 MATERIALS AND METHODOLOGY 

The present study supports the goal to increase asphalt recycling in order to reduce economic and 
environmental burdens and improve pavement longevity by employing various strategic 
techniques. These strategic techniques involve the change in mix attributes, use of rejuvenators, 
warm mix asphalt (WMA) technologies, and better-reclaimed asphalt pavement (RAP) 
management practices. However, selecting the most effective technique for Oregon and ensuring 
appropriate RAP management schemes to achieve high RAP mixes without affecting the 
performance of the asphalt pavements is crucial. Thus, different combinations of asphalt binders, 
RAP content, rejuvenators, and WMA additives are included in the experimental design of this 
study. A series of testing procedures has been chosen to understand the benefits of implementing 
asphalt recycling on a larger scale. The final outcome of the present study is based on the 
mechanical performance and economic and environmental aspects.  

This chapter provides a brief overview of the materials used throughout the research. The 
material characterization in terms of chemical composition and rheological properties of the 
asphalt binder has also been discussed. The binder-level characterization was conducted only on 
the virgin binders, both with and without the inclusion of WMA and rejuvenators, to assess the 
resulting changes in their behaviour. A couple of past studies in the literature recommend the 
evaluation of engineering and chemical properties of the virgin asphalt binders blended with 
WMA and rejuvenators (Elahi et al. 2021; Mehmood et al. 2024; Saboo et al. 2021; Sukhija et al. 
2025; Wagh et al. 2025). Thus, in this research work, the team attempts to investigate how these 
additives affect performance at the binder level. 

This chapter also includes the details on the test methodology; however, detailed descriptions of 
the experimental matrix are presented in subsequent chapters to avoid confusion, as each chapter 
involves a distinct test matrix and plan with varying material combinations. For example, in 
some chapters, only RAP from Source 1 was used, whereas in others, RAP from two different 
sources was incorporated to address specific research objectives. In addition, presenting this 
information here helps avoid redundancy in displaying the same aggregate gradation, basic 
asphalt binder properties, modified binder preparation, and mix design procedures throughout the 
report. While these conditions were kept constant, certain specific parameters were varied as 
required for each study. 

3.1 MATERIALS USED  

This section provides information on the materials utilized to prepare recycled asphalt mixtures. 
It also demonstrates the details on the aggregate gradation, preparation of modified binders, and 
mix design procedure. It has to be noted that the selection of construction materials (asphalt 
binder grade, RAP content, and compaction effort) and the corresponding mix design are usually 
based on the mix design level category. These mix design levels are primarily a function of the 
current and anticipated traffic volumes on the roadway and the roadway type (rural or urban). In 
general, the Oregon Department of Transportation (ODOT) specified four mix design levels for 
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are identified to satisfy the standard limits specified in AASHTO M320, ASTM D6373, ASTM 
D2473, and AASHTO T301. 

Table 3.2. Basic properties of the asphalt binders incorporated in this study 
Binder Properties PG64-22 PG70-22ER 

Specific Gravity @ 15 ºC (60 ºF) 1.0381 1.0376 

Flashpoint, ºC >230 >230 

Dynamic Shear, G*/sinδ (at grade temperature), kPa 1.20 1.08 

Rotational Viscosity, 135 ºC, Pas 0.375 0.650 

Rotational Viscosity, 165 ºC, Pas 0.125 0.187 

Mixing Temperature Range, ºF 307-319  328-340 

Compaction Temperature Range, ºF 283-293 305-315 

Loss on Heat (RTFO residue), % 0.205 0.223 

Elastic Recovery (RTFO residue), % - 58.75 
 

3.1.3 Additional Additives 

Since RAP material has an oxidized asphalt binder film over the RAP aggregates, this often 
affects the mix's workability and compaction ability. Additionally, RAP-inclusive asphalt 
mixtures entail high production temperatures that affect the performance of asphalt mixtures and 
increase the project cost. The oxidized RAP binder with limited maltene content may result in an 
asphalt mix with lower cracking resistance if the RAP content is high or if nothing is done to 
offset the stiffening effect of the brittle RAP binder. Thus, additional additives, such as 
rejuvenators and warm-mix asphalt (WMA) technologies, are often adopted as strategic 
measures to improve the quality and quantity of RAP in asphalt pavements. The synergistic 
effect of RAP and rejuvenator or RAP and WMA may help towards achieving a more 
sustainable process.  

Rejuvenators tend to restore or reduce the stiffness of the oxidized RAP binder by creating a 
chemical reaction, which rejuvenates the properties of the RAP binder to get them close to the 
properties of the neat asphalt binder. On the other hand, WMA technologies are generally 
employed to reduce production temperatures without affecting the performance of asphalt 
mixtures, even at high RAP contents. Using WMA technologies also improves workability and 
lowers greenhouse gas emissions during the production of asphalt mixtures.  

In the present study, two different rejuvenators (viz, REJ1 and REJ2) and two different WMA 
technologies (namely, WMA1, and WMA2) are included in an attempt to increase the RAP 
content without compromising the performance of the asphalt mix. Both WMA1 and WMA2 are 
chemical-based WMA technologies that allow the production of asphalt mixtures at lower 
mixing and compaction temperatures through enhanced coating and workability.  
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3.2 CHARACTERIZATION OF ASPHALT BINDERS AND ADDITIVES 

The characterization of the asphalt binder was executed to understand how it performs in the 
presence of additives. The characterization was carried out by preparing the modified binders at 
the dosage recommended by the manufacturer (0.5% for WMA and 1.5% for rejuvenators by 
weight of total binder). The study on finding/validating the optimum dosages has been detailed 
in subsequent chapters. The binder level test described in this study includes the characterization 
of asphalt binder and additives using Fourier Transform Infrared (FTIR) Spectroscopy for 
chemical composition and rheological tests, such as high temperature performance grading and 
binder fast characterization test (BTSV), for binder properties. These are discussed next. 

3.2.1  Fourier Transform Infrared Spectroscopy (FTIR) 

FTIR is considered one of the most promising and widely used tools to identify/classify the 
chemical structure of the mixture components (Zhang et al. 2020). In this study, FTIR was 
executed using Nicolet iS50 FT-IR (Figure 3.2), following the Attenuated Total Reflectance 
(ATR) approach. FTIR test was carried out at Advanced Technology and Manufacturing Institute 
(ATAMI), an academic-industrial research center and business incubator run by Oregon State 
University (OSU). The spectrum was collected in the range of 600 cm-1 to 4000 cm-1 
wavenumber with a resolution of 4 cm-1, and the results are drafted in the form of absorbance. 

The working principle of FTIR involves the absorption of infrared radiation at a defined 
frequency level to characterize any material's chemical structure. It uses a beam splitter 
(interferometer) to accumulate the interferogram data, which resembles a pattern of waves. These 
waves are generated based on the radiation received at different positions through fixed and 
movable mirrors. The same radiations (generally infrared radiations) are further interposed 
within the sample, which causes vibration in the molecular bond at distinct frequency levels, and 
signifies absorbance or transmittance of the radiations depending on their directions (Hou et al. 
2018). The absorbance or transmittance values are digitized to visualize the actual spectrum data 
over a wide spectral range (wavenumber) (Kumar et al. 2019). Figure 3.3. demonstrates the 
schematic view of the working mechanism of FTIR.  



82 
 

 
Figure 3.3. Schematic view of FTIR 

3.2.1.1 FTIR of Neat Asphalt Binders 

Since the two asphalt binders exhibit distinct chemical characteristics, primarily due to 
the presence of polymers in PG 70-22ER, they demonstrate different functional groups as 
identified through Fourier Transform Infrared Spectroscopy (FTIR). Figure 3.4a 
illustrates the FTIR spectra of both base binders. 

A prominent peak at approximately 720 cm-1 corresponds to CH2 rocking vibrations 
associated with long paraffinic chains. Several small peaks between 700–900 cm-1 
indicate =C–H in-plane bending vibrations in aromatic structures and olefins (Liu et al. 
2019; Ma et al. 2022a). Moderate peaks observed around 1030 cm-1 confirm the presence 
of sulfoxides (S=O), which are significant indicators of oxidative ageing in asphalt 
binders (Nivitha et al. 2016). In addition, weaker stretching peaks near 1160 cm-1 and 
1290 cm-1 suggest the presence of C-O functional groups. Distinct asymmetric and 
symmetric stretching vibrations of CH3 and CH2 groups were noted between 1376–1452 
cm-1, which are characteristic of asphalt binders as asphalt binder composition includes a 
long chain hydrocarbon with around 82-88% carbon and 8-11% hydrogen (Sukhija et al. 
2025). A medium-intensity peak at approximately 1600 cm-1 reflects the presence of 
aromatic C=C bonds (Ma et al. 2022a), while a weak peak near 1700 cm-1 indicates 
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Although both test results are crucial for assessing the behaviour of the additives, their 
significance can largely be understood after the preparation of asphalt mixtures with RAP 
material, since their impact is feasible for the rejuvenation and mobilization of RAP 
binder. However, the present binder-based study was only carried out on the virgin 
binders without incorporating the effect of RAP, just to assess the consequence of using 
these additives on the binder properties. 

3.3 MIX DESIGN 

RAP-inclusive asphalt mixtures were prepared to determine the effectiveness of high RAP 
mixtures on the mechanical performance. The asphalt mixtures were prepared to simulate Level 
3 and Level 4 category asphalt pavements using different proportions of RAP material depending 
on the mix design levels. Figure 3.14 shows the combined aggregate gradations adopted in the 
present study. As is evident, the differences between the aggregate gradations for these two mix 
levels are minimal, and thus it is expected that the performance variations in the asphalt mixtures 
are primarily affected by the binder grade rather than the gradation differences. Therefore, the 
research team compared the results based on the binder grade (PG64-22 and PG70-22ER) 
instead of mix level (Level 3 and Level 4) during most of the tasks. 

To prepare the asphalt mixtures, the asphalt binder is heated in a draft oven for two hours at its 
respective mixing temperature prior to mixing. Simultaneously, virgin aggregates are also placed 
in an oven at 10°C higher than the mixing temperature, whereas RAP aggregates are heated at a 
fixed temperature of 121°C. A portable bucket mixer was used to mix the preheated virgin 
aggregates, RAP aggregates, and asphalt binder in order to prepare a loose asphalt mixture. Since 
the performance testing has to be executed on these samples, the loose asphalt mixtures are 
exposed to short term ageing (STA) and long-term ageing (LTA) based on the standard test 
protocol for rutting and cracking. The rutting performance was evaluated on STA samples, while 
the cracking potential was measured on samples subjected to STA followed by LTA.  

To simulate the STA, the loose asphalt mixture is subjected to an oven heating for 2 hours at 
135°C (275°F) for HMA and 116°C (240°F) for WMA as per NCHRP 9-52 (Newcomb et al. 
2015). Based on the standard protocol for Oregon (Coleri et al. 2020), the STA samples were 
further subjected to heating for 24 hours at 95°C in order to simulate LTA. Further, the aged 
mixture in a loose state is placed at its respective compaction temperature again for 2 hours 
before the compaction. Superpave gyratory compactor was used to compact the asphalt mixtures 
to 62 mm thickness with a diameter of 150 mm, ensuring 7 ± 1% air voids. These compacted 
samples are then conditioned based on the requirements of the performance testing. It should be 
noted that WMA mixtures were produced at lower temperatures than HMA (as described in 
subsequent chapters) to perceive the potential benefits of WMA technologies.  
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Figure 3.16. Designed aggregate gradation for Level 3 and Level 4 category asphalt 

mixtures 

Since aged binder in RAP is less ductile than a virgin binder and gives rise to failure under 
repeated high axle loads and thermal effects, the proportion of RAP in asphalt pavements 
constructed in Oregon is currently limited to about 30% and 20% by weight of the mix in Level 3 
and Level 4 categories, respectively. For asphalt mixtures with a higher percentage of RAP 
(higher than the current limit), different strategies, including the increased binder content, binder 
grade bumping, use of rejuvenators, and WMA technologies, are commonly adopted for 
improving the resistance to potential cracking failures. An attempt has been made to incorporate 
different RAP contents based on the mix design levels. Emphasis is given to evaluating the 
effectiveness of high RAP content for Level 3 and Level 4 mix category asphalt mixtures 
prepared with and without the strategic techniques.  

3.4 TEST METHODOLOGIES 

To achieve the study objectives, a series of experimental programs was presented across different 
chapters, aligned with the specific aims and summarized in Table 3.5. The primary test methods 
included the assessment of workability using the Superpave gyratory compactor, evaluation of 
cracking resistance through the Indirect Tensile Cracking Tolerance Test (IDT-CT), and 
investigation of rutting performance using the Hamburg Wheel Tracking Tester (HWTT). These 
methods were chosen for their proven effectiveness in characterizing asphalt mixtures, as 
demonstrated in previous studies (Chitnis et al. 2025; Dessouky 2015; Dessouky et al. 2013; 
Kumar et al. 2024b; Rahman and Hossain 2014).  
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In addition to the experimental program, statistical analyses were performed using Analysis of 
Variance (ANOVA) and Tukey’s pairwise post-hoc tests to validate the observed trends and 
attributions. The application and detailed outcomes of these statistical methods are presented 
within the respective chapters where they were employed. 

Table 3.5. Test methods adopted in different chapters of the study 
Characterization Test Method Concerned Chapters 

Workability Superpave Gyratory 
Compactor Chapter 5.0 

Cracking Indirect Tensile Cracking 
Tolerance Test 

Chapter 4.0, 5.0, and 7.0 

Rutting Hamburg Wheel Rut Tester Chapter 4.0, 5.0, and 7.0 

 

3.4.1 Workability Characteristics 

Workability is generally defined as the ease with which the components of an asphalt mixture 
blend and respond to processes such as mixing, handling, placing, and compaction to achieve the 
desired lift thickness. Workability values offer insight into the ease of compaction, and in this 
study, they were evaluated based on the number of gyrations required to compact each asphalt 
mixture. Typically, mixtures with high RAP content or stiffer binders demand greater 
compactive effort to achieve the desired density in the field. This behaviour can be simulated in 
the laboratory using an advanced Superpave gyratory compactor (as shown in Figure 3.15), 
which measures the change in density and height of the asphalt mixture specimen corresponding 
to each gyration.  

Based on these values, a height-based index was developed in previous literature to study the 
workability characteristics of the asphalt mixtures (Dessouky and Diaz 2015). This is typically 
known as Workability Energy Index (WEI) and is mathematically written as Equation 3.2. WEI 
represents the energy required to compact a loose asphalt mixture to approximately 92% of its 
theoretical maximum density (Gmm), corresponding to 8% air voids in the compacted specimen. 
The unit of WEI is N-m/gyration. A higher WEI value indicates greater workability, implying 
that less compaction energy (gyrations) is needed to achieve the target density. 

𝑾𝑾𝑾𝑾𝑾𝑾 =
�𝝅𝝅𝒅𝒅

𝟐𝟐

𝟒𝟒 �𝑷𝑷(𝒉𝒉𝒏𝒏=𝟎𝟎 − 𝒉𝒉𝟗𝟗𝟗𝟗)

𝑵𝑵𝟗𝟗𝟗𝟗 − 𝑵𝑵𝒏𝒏=𝟎𝟎
 

(Equation 3.2) 

In Equation 3.2, P represents the pressure used for compaction in kPa, d indicates the diameter in 
mm, and hn=0 and hn=92 are the height of the specimen at gyrations 0 (Nn=0) and 92% Gmm 
(Nn=92), respectively.  
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Figure 3.17. Superpave gyratory compactor used in the present study 

3.4.2 Cracking Behavior 

Cracking potential of the asphalt mixtures was assessed using the Indirect Tensile Cracking 
Tolerance Test (IDT-CT). The test was conducted at 25℃ on LTA samples, and the compacted 
asphalt mixtures were conditioned in an environmental chamber for 2 hours at the test 
temperature prior to the testing. Following the test procedure mentioned in (ASTM D8225 
2019), the cylindrical RAP mixtures compacted at 7±1 air voids were subjected to an indirect 
tension along the diametrical plane with a compressive load consistently applied at a 50 
mm/minute rate. The applied load and the corresponding vertical displacement were monitored 
to prepare a load-displacement curve, as shown in Figure 3.16. The obtained load-displacement 
curve was further analyzed to determine the cracking resistance in terms of a parameter typically 
known as the CT Index. Mathematically, the CT Index parameter can be written as (Equation 
3.3):  

𝑪𝑪𝑪𝑪 𝑰𝑰𝑰𝑰𝑰𝑰𝑰𝑰𝑰𝑰 =
𝒕𝒕
𝟔𝟔𝟔𝟔 ×

𝒍𝒍𝟕𝟕𝟕𝟕
𝑫𝑫 ×

𝑮𝑮𝒇𝒇
|𝒎𝒎𝟕𝟕𝟕𝟕| × 𝟏𝟏𝟏𝟏𝟔𝟔 

(Equation 3.3) 

𝑮𝑮𝒇𝒇 =
𝒘𝒘𝒇𝒇

𝒕𝒕 × 𝑫𝑫× 𝟏𝟏𝟏𝟏𝟔𝟔 

(Equation 3.4) 
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(a) 

 
(b) 

Figure 3.18. Cracking behaviour test (a) IDT-CT setup and (b) Load-displacement curve 
from Ideal CT test 
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4.0 ADJUSTMENT IN BINDER CONTENT AND BINDER 
GRADE FOR HIGH RECLAIMED ASPHALT PAVEMENTS IN 

OREGON 

4.1 INTRODUCTION AND BACKGROUND 

Over the past decades, the use of reclaimed asphalt pavement (RAP) materials has been gaining a 
lot of attention in the field of pavement engineering, and the overall trend indicates more 
divergence toward the application of high RAP (Lewis et al. 2024; Prasad et al. 2023). RAP 
material, in general, comprises an aged asphalt binder film over the aggregates, which imparts a 
stiffening effect to the asphalt mixtures and influences their overall performance, especially 
when the RAP content exceeds 20%. This stiffening effect may be beneficial for improving 
rutting resistance, but it may lead to cracking in the early stage of service life (Yu et al. 2024). 
Based on the experience in China (Yu et al. 2024)The addition of RAP affects the cracking 
potential, and thus, rutting tests may not be necessary for such mixtures unless a softening agent 
or binder grade bumping technique is used. In actual practice, high RAP content in a mix (>20-
25%) may result in poor workability and improper densification, eventually leading to premature 
field failure (Daniel and Lachance 2005; Pradhan and Sahoo 2022). Despite such concerns, the 
scarcity and increase in the cost of natural aggregates and asphalt binders raise awareness in the 
asphalt industry to incorporate high RAP contents in asphalt pavements (Jahanbakhsh et al. 
2020). In addition, applying high RAP content acts as a major step toward the 2050 mission of 
carbon neutrality and sustainable infrastructure development in terms of economic and 
environmental stewardship (AzariJafari et al. 2023).  

In Oregon, RAP is employed for almost all pavement construction projects. However, the 
amount of RAP is limited to 20-30%, depending on the traffic conditions (ODOT 2019, 2021). 
Oregon Department of Transportation (ODOT) is actively looking for strategic techniques to 
improve the blending efficiency and increase the RAP content beyond the current limits with 
adequate performance. Common techniques include the adoption of proper RAP management, 
such as RAP processing and handling, and characterization of RAP before the mix design 
process (West 2015). Additionally, the RAP content can be increased with RAP fractionation 
techniques (Katla et al. 2022; Shannon 2012), the use of rejuvenators (Albayati et al. 2023; 
Behnood 2019; Prasad et al. 2023), warm mix asphalt (WMA) additives (Hettiarachchi et al. 
2019; Yousefi et al. 2025), and various alternative materials (Eltwati et al. 2022c; Eskandarsefat 
et al. 2019; Wang et al. 2025a). The most potentially recommended strategy to increase the RAP 
content is to change the design attributes, especially when RAP is greater than 25% (Willis et al. 
2012). To produce high RAP mixtures with acceptable performance, design attributes can be 
changed by increasing the binder or lowering the asphalt binder grade by one or two grades 
(referred to as binder grade bumping). The change in these attributes depends on the type and 
amount of RAP material in the asphalt mixture. The in-depth details on the selection of these 
management practices and strategic techniques can be found in a systematic review conducted 
by Sukhija and Coleri (2025b). 
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technique depends on the RAP content anticipated to be incorporated in the asphalt mixtures 
(Willis et al. 2012). The study recommended adopting an increased binder content strategy when 
the RAP content is lower than 30%, whereas a softer binder should be used if the RAP utilization 
is beyond 30% to design a high-performing and durable RAP-inclusive asphalt pavement.  

Past experience highlights that the increase in the amount of RAP content with the adjustment in 
mix design attributes, such as asphalt binder content (increase in binder content) or binder grade 
(binder grade bumping), is often overlooked (Sukhija and Coleri 2025b). Instead of exploring 
these cost-effective techniques, the current focus on improving RAP utilization has been on the 
application of expensive alternatives, such as commercial rejuvenators, nanomaterials, polymers, 
and WMA additives. The findings of the present study are expected to encourage state 
agencies/DOTs to incorporate high RAP content in asphalt pavements, with the implementation 
of feasible strategic techniques.  

4.2 OBJECTIVES 

Considering all these aspects, the objectives of the present study are to: 

1. Statistically analyze the intercorrelation between influential factors, such as binder 
content, binder grade, and RAP content, and subsequently identify the most influential 
parameter through univariate analysis. 
 

2. Assess the influence of strategic measures on the rutting and cracking performance of 
high RAP asphalt mixtures.   

The major contribution of the study includes the suitability of increased binder content and 
binder grade bumping to facilitate a 10% RAP increase beyond the current levels in Oregon 
(30% for Level 3 and 20% for Level 4 mix designs). As a whole, the present study aims to find 
whether the RAP content can be increased by adjusting mix design attributes in an optimal way.  

4.3 MATERIALS AND MIX DESIGN 

In this chapter, two asphalt binder grades were utilized: PG 64-22 (Level 3) and PG 70-22ER 
(Level 4). The physical properties of these binders are presented in Table 3.2 (Chapter 3.0). 
Virgin aggregates and RAP material sourced from Source 1, with a nominal maximum aggregate 
size (NMAS) of 12.5 mm (½ inch), were employed. The RAP binder content was determined to 
be 4.97%. 

The asphalt mixtures were designed to represent Level 3 and Level 4 pavement categories with 
varying RAP proportions. The combined aggregate gradations adopted in this study are 
illustrated in Figure 3.14 (Chapter 3.0). The differences between Level 3 and Level 4 gradations 
were found to be minimal; therefore, performance comparisons were primarily made based on 
binder grade. 

Mixture production followed the procedure outlined in Section 3.3 of Chapter 3.0, which also 
specifies the short-term and long-term ageing protocols. All asphalt mixtures were prepared to a 
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thickness of 62 mm and a diameter of 150 mm, compacted to achieve 7 ± 1% air voids, 
irrespective of RAP content, binder grade, binder content, mix design level, or ageing condition. 

4.4 RESEARCH FRAMEWORK AND METHODOLOGY 

Figure 4.1 shows the research framework followed to achieve the objectives of the present study. 
The overall study is subdivided into two different tasks. Section 4.5.1 Task I presents the relation 
between the influential factors and the performance parameters. In addition, their individual 
effect and contributions to the variation in the performance of RAP mixtures is highlighted. 
Statistical analysis was also performed to identify and validate the significance of these factors. 
Section 4.5.2 Task II focuses on understanding various strategies to increase the amount of RAP 
content in asphalt mixtures beyond their allowable limit.  

Performance tests, including an indirect tensile cracking tolerance test (IDT-CT) and Hamburg 
wheel tracking test (HWTT), were carried out to understand RAP mixtures' cracking and rutting 
tolerance, respectively. The details of the adopted test methodology for HWTT and IDT-CT can 
be found in Section 3.4 of Chapter 3.0.  

Table 4.1 presents the complete experimental test matrix. Four replicates were prepared for each 
combination, and the average value of performance test parameters, along with the standard 
deviation using the error bar, was shown throughout the study. Here, one error bar indicates one 
standard deviation. Considering all the factorials, a total of 144 samples were prepared and tested 
as per the experimental test matrix, shown in Table 4.1. 
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Figure 4.1. Research framework 
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Table 4.1. Experimental test matrix 
Mix 

Design 
Level 

Property Test 
Method 

RAP Binder 
Content 

Binder 
Grade 

Test 
Temperature 

(Ageing 
Condition) 

Strategic 
Measure 

Level 
3 

Fatigue 
Cracking 

IDT-CT 30% 
40% 

  

5.50% 
6.00% 
6.50% 

PG64-
22 

25℃ (LTA) Increased binder 
content  

Level 
3 

Rutting HWTT 30% 
40%  

5.50% 
6.00% 
6.50% 

PG64-
22 

50℃ (STA) Increased binder 
Content  

Level 
4 

Fatigue 
Cracking 

IDT-CT 20% 
30% 

  

5.50% 
6.00% 
6.50% 

PG70-
22ER 

25℃ (LTA) Increased binder 
content 

Binder grade 
bumping (PG64-
22 as a single 
grade bumped 
binder) 

Level 
4 

Rutting HWTT 20% 
30% 

  

5.50% 
6.00% 
6.50% 

PG70-
22ER 

50℃ (STA) Increased binder 
content 

Binder grade 
bumping (PG64-
22 as a single 
grade bumped 
binder) 

Note 1: IDT-CT and HWTT indicate Indirect tensile cracking tolerance test and Hamburg wheel tracking test, 
respectively. 
Note 2: Level 3 mixes are suitable for pavements with anticipated ESALs between 1 million - 3 million, while Level 4 
mixes are recommended for pavement where estimated ESALs exceeds 3 million. 

4.5 RESULTS AND DISCUSSION 

This section presents the outcomes of the present study, focusing on the significance of various 
influential parameters, including binder content, RAP content, and binder grade, on the fatigue 
cracking and rutting behaviour of RAP mixtures, ultimately aiming to enhance RAP utilization in 
asphalt pavement production. As stated, the overall results of the study are discussed under two 
different tasks: 

4.5.1 Task I- Preliminary Assessment on the Influence of Key Variables on Mix 
Performance 

A commonly used Pearson correlation coefficient-based parametric analysis was carried out to 
measure the strength of linear correlation between any two parameters in question (or two sets of 
data). Basically, these correlations deliver an understanding of how and to what extent one 
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variable is related to the other variable. Generally, the Pearson coefficient ranges between ±1, 
where -1 indicates the strongest negative linear correlation, 0 suggests no correlation, and +1 
denotes the strongest positive linear correlation.  

Table 4.2 shows the correlation matrix developed using the outcomes of performance testing 
(IDT-CT and HWTT) conducted in the present study. The results revealed some correlation 
between the selected independent and performance parameters. Compared to the influence of 
binder grade and RAP content, the effect of binder content was calculated to be more 
pronounced, as indicated by the highest Pearson coefficient (+0.77 with CT Index and +0.88 
with rut depth). This is in agreement with the findings of past studies conducted in areas with 
different geographical conditions (i.e., India, China, within the United States, etc.), indicating 
that the performance of asphalt mixtures is highly sensitive to binder content (Guo et al. 2020b; 
Harvey and Tsai 1996; Jiang et al. 2024; Saha Chowdhury et al. 2022). Variation in binder 
content specifically alters the flexibility of the asphalt mixture, leading to a deviation in the 
mechanical performance (Shaikh and Gupta 2024; Sreedhar and Coleri 2018). The existence of a 
strong intercorrelation between the binder grade and RAP content is ascribed to the incorporation 
of different RAP contents with different binder grades. For example, the mixes with 30% and 
40% RAP were prepared using a PG64-22 binder (Level 3 mix category), while the PG70-22ER 
binder was used to produce 20% and 30% RAP mixtures (Level 4 mix category).  

Based on the comprehensive experimental testing involving all the above-mentioned variables, 
descriptive statistics were prepared, and the results are shown in Table 4.2. From the results, the 
CT Index varies from 17.13 to 146.43, and the rut depth ranges from 1.91 mm to 5.87 mm 
depending on the amount of binder (5.5 to 6.5%), RAP content (20-40%), and binder grade 
(PG64-22 and PG70-22ER). Thus, the present study assessed the individual effect of these 
variables to identify the general pattern in the performance of RAP mixtures with the change in 
one characteristic or attribute while the other variables are kept constant. This type of analysis is 
typically called univariate analysis, wherein each variable in a group data set is explored 
individually. A similar analytical technique was recommended in a previous study to 
individually find the impact of each variable (Albayati and Sukhija 2024). 
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Table 4.2. Correlation matrix and description statistics 
Correlation Matrix 

for CT Index Variables 
RAP 

Content 
Binder 

Content 
Binder 
Grade CT Index 

Correlation Matrix 
for CT Index RAP Content 1 - - - 

Correlation Matrix 
for CT Index 

Binder 
Content -0.027 1 - - 

Correlation Matrix 
for CT Index Binder Grade -0.701 0.037 1 - 

Correlation Matrix 
for CT Index CT Index -0.388 0.771 0.152 1 

Correlation Matrix 
for Rut Depth Variables 

RAP 
Content 

Binder 
Content 

Binder 
Grade 

Rut 
Depth 

Correlation Matrix 
for Rut Depth RAP Content 1 - - - 

Correlation Matrix 
for Rut Depth 

Binder 
Content 0.003 1 - - 

Correlation Matrix 
for Rut Depth Binder Grade -0.720 -0.004 1 - 

Correlation Matrix 
for Rut Depth Rut Depth -0.129 0.877 -0.098 1 

Descriptive 
Statistics 

Performance 
Parameter Mean Minimum Maximum 

Standard 
Deviation 

Descriptive 
Statistics CT Index 63.24 17.13 146.43 33.60 

Descriptive 
Statistics Rut Depth 3.36 1.91 5.87 0.94 
 

4.5.1.1 Univariate Analysis of RAP Mixtures 

In univariate analysis, the complete set of results was first sorted by each influential 
parameter (one at a time) to understand the individual influence of these variables on the 
cracking and rutting performance. For instance, if the sorting is done concerning binder 
content, the average CT Index and rut depth values were determined at each binder 
content, irrespective of the other variables. 

From the context of RAP content, a stiff oxidized asphalt binder film over the RAP 
aggregates results in improved rutting resistance while lowering the cracking resistance, 
as depicted in Figure 4.2. The shift in RAP content from 20% to 40% lowers the CT 



117 
 

Index and rut depth by around 45% and 10%, respectively. Increased rutting resistance 
(lower rut depth) is attributed to the increase in the stiffness of the asphalt binder, and 
thus, the asphalt mixture with the application of high RAP content; however, it inevitably 
elevates concerns about cracking, suggesting a need to control the limit of RAP content 
in the production of asphalt mixtures. It should be noted that past Oregon field trials that 
exceeded 7-8 mm rut depth in the laboratory resulted in premature rutting failures. Thus, 
the current aim is to target the maximum rut depth of around 4-6 mm while maintaining 
the cracking performance under the critical limits for RAP-inclusive asphalt mixtures.   
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(a) 

 
(b) 

Figure 4.2. Influence of RAP content on the performance of RAP mixtures (a) CT Index 
and (b) Rut depth 

Figure 4.3 presents the univariate analysis of RAP mixtures at different binder contents. 
As the binder content increases, there is a significant decrease in the rutting resistance, 
while it offers improved cracking resistance. The increase in binder content from 5.5% to 
6.0% and 6.5% increases the CT Index by around 98% and 202%, respectively; 
concurrently, it also leads to an increase in rut depth by approximately 43% and 87%, 
respectively. The increase in CT Index and rut depth is attributed to the asphalt mixture's 
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enhanced flexibility and flow characteristics, which enable the mix to deform rather than 
fracture under continuous, repetitive loading.  

 
(a) 

 
(b) 

Figure 4.3. Influence of binder content on the performance of RAP mixtures (a) CT Index 
and (b) Rut depth 
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The other influential parameter for RAP mixtures is the asphalt binder grade. Figure 4.4 
shows the variation in the performance of RAP mixtures prepared using two different 
grades of asphalt binder, i.e., PG64-22 and PG70-22ER. Notably, the PG64-22 binder is a 
relatively softer binder than the PG70-22ER binder; perhaps they are often chosen for 
constructing asphalt pavements based on the mix design levels. In general, the softer 
binder is recommended to improve the amount of RAP content in the asphalt mixture. 
This is because a softer binder tends to offset the effect of oxidized RAP binder, resulting 
in improved cracking resistance. 

As shown in Figure 4.4a, the average CT Index of RAP mixtures prepared using PG64-22 
binder results in an 18% lower CT Index than the RAP mixtures produced using PG70-
22ER binder. The decrease in the CT Index with the use of a softer binder is attributed to 
the higher amount of RAP content (30% and 40%) in these mixes compared to the 20% 
and 30% RAP material in the mixes prepared using PG70-22ER. In addition, a stiffer 
binder (PG70-22ER) is used to prepare asphalt mixtures, which comprise polymers that 
resist cracking due to the elastic polymeric network. The results show that the RAP 
content is more dominant than the binder grade in influencing the cracking tolerance of 
the asphalt mixtures. On the contrary, the elastic network also improved the rutting 
tolerance of the asphalt mixture without cracking. The mixes prepared with PG64-22 
possess higher rut depth and, consequently, lower rutting resistance than the PG70-22ER 
mixes, as depicted in Figure 4.4b. The average rut depth in the RAP mixtures prepared 
using PG70-22ER binder was 3.3 mm, which increases to 3.5 mm with the use of PG64-
22, indicating a marginal decrease in rutting resistance. Similar to the effect of increased 
binder content, softer binder imparts (PG64-22) softness in the mix by reducing the 
overall viscosity of the RAP mixtures compared to stiffer and elastic binder (PG70-
22ER) and eventually increases the rut depth (Coleri et al. 2018a). Additionally, the 
lower change in rutting values with soft binders is due to the higher amount of RAP 
content, which restricts the deformation of the final asphalt mix. Overall, it can be 
divulged that the synergistic effect of RAP and binder grade facilitates adequate rutting 
characteristics in RAP-inclusive asphalt mixtures.  
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(a) 

 
(b) 

Figure 4.4. Influence of asphalt binder grade on the performance of RAP mixtures (a) CT 
Index and (b) Rut depth 

Note: PG64-22 mixtures box plot represents the performance of mixtures comprising 30% and 40% RAP, while PG70-
22ER mixtures reflect the performance of the mixtures containing 20% and 30% RAP.  
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4.5.1.2 Statistical Inferences 

As per the results shown in the preceding sections, RAP content, binder content, and 
binder grade play a crucial role in governing the performance of RAP-inclusive asphalt 
mixtures. However, their significance and contribution towards the change in the 
performance of RAP mixtures are unknown. Thus, an Analysis of Variance (ANOVA) is 
performed to identify the parameter with the greatest contribution towards the variation in 
the performance. A confidence level of 95% was chosen throughout the statistical 
analysis, suggesting that the p-value should be less than 0.05 for any variable to 
significantly influence the performance parameters (CT Index and rut depth) of the RAP 
mixtures. The results of ANOVA are presented in Table 4.3. 

A lower p-value (p<0.05) corresponding to all the independent variables, including the 
amount of RAP, binder content, and binder grade, implies their significant influence on 
the fatigue and rutting performance of RAP-inclusive asphalt mixtures. Similar 
observations were reported in a previous study (Willis et al. 2013), indicating that the 
optimal use of RAP proportion with appropriate binder content and binder grade could 
result in enhanced performance and durability of RAP mixtures. A past European 
experience also revealed that RAP mixtures, even with high binder content, exhibit lower 
rut depth and cracking susceptibility than their respective conventional mixtures with no 
RAP (Celauro et al. 2010). This underscores the importance of adjustment in the mix 
design attributes for pavement longevity, especially with high RAP. In practical terms, an 
increase in RAP content or binder grade increases stiffness, which leads to reduced 
cracking resistance but improved rutting resistance (Willis et al. 2012). On the other 
hand, higher binder content increases flexibility, improving cracking resistance while 
decreasing rutting resistance (Coleri et al. 2018a; Sukhija and Coleri 2025b).  

In order to determine the contribution of these variables to the performance of RAP 
mixtures, the ANOVA results were further examined, and the outcomes are presented in 
Figure 4.5. Attributable to the higher variability in the CT Index values, the amount of 
error in the model predicting the cracking resistance is considerably higher (i.e., 23.5%) 
than the error depicted in the model predicting rut depth values (13%) as per ANOVA 
results. The findings of the contribution values are in line with the performance testing 
results, wherein the influence of RAP content is more pronounced on the CT Index, while 
the combined effect of RAP content and binder grade describes the rutting behavior of 
RAP mixtures at a particular binder content. Among the considered variables, the major 
contributor producing the maximum variation in CT Index and rut depth was binder 
content (5.0, 5.5, and 6.0% here), with a contribution percentage of around 58% and 
76%, respectively. This is in line with the previous studies in the literature (Guo et al. 
2020b; Harvey and Tsai 1996; Jiang et al. 2024; Saha Chowdhury et al. 2022). Hence, the 
binder content should be chosen wisely to achieve adequate performance of RAP 
mixtures. Nevertheless, the effect of binder grade and RAP content should not be 
overlooked. 
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Table 4.3. Analysis of variance for CT Index and Rut depth 

Source of 
Variation Factorials CT Index 

F-value 
CT Index 
P-value 

Rut 
Depth F-

value 

Rut 
Depth 

P-value 

  RAP Content 20%, 30%, 40% 18.97 0.000 15.63 0.000 

  Binder 
Content 5.5%, 6.0%, 6.5% 71.20 0.000 128.98 0.000 

  Binder Grade PG64-22, PG70-22ER 8.45 0.005 26.37 0.000 
 

 
Figure 4.5. Contribution of influential variables on the performance of RAP mixtures 

4.5.2 Task II- Strategies to Improve RAP Content 

Since many sample combinations, defined based on the RAP content, binder content, and binder 
grade, were tested, a Tukey's pairwise post hoc analysis was carried out to determine whether 
there is a significant difference between the means of all the possible pairs of a given test data, 
considering the variability in the test results. The analysis was conducted with a 95% 
simultaneous confidence level, where the null hypothesis indicates the existence of similarity 
between the group means. Therefore, if the p-value < 0.05, it signifies there is a significant 
difference, and the null hypothesis is rejected, whereas p-value > 0.05 implies that the group 
means are statistically identical. From the perspective of the current study, the primary objective 
is to check if the means of performance parameters (CT Index and rut depth) for high RAP mixes 
are identical/different from the control samples, irrespective of the strategic technique. The 
findings of Tukey’s pairwise comparison would aid in addressing the possibility of increasing 
the RAP content with the application of increased binder content or binder grade bumping.  
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4.5.2.1 Adjustment in binder content 

According to the results shown in Figure 4.6, an increase in binder content considerably 
affects the rutting and fatigue performance, leading to an increase in the CT Index and rut 
depth. The relatively higher film thickness over the aggregates at higher binder content 
might be a probable reason for such variation in the performance of asphalt mixtures. 
Although the value of performance parameters increases with binder content, applying a 
high amount of RAP material counteracts the obtained results, indicating a lower CT 
Index and rut depth at all the binder contents. This is attributed to the stiffening effect of 
asphalt mixtures at high RAP content, which contributes to lower cracking performance 
yet improved resistance to rutting. This trend was consistent for all the RAP mixtures, 
irrespective of the mix design levels (Levels 3 and 4). This implies a need to 
optimize/adjust the mix design attributes for a particular RAP mixture, especially the 
binder content, to achieve satisfactory long-term performance of RAP-inclusive asphalt 
pavements.  

Considering the critical threshold values for the CT Index and rut depth developed for 
Oregon (Chitnis et al. 2025), a few combinations of RAP mixtures satisfactorily 
improved the performance. For example, a Level 4 mix having 30% RAP material with 
6.0% binder content resulted in a higher CT Index (51.4) and lower rut depth (3.0 mm) 
than the critical balanced mix design (BMD) thresholds (CT Index = 41 and rut depth = 
3.3mm) set by Chitnis et al. (2025), which is desirable for a durable asphalt pavement. 
Irrespective of the mix design level, all the RAP mixtures at 5.5% binder content attain 
the rut depth lower than the critical thresholds but failed to achieve the minimum CT 
Index values, and vice versa at 6.5% binder content. If the variability between the results 
of the CT Index and rut depth is considered, a few other combinations may pass the 
critical design thresholds as observed from the error bars, where one error bar indicates 
one standard deviation (passing above or below the threshold line) in Figure 4.6a and 
Figure 4.6b. However, merely based on these figures it is not easy to comment whether 
the increase in binder content improves the RAP content.  
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(a) 

 
(b) 

Figure 4.6. Impact of increased binder content on the performance of RAP mixtures (a) 
Cracking behaviour and (b) Rutting behaviour 
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5.0 STRATEGIC MEASURES FOR HIGH RAP ASPHALT 
MIXTURES: TEMPERATURE SENSITIVITY, ADDITIVE 

DOSAGE OPTIMIZATION, AND PERFORMANCE 
EVALUATION 

5.1 INTRODUCTION 

The production of high reclaimed asphalt pavement (RAP) mixtures presents several challenges, 
including concerns related to long-term performance, particularly cracking susceptibility, as well 
as ageing sensitivity, moisture-induced damage, and increased compaction effort (Kaseer et al. 
2019a; Tarsi et al. 2020). These issues are primarily attributed to the presence of oxidized and 
stiff RAP binder. Extensive efforts have been undertaken to identify strategic measures aimed at 
improving the condition of the RAP binder, with the goal of increasing the allowable RAP 
content (Sukhija and Coleri 2025b). Such advancements contribute to the broader goals of 
sustainability and circular economy practices in pavement engineering. 

Several strategies have been proposed to enhance the performance and constructability of high 
RAP mixtures. These include the use of alternative materials such as modified binders, waste 
materials, and fibers, incorporation of rejuvenators, application of warm mix asphalt (WMA) 
additives, increasing binder content, and adjusting binder grade (commonly referred to as binder 
grade bumping) (Arshadi et al. 2024; Coleri et al. 2018a; Tassiri et al. 2022; Xie et al. 2017; 
Ziari et al. 2020a). Among these, some studies have demonstrated that modifying mix design 
parameters, such as increasing binder content or using a softer binder grade, can facilitate higher 
RAP usage (Sukhija and Coleri 2025a; Willis et al. 2012). This has been described in the 
previous chapter as well (Chapter 4.0). However, the majority of existing literature emphasizes 
the effectiveness of rejuvenators and WMA technologies (Albayati et al. 2023; Behnood 2019; 
Hettiarachchi et al. 2019; Kaseer et al. 2019b; Prasad et al. 2023; Yousefi et al. 2025). 
Rejuvenators function by restoring the properties of the aged, oxidized RAP binder and 
modifying its chemical characteristics, thereby enabling its effective reuse in asphalt mixtures. 
On the other hand, WMA technologies reduce the production temperatures of asphalt mixtures, 
thereby reducing the exposure of the already oxidized RAP binder to elevated temperatures and 
minimizing further stiffening. Both strategic measures (use of rejuvenators and WMA 
technologies) have been widely adopted in the production of asphalt mixtures containing high 
RAP content (Albayati et al. 2023; Behnood 2019; Hettiarachchi et al. 2019; Kaseer et al. 2019b; 
Prasad et al. 2023; Yousefi et al. 2025).  

While these measures have demonstrated satisfactory performance in many cases, some studies 
have also reported inferior outcomes, especially in terms of rutting, highlighting the need for 
careful evaluation and optimization (Basant et al. 2025; Sabouri et al. 2016; Yousefi et al. 2021; 
Zhang and Bahia 2021). A key concern is associated with the evaluation of the appropriate 
additive dosage required to achieve satisfactory performance (Kaseer et al. n.d.; Prasad et al. 
2025). According to a past set of studies (Darshan and Kataware 2025; Rodezno et al. 2021; 
Sukhija et al. 2025), using manufacturer-recommended dosages may serve as a starting point; 
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production temperatures for WMA, and their potential was evaluated in terms of rutting and 
fatigue cracking resistance. Using the performance test results for the current 30% RAP mixes 
(current limit in Oregon for Level 3) and 20% RAP mixes (current limit in Oregon for Level 4) 
as the reference (control samples), the possibility of achieving an acceptable level of long-term 
performance with high RAP asphalt mixtures by using rejuvenators and WMA was determined. 
Statistical analysis was carried out throughout the study to identify and confirm whether the 
results are statistically significant. 

5.3 MATERIALS USED 

Two performance graded asphalt binders, PG64-22 and PG70-22ER, were incorporated in this 
research work, depending on the mix design levels in Oregon, i.e., Level 3 and Level 4, 
respectively (ODOT 2019, 2021). A ½ inch (12.5 mm) nominal maximum aggregate size 
(NMAS) was used to produce Level 3 and Level 4 asphalt mixtures. The binder properties and 
adopted aggregate gradation are given in Chapter 3.0 (Section 3.1 and 3.3). In this work, RAP 
material was also incorporated to reduce the utilization of virgin asphalt binder and virgin 
aggregates to support sustainability. The RAP binder content was determined to be 4.97%, with a 
true high-temperature failure point of 93.7 °C. This is the actual temperature at which the binder 
fails to meet a specific performance criterion i.e., G*/sinδ drops below 1 kPa. The detailed 
information on the significance of this temperature is described in Section 3.2.2. 

5.3.1 Introduction of Strategic Techniques 

Due to the potential benefits highlighted in previous research studies (Foroutan et al. 2019; 
Limón-Covarrubias et al. 2023; Song et al. 2018b; Yang et al. 2022b), strategic measures, 
including the use of rejuvenators and WMA additives, were incorporated with the aim of using a 
10 % higher RAP content beyond the current allowable limit in Oregon (30% RAP for Level 3 
and 20% RAP for Level 4). Although the objective is to increase the allowable limit to 40% in 
Level 3 and 30 
% in Level 4 category pavements, identifying the optimum dosage of rejuvenators and WMA 
additives remains challenging. Although the additive manufacturers suggested the dosage rates, 
the applicability of the suggested rate for the asphalt mixtures from different states is 
questionable due to the differences in the intrinsic properties of aggregate and asphalt binder. 
Overall, the goal of the research work is to enhance RAP usage without compromising 
workability and performance characteristics.  

Two different rejuvenators (REJ1 and REJ2) and two WMA additives (WMA1 and WMA2) 
were incorporated with the aim of producing workable and durable high RAP mixtures. The 
details on these rejuvenators and WMA technologies, along with the discussion on the 
preparation of modified binders, can be found in Section 3.1.3 of Chapter 3.0. These details are 
not stated here to avoid redundancy in all the chapters.   

Notably, the manufacturer-recommended dosages for increasing RAP content were 0.5% by 
weight of total binder for WMA additives and 1.5% for rejuvenators. However, the research 
team attempts to cross-verify if the recommended dosages are optimal to produce high RAP 
mixtures or whether lower dosages could suffice the needs. The evaluated dosages of both the 
rejuvenators and WMA technologies are listed in Table 5.2.  
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Table 5.2. Chemical composition and evaluated dosages of the selected rejuvenators and 
WMA additives 

Characteristics REJ1 REJ2  WMA1 WMA2 

Chemical composition Tall oil fatty 
acid derivative 

Corn oil, 
fatty acid 

residues, and 
methyl ester 

Modified tall 
oil, fatty acid, 
and alkyl acid 

phosphate 

Esters, 
phosphoric 

acid, and non-
hazardous 
ingredients 

Additive dosage by 
weight of total asphalt 

binder 
1% and 1.5% 1% and 1.5% 0.25% and 

0.5%  
0.25% and 

0.5% 

Note: Dosages should be adjusted depending on the RAP content and total binder content as per Equation 3.1 
(Chapter 3.0). 

5.4 WORKABILITY CHARACTERISTICS 

5.4.1 Production of Asphalt Mixtures 

In order to prepare asphalt mixtures for dosage optimization and production temperature 
evaluation, the preheated virgin materials (asphalt binder and aggregate), and RAP material were 
mixed at their required quantities using a portable bucket mixture. The pre-heating was executed 
for two hours at the temperatures shown in Table 5.3. In all the mixtures, RAP was heated to 
121℃ for two hours before mixing. After the mixing process, the loose asphalt mixtures were 
exposed to further conditioning for two hours at their respective compaction temperature (shown 
in Table 5.3) followed by their compaction using the Superpave gyratory compactor. Notably, 
the manufacturer recommends a 25 °C reduction in production temperature for WMA mixtures. 
This study attempts to validate that recommendation by evaluating the workability characteristics 
of WMA at various production temperatures, as presented in Table 5.3. For workability 
evaluation, all asphalt mixtures were prepared using a total binder content of 6.0% and 
compacted to produce specimens 62 mm thick and 150 mm in diameter, with a target air void 
content of 7 ± 1% to minimize bias.  
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conducted a univariate analysis focused solely on the effect of temperature reduction, 
irrespective of the WMA additive dosage, for each additive. This was executed due to the 
dependency of the mix performance and durability on the production temperature of the asphalt 
mixture, particularly the coating of the asphalt binder and compatibility of the mix.  

Figure 5.3 illustrates the WEI values of WMA mixtures across different reduced temperature 
scenarios for WMA1 and WMA2, respectively. Traditionally, WMA additives have been used in 
various U.S. states primarily as compaction aids, allowing mixtures to be produced at 
conventional hot mix asphalt (HMA) temperatures with WMA additives to enhance the 
compaction process and density. However, advancements in WMA technology have 
demonstrated that these additives can also facilitate mixture production at significantly reduced 
temperatures without compromising workability, mechanical performance, or long-term 
durability. In this study, three different temperature scenarios, i.e., HMA temperature (no 
reduction), 25℃ reduction from the HMA, and 40℃ reduction from the HMA, were evaluated to 
determine the optimal production condition for maintaining adequate workability. The current 
industry practice of producing WMA mixtures at HMA temperatures for compaction 
enhancement was used as the reference condition for comparison with the reduced-
temperature scenarios.  

In Figure 5.3, the average WEI values for WMA1 mixtures decreased from 1.70 N-m/gyration at 
HMA temperature to 1.65 N-m/gyration and 1.45 N-m/gyration when produced at 25°C and 
40°C lower temperatures, respectively. This corresponds to a reduction of approximately 3% and 
15% compared to the control condition (HMA temperature). A similar trend was observed for 
WMA2 mixtures, where the highest WEI value was recorded at HMA temperature (1.95 N-
m/gyration), followed by mixtures produced at HMA-25°C (1.60 N-m/gyration, ~18% reduction) 
and HMA−40°C (1.47 N-m/gyration, ~25% reduction). These results indicate a consistent 
decrease in workability with greater reductions in production temperature for both WMA 
additives. 
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Figure 5.3. Average WEI values of Level 3 asphalt mixture (PG64-22) with 30% RAP and 

6% binder content at different WMA production temperatures 

To determine the optimal production temperature for WMA mixtures, Tukey’s pairwise 
statistical analysis was conducted at a 95% confidence level. As presented in Table 5.5, reducing 
the production temperature of WMA1 mixtures by either 25°C or 40°C did not result in 
statistically significant differences in WEI values compared to the current practice of producing 
WMA at conventional HMA temperatures. This indicates that WMA1 mixtures can maintain 
adequate workability even when the production temperature is lowered by up to 40°C. However, 
although WMA1 exhibits adequate WEI at a 40°C reduced production temperature, visual 
observations revealed insufficient coating of the asphalt binder over the aggregates, which was 
not observed at the 25°C reduction level. While the application of WMA1 typically reduces the 
surface tension and improves the coating at moderately reduced temperatures, a 40°C reduction 
appears to compromise binder distribution, suggesting that this temperature is not appropriate for 
effective mix production using WMA1. This observation aligns with the previous studies 
(Sukhija et al. 2021b; Sukhija and Saboo 2020; Yu et al. 2022), which indicate that production 
temperature plays a crucial role in achieving proper binder coating, compaction, and long-term 
performance. In the WMA1 mix, it is expected that such a significant temperature reduction (-
40°C) may lead to premature failures, including adhesive failure, and inferior mechanical 
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Figure 5.5. Validation of optimum WMA dosages and production temperatures for Level 4 

asphalt mixtures (PG70-22ER binder) 

5.5.4 Selection of Optimum Rejuvenators Dosage 

The use of rejuvenators is another widely adopted strategic technique to increase the allowable 
RAP content in asphalt mixtures. Rejuvenators intend to rejuvenate the stiff and oxidized RAP 
binder by altering its chemical characteristics, thereby enabling it to behave more like a virgin 
binder. In this research work, the purpose of adding a rejuvenator is to identify how its addition 
affects the workability characteristics of the mix containing 10% higher RAP content relative to 
the current approach of incorporating 30% RAP in Level 3 and 20% RAP in Level 4 mixes. 
Following a similar methodology as in previous sections, a couple of rejuvenator dosages (i.e., 
1% and 1.5% by weight of binder) were chosen to check if the same workability as that of the 
reference mix could be achieved with the use of rejuvenators, even with high RAP content. 

Figure 5.6 presents the WEI values of Level 3 and Level 4 high RAP mixtures incorporating 
both the rejuvenators (REJ1 and REJ2) at both 1% and 1.5% dosages. The figures also show the 
reference WEI values corresponding to the mix produced with 30% RAP (Level 3) and 20% 
RAP (Level 4) for comparison. Irrespective of the rejuvenator dosage, the impact of increased 
RAP content on workability in Level 3 mixtures with 40% RAP appears minimal, as evidenced 
by the relatively lower WEI values observed in Level 4 mixtures containing 30% RAP. This is 
likely due to the use of a relatively softer binder grade (PG64-22) in the Level 3 mix, indicating 
that the binder grade plays a more dominant role in governing workability characteristics in these 
mixtures.  
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Apart from this, the application of rejuvenators at a 1.5% dosage level increases the WEI values, 
even more than average WEI values obtained for reference RAP mixtures in their respective mix 
design levels. Specifically, around 20% to 33% and 42% to 50% higher WEI values were 
observed in Level 3 and Level 4 mix, respectively. Nevertheless, the mixtures produced with a 
lower dosage of 1% (for both REJ1 and REJ2) did not yield desirable workability, primarily due 
to the inappropriate dosage to effectively accommodate 10% higher RAP content than the 
current allowable limits for both mix levels. These results show the critical importance of 
selecting an appropriate rejuvenator dosage to enhance the workability characteristics of high-
RAP mixtures.  

 
Figure 5.6. WEI values at different rejuvenator dosages for both Level 3 and Level 4 mix 

Such improvement with rejuvenators is primarily due to alteration in the properties of RAP 
binder, an aspect that is beyond the scope of the present research work. In actual practice, oil-
based rejuvenators, such as those used in this study, soften the aged RAP binder and lead to a 
reduction in the overall viscosity of the total binder, facilitating easier compaction. These 
findings are in line with previous studies (Foroutan et al. 2019; Limón-Covarrubias et al. 2023), 
highlighting the benefits of using rejuvenators for increasing the RAP content without 
compromising, and in some cases enhancing, mixture performance. However, since this section 
deals with the workability properties of the RAP mixtures, it is advisable to investigate the 
performance metrics to further reinforce these conclusions. The comprehensive performance 
testing plan and its inferences are discussed in Section 5.6. 
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Considering these aspects, the Asphalt Materials and Pavements (AMaP) research group at 
Oregon State University investigated the performance changes of RAP-inclusive asphalt 
mixtures produced with the incorporation of either rejuvenators or WMA technologies. The 
adopted experimental plan is shown in Table 5.8. The samples were prepared and tested for 
determining resistance against rutting and fatigue cracking using HWTT and IDT-CT, 
respectively. The details of the adopted test methodology are discussed in Section 3.4 (Chapter 
3.0). The study was conducted at varying binder contents to determine whether the effectiveness 
of these additives is influenced by binder content. This assessment also aimed to determine the 
suitability of these strategic techniques for enhancing RAP utilization (40% for Level 3 and 30% 
for Level 4), as their performance was compared against control RAP mixtures containing 30% 
RAP in Level 3 and 20% RAP in Level 4 without any additives. 

Based on the above research findings, Table 5.7 presents the complete details on the preparation 
of asphalt mixtures for the performance evaluation. 

Table 5.7. Optimized additive dosages and production temperatures of the asphalt 
mixtures for performance evaluation 

Test 
Samples 

Additive 
Dosages 

 
Temperatur
e Condition 

Mix 
Material 

Level 3 
MT 

Level 3 
CT 

Level 4 
MT 

Level 4 
CT 

Control 
Reference 
Samples 

No 
Additive HMA Asphalt 

Binder 
153-

160℃ 
140-

145℃ 
165-

171℃ 
152-

157℃ 

Control 
Reference 
Samples 

No 
Additive HMA Aggregate 163-

170℃ 
140-

145℃ 
175-

181℃ 
152-

157℃ 

Rejuvenator 
Samples 

1.5% by 
weight of 
the total 
binder 

HMA Asphalt 
Binder 

153-
160℃ 

140-
145℃ 

165-
171℃ 

152-
157℃ 

Rejuvenator 
Samples 

1.5% by 
weight of 
the total 
binder 

HMA Aggregate 163-
170℃ 

140-
145℃ 

175-
181℃ 

152-
157℃ 

WMA 
Samples 

0.5% by 
weight of 
the total 
binder 

WMA 
(HMA-25℃) 

Asphalt 
Binder 

128-
135℃ 

115-
120℃ 

140-
146℃ 

127-
132℃ 

WMA 
Samples 

0.5% by 
weight of 
the total 
binder 

WMA 
(HMA-25℃) Aggregate 138-

145℃ 
115-

120℃ 
150-

156℃ 
127-

132℃ 

Note: In all the mixtures, RAP was heated to 121℃ for two hours before mixing. MT and CT represent 
mixing and compaction temperatures, respectively. Dosages should be adjusted depending on the RAP 
content and total binder content, as per Equation 3.1 (Chapter 3.0). 

The production process for the performance evaluation of the asphalt mixtures is detailed in 
Section 3.3 of Chapter 3.0. The only difference in the production process of the WMA mixture is 
the reduced production temperatures and the corresponding short-term ageing (STA) 
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shown in Table 5.10. Across most combinations, the ranking follows a similar trend, where REJ1 
is ranked 1, followed by REJ2 (rank 2), WMA1 (rank 3), and WMA2 (rank 4).  

An exception was observed in the CT Index ranking for the Level 3 mixtures, where WMA1 
(average CT Index = 64.9) slightly outperformed REJ2 (average CT Index = 61.3), resulting in 
an interchange of their positions. Thus, the ranking in this case was REJ1 > WMA1 > REJ2 > 
WMA2. This shift underscores how interactions among mix attributes, binder grade, binder 
content, and additive type can influence relative performance, even when overall statistical 
similarity is maintained. 

On average, application of rejuvenators proved to be more effective than WMA technologies, as 
they consistently ranked superior in terms of CT Index and rut depth, thereby supporting the 
incorporation of 10% more RAP than the current allowable limits in Oregon. As far as each 
category is concerned, such as rejuvenators and WMA technologies, REJ1 emerged as the best-
performing rejuvenator, while WMA1 outperformed the other WMA additives in balancing 
cracking and rutting performance. Notably, these rankings are assigned based on the current 
dataset; they may vary with different mix attributes or testing methodologies.  

Table 5.10. Average ranking of the strategic techniques for high RAP mixtures 

Strategic 
Techniques 

Level 4 
CT Index 

Level 4 
Rut 

Depth 

Level 3 
CT Index 

Level 3 
Rut 

Depth 
Average Rank 

WMA1 3 3 2 3 3 

WMA2 4 4 4 4 4 

REJ1 1 1 1 1 1 

REJ2 2 2 3 2 2 
 

5.8 CONCLUSIONS 

Below are the conclusions resulting from this research work: 

Temperature Sensitivity and Dosage Optimization 

1. Although experimental work and statistical analysis revealed no significant effect of reduced 
production temperature for WMA1 (P-value > 0.05), a critical issue related to inadequate 
binder coating was observed when the mixture was produced at 40°C below the conventional 
HMA production temperature. 
 

2. Despite a 25 °C reduction in production temperatures, both the WMA mixtures (WMA1 and 
WMA2) prepared with 30% RAP showed satisfactory workability, similar to that of the 
reference WMA mixtures produced at HMA temperatures.  
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3. WEI values were found to decrease by approximately 3-18% and 15-25% for WMA mixtures 
when the production temperature was reduced by 25°C and 40°C, respectively, in 
comparison to the WMA mixtures produced at actual HMA temperature conditions. These 
reductions varied based on the type of WMA additive used in Level 3 mixtures, and similar 
trends were consistently observed in Level 4 mixtures as well. 

 
4. The incorporation of WMA additives at a dosage of 0.5% enabled an increase of 10% in 

RAP content (i.e., 40% RAP in Level 3 and 30% RAP in Level 4) while maintaining 
comparable WEI values to the reference mixtures produced with 30% RAP in Level 3 and 
20% RAP in Level 4, even at 25°C reduced production temperatures. 
 

5. Similar to WMA, the addition of rejuvenators (REJ1 and REJ2) at a dosage of 1.5% by 
weight of total binder effectively restores the stiff RAP binder, resulting in improved 
workability characteristics for the mix containing 10% higher RAP content than the current 
allowable limits. Depending on the type of rejuvenators, the WEI values were found to be 
20%-33% and 42%-50% higher in Level 3 and Level 4 mix, respectively, compared to their 
respective references. 
 

6. The evaluated optimum dosages, i.e., 0.5% for WMA (at 25°C reduced production 
temperatures) and 1.5% for rejuvenators, were consistent with the manufacturer’s 
recommendations. While both additives improved workability, rejuvenator-modified 
mixtures consistently exhibited higher WEI values than WMA-modified ones at equivalent 
RAP contents. However, all modified mixtures remained statistically similar (P-value > 0.05) 
to their respective reference mixtures, which were produced within the current allowable 
limits.  

 

Performance Evaluation 

7. At their optimum dosages, the incorporation of rejuvenators and WMA additives enabled a 
10% increase in RAP content while maintaining adequate cracking and rutting performance. 
The rate of performance change was influenced by the type of additive, binder content, and 
binder grade, reflecting the interaction effects among these factors.  
 

8. Statistical analysis confirmed that nearly all high RAP mixtures exhibited performance either 
comparable to or better than the control samples, with the exception of a single case, WMA2 
at 6% binder content, which showed a slight reduction in performance. These results validate 
that RAP contents can be increased by approximately 10% beyond current allowable limits 
through the use of rejuvenators or WMA technologies. 
 

9. Among the evaluated strategies, rejuvenators outperformed WMA additives, with the overall 
ranking following the trend: REJ1 > REJ2 > WMA1 > WMA2. Specifically, REJ1 showed 
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the most favorable balance of cracking resistance and rutting performance in high RAP 
mixtures, followed by REJ2 in the rejuvenator category and WMA1 outperforming WMA2 
among the WMA technologies. 

After successful validation, these strategic measures should be applied for constructing trial 
sections and monitored periodically to understand the long-term behaviour of the modified 
asphalt mixtures with high RAP content, in particular, 10% higher RAP content than the current 
allowable limits in each category (30% RAP in Level 3 and 20% RAP in Level 4). A tentative 
conceptual field trial plan has been presented in Chapter 8.0 of this report. Apart from this, it is 
recommended to investigate the applicability and effectiveness of WMA additives and 
rejuvenators for RAP contents beyond the 10% increment, particularly in the range of 40–50%, 
to determine their potential for broader implementation in sustainable pavement practices. 
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6.0 PAVEMENT LIFE CYCLE ASSESSMENT AND COST 
ANALYSIS 

6.1 INTRODUCTION 

The transportation sector consumes a tremendous amount of energy and thus emits greenhouse 
gas (GHG) emissions. Around 60% of the oil produced in the world is directly used for the 
transportation sector (International Energy Agency 2021). The construction of asphalt 
pavements, a crucial component of infrastructure development, requires a substantial amount of 
energy to produce raw materials such as asphalt binders and aggregates. One commonly used 
technique to produce energy is fuel combustion, which in turn releases harmful emissions that 
can affect the environment and human health (Araújo et al. 2014; Shacat et al. 2022). 
Nevertheless, the Intergovernmental Panel on Climate Change (2014) aimed to reduce CO2 
emissions by 85-95% by the end of 2050. This highlights the importance of utilizing alternative 
materials in pavement construction to achieve carbon neutrality and promote sustainable 
development.  

As stated in the previous chapters, RAP acts as a sustainable pavement material that paves the 
way toward a circular economy, aiming to lower economic burdens and environmental impacts 
without compromising the durability of the asphalt mix (Si et al. 2024). Using RAP can be an 
alternative to reduce carbon emissions in terms of harmful pollutants emitted during the 
production and use of conventional resources, such as natural aggregates and neat asphalt binder 
(McDaniel et al. 2001; West et al. 2013; Zhao and Yang 2024). Nevertheless, beyond 
performance evaluation, it is essential to provide clear justification and guidance to support 
policymakers and environmental stakeholders in promoting the use of high RAP contents in 
pavement construction. A comprehensive Life Cycle Assessment (LCA) is needed to determine 
the impact of high RAP on the environment. 

In general, LCA is the analysis of any material/product from its production to its end-of-life. The 
analysis can be in terms of cost, environmental burdens, or both aspects. It can be done 
theoretically (based on regression equations) or using sophisticated computerized tools/software. 
The tools/equations remain the same for different materials/products, but the data inventory will 
change depending on the characteristics of the material/product in question and the location. 
Many studies (Abdalla et al. 2022; Chiu et al. 2008; Giani et al. 2015; Sukhija et al. 2022b; Yang 
et al. 2015; Yao et al. 2022) are available that cover a detailed explanation of different evaluation 
techniques for assessing the life cycle cost and environmental impact. 

6.1.1 Previous Studies on Pavement Life Cycle Assessment  

To promote the use of RAP based on life cycle performance and life cycle cost analysis, Coleri et 
al. (2018b) carried out comprehensive research work for the Oregon DOT. Various performance 
predictors, including rutting, roughness, and cracking, were considered for the analysis. The 
costs associated with material production, equipment, labor, traffic management, and lane 
closure were incorporated for a life cycle cost analysis. The study's findings revealed that the 
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higher the RAP proportions, the higher the cost savings. According to the authors, life cycle 
performance (mostly the fatigue cracking resistance) plays a crucial role in forecasting the life 
cycle cost of RAP-inclusive asphalt pavement, as it directly accounts for functionality, ride 
quality, repair and maintenance costs, and fuel efficiency. In a previous study, it was shown that 
carbon emissions can be reduced by 35% along with a reduction in cost as high as 50% for a 
100% RAP mix relative to the virgin asphalt mixture (Zaumanis et al. 2014a).  

Figure 6.1 illustrates the outcomes of several previous studies, showing the percentage reduction 
in economic and environmental burdens across various mix design scenarios. The percentage 
reduction varies based on several factors, such as the choice of LCA tools, material composition, 
pavement layers, data inventory, RAP source, RAP content, the grade of neat asphalt binder, and 
the degree of blending. Additionally, different studies consider various variables, such as raw 
material transportation distance, heating systems, production temperatures, fuel types, RAP 
heating and storage conditions (temperature/time), and whether the mix is from laboratory or 
production processes, leading to inconsistencies in reported benefits. However, these data points 
were determined and analyzed relative to the conventional mix used in each respective study. 
The analysis of compiled data indicated an average reduction of 27% in environmental burdens 
and 25% in economic savings for the asphalt mixtures prepared with an average RAP content of 
45% compared to the asphalt mixture with no RAP.  

 
Figure 6.1. Reduction in economic and environmental burdens based on past studies using 

different percentages of RAP material (Abdalla et al. 2022; Aurangzeb et al. 2014; Chiu 
et al. 2008; Fiore et al. 2023; Kamali et al. 2022; Mascarenhas et al. 2023; Rafiq et al. 2021; 

Vandewalle et al. 2020; Vidal et al. 2013; Wei et al. 2021) 
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(a) 

 
(b) 

Figure 6.18. Cost calculation for RAP mixtures with different strategic techniques (a) Level 
3 and (b) Level 4 (Note: RAP cost is $17.5 per ton) 
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(a) 

 
(b) 

Figure 6.19. Percent change in the total cost relative to control mixtures (a) Level 3 and (b) 
Level 4 (Note: RAP cost is $17.5 per ton) 

This analysis underscores the critical role of RAP pricing in influencing project cost 
and highlights the need for decision-makers to consider RAP valuation when 
advancing circular economic practices and sustainability in road infrastructure. It 
should be noted that the present analysis was conducted just to compare different 
strategic techniques using unit prices provided by ODOT and additive manufacturers. 
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Nevertheless, actual project costs may vary depending on the mix attributes, additive type 
and dosage, unit prices, and section dimensions. 

6.5 SUMMARY AND CONCLUSIONS 

Increasing urbanization is driving higher demand for road infrastructure, which in turn places 
greater pressure on natural resources. A critical concern associated with this demand is the 
depletion of these resources, which must be minimized to ensure long-term sustainability. 
Moreover, the extraction of aggregates and refining of asphalt binder not only consumes 
significant resources but also increases both economic and environmental burdens. To address 
this, a preliminary analysis was conducted to examine the influence of mix design attributes, 
namely binder type, binder content, and RAP content, on GHG emissions. At the same time, 
state agencies are actively seeking alternatives to reduce these burdens by incorporating greater 
proportions of RAP. However, higher RAP usage can increase the risk of cracking, which has led 
to the development of various strategic techniques to improve RAP utilization while maintaining 
adequate performance. These include increasing binder content, binder grade bumping, the use 
of rejuvenators, and warm mix asphalt (WMA) technologies. While these strategies enable 
higher RAP incorporation with acceptable performance, they may also alter economic and 
environmental impacts, which must be carefully assessed. The present study, therefore, carried 
out a comprehensive cradle-to-gate LCA and cost analysis to evaluate the variations in GHG 
emissions and costs of high-RAP mixtures. All comparisons were made against the 
corresponding control asphalt mixtures within each mix design level.  

1. The preliminary analysis revealed that all mix design attributes, binder type, binder 
content, and RAP content, influence GHG emissions, although the extent of their impact 
depends on the emission category. For instance, in the case of GWP, binder content was 
identified as the most influential factor, whereas RAP content had the greatest effect on 
ODP. This was confirmed through Pearson correlation coefficient comparisons.  
 

2. Among different phases of LCA, the material stage contributes around 49-72% of 
emissions, which is followed by the production phase (16-32%) and transportation (10-
22%). However, this trend was not consistent for ODP, where 61% of emissions 
originated from transportation, with the remainder attributed to material and production 
phases. 
 

3. In Level 3 mixtures, WMA technologies reduced total GWP by 7-8% compared to the 
control mixtures. The primary benefit of WMA was observed in the production phase, 
where lower production temperatures resulted in reduced consumption of burner fuel and 
oil for heating. 
 

4. In Level 4 mixtures, the most environmentally favorable strategy was binder grade 
bumping, which reduced GWP by approximately 12% compared to the reference mix. 
This improvement is linked to the replacement of polymer-modified PG70-22ER with 
unmodified PG64-22, as polymer modification involves more carbon-intensive 
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processing and therefore higher emissions. This was followed by using WMA, 
rejuvenators, and an increased binder content strategy. 
 

5. RAP pricing was found to control the overall project cost and the cost-effectiveness of 
different strategies. When RAP was priced at $30/ton, only binder grade bumping and 
WMA technologies were cost-effective in the Level 4 category, while none of the 
strategies were cost-effective in Level 3. However, when the RAP price was reduced to 
$17.5/ton, cost savings ranged from 1% to 14.7%, depending on the mix design level and 
the strategic technique applied, highlighting the need for careful evaluation of the RAP 
material cost during the decision-making process. 
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7.0 COMBINED INFLUENCE OF RAP VARIABILITY, BINDER 
GRADE, AND STRATEGIC TECHNIQUES ON THE 

PERFORMANCE METRICS OF RAP MIXTURES 

7.1 INTRODUCTION 

Recycling has now become a common practice throughout the globe to combat the challenges 
associated with increased material cost and corresponding carbon emissions (Lewis et al. 2024; 
Xu et al. 2025a). Use of Reclaimed asphalt pavement (RAP) for recycling of asphalt pavements 
is currently a topic of significant interest, necessitating further development to improve the RAP 
proportion without affecting the performance (Tsakoumaki and Plati 2024). The application of 
RAP reduces the amount of virgin binder and natural aggregates, eventually lowering the overall 
materials cost and conserving natural vegetation. Although RAP material positively supports the 
economic and environmental concerns, previous studies in the literature (Li et al. 2025; Si et al. 
2024; Yu et al. 2024; Zaumanis et al. 2014a) highlighted the concerns regarding its impact on the 
long-term performance and durability of the asphalt pavements. These issues stem from the 
oxidized and stiff RAP binder adhering to the RAP aggregates (Austerman et al. 2020; Elnaml et 
al. 2024). Apart from the RAP binder, the variability in the RAP material properties also 
contributes to such performance challenges (Austerman et al. 2020; Xu et al. 2025a; b), which 
are often overlooked during the mix design and decision-making process.  

RAP is a non-homogeneous material, with its properties varying significantly across different 
sources or production plants (Tarsi et al. 2020). These variabilities arise from the differences in 
the exposure of old asphalt pavement in terms of traffic, climate, age of pavement, old pavement 
binder content, and grade, etc. (Sukhija and Coleri 2025b). Previous studies (Austerman et al. 
2020; Khosla and Ramoju 2017) showed inconsistency in the properties of RAP material 
obtained within a state or even at different locations within a given stockpile over time. Such 
inconsistencies raise further quality assurance (QA) and quality control (QC) concerns, 
particularly with balanced mix design (BMD) approach, where mix design depends primarily on 
the performance (Duarte et al. 2025). In another study (Montañez et al. 2020), concerns over 
RAP variability led to the recommendation that special attention be given to material consistency 
when producing asphalt mixtures using RAP from different sources. This variability effect 
becomes more prominent when the RAP material from different sources is used in a single 
project (Gao et al. 2021; West 2015; Zhou et al. 2010), since the other sources of RAP may 
differ in in-service life, pavement damage levels, milling and crushing operations, etc (Wang et 
al. 2024). To minimize such variability, it is suggested to blend the RAP obtained from distinct 
sources and allow sufficient re-mixing prior to crushing and sieving to maintain the consistency 
and lower the variability (Zhou et al. 2010).  

Even after stockpiling, exposure of RAP to high temperatures or storing it for a longer time 
period may cause variability in material properties, leading to non-uniform workability of asphalt 
mixtures, further limiting the use of RAP material (INVIAS 2022; Sukhija and Coleri 2025b; 
Zaumanis and Mallick 2015). In general, asphalt mixes with high RAP content tend to exhibit 
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8.0 TENTATIVE PLAN FOR FIELD TEST SECTIONS 

As per the findings from the laboratory portion of this study (Chapter 5.0), all the additives either 
improved or maintained the performance of high RAP mixtures (40% RAP in Level 3 and 30% 
RAP in Level 4) when compared to conventional RAP mixtures prepared with current allowable 
limits (30% RAP in Level 3 and 20% RAP in Level 4). In addition to performance 
improvements, the benefits were observed in economic and environmental aspects, depending on 
the mix combination defined based on the binder grade and additive type (Chapter 6.0). To 
strengthen the reliability of these results, field validation through pilot projects is recommended. 
Accordingly, the research team at OSU proposed the construction of pilot sections across various 
regions of Oregon, as outlined in Table 8.1. The proposed locations are also mapped to Oregon’s 
diverse climatic zones, as illustrated in Figure 8.1. 

 
Figure 8.1. Potential field test section locations representing Oregon’s climate conditions 

(ODOT 2026) 
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Table 8.1. Details of potential (tentative) field test section locations with high RAP content 
in Oregon 

Highways Region Mix Design 
Level Base Binder RAP Content 

US-97 North Oregon Level 3 PG64-22 40% 

OR-140 South Oregon Level 3 PG64-22 40% 

I-84 East Oregon Level 4 PG70-22ER 30% 

I-5 West Oregon Level 4 PG70-22ER 30% 

Note 1: The production temperatures of WMA should be reduced by 25℃ than the conventional HMA 
mixtures. 
Note 2: Strategic techniques include Control, WMA1, WMA2, REJ1, REJ2. 

In order to compare the field performance of high RAP mixtures prepared using different 
strategic technologies, a tentative section plan is proposed, as shown in Figure 8.2. For better 
comparison, a block section of each technology, such as WMA1, WMA2, REJ1, REJ2, should be 
constructed as a block section of approximately 2,500 ft in length, along with a control section 
produced without any additive or modification to serve as a reference. The qualitative and 
quantitative details of these strategic techniques are illustrated in Table 8.2.  

 
Figure 8.2. Tentative plan for constructing field test sections to compare different strategic 

technologies for high RAP mixtures 
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Table 8.2. Qualitative and Quantitative characteristics of selected rejuvenators (REJ1 and 
REJ2) and WMA additives (WMA1 and WMA2) 

Characteristics REJ1 REJ2 WMA1 WMA2 

Chemical composition Tall oil fatty acid 
derivative 

Corn oil, fatty 
acid residues, 
and methyl 

ester 

Modified tall oil, 
fatty acid, and 

alkyl acid 
phosphate 

Esters, 
phosphoric 

acid, and non-
hazardous 
ingredients 

Odor Bland Slight Odorless Mild 

Physical state Liquid Liquid Liquid Liquid 

Visual color Amber (Dark) Dark brown Dark brown Dark brown 

Density at room 
temperature (g/cm3) 0.97 0.92 0.99 0.92-0.96 

Viscosity, dynamic at 
room temperature 
(centipoise) 

>118 > 150 487 < 250 

Flash point (°C) > 232 > 150 > 181 > 150 

Solubility in water NA NA Insoluble Slightly 
soluble 

pH value 8.3 5.3 2.3 2.5 

Supplier-recommended 
dosage by weight of 
total asphalt binder 

1.5%  1.5%  0.5%  0.5%  

Note: Additive dosages should be adjusted based on the RAP binder availability and total binder content 

8.1 PREPARATION OF THE SAMPLES 

For the preparation of asphalt mixtures, the mix design should be evaluated based on the 
balanced mix design (BMD) approach, as recommended in SPR852. As per our research 
findings, there is very minimal difference in the BMD binder content after the application of 
strategic techniques; however, verification prior to field implementation is advisable to ensure 
consistency and reliability. Since different additives have been recommended, including the use 
of rejuvenators and WMA, their dosages need to be carefully adjusted depending on the 
available RAP binder and total asphalt binder requirement in the mix, in accordance with 
Equation 8.1.  

𝑨𝑨𝑨𝑨𝑨𝑨𝑨𝑨𝑨𝑨𝑨𝑨𝑨𝑨𝑨𝑨 𝒂𝒂𝒂𝒂𝒂𝒂𝒂𝒂𝒂𝒂𝒂𝒂𝒂𝒂𝒂𝒂 𝒅𝒅𝒅𝒅𝒅𝒅𝒅𝒅𝒅𝒅𝒅𝒅 (%)

=
𝑻𝑻𝑻𝑻𝑻𝑻𝑻𝑻𝑻𝑻𝑻𝑻 𝒂𝒂𝒂𝒂𝒂𝒂𝒂𝒂𝒂𝒂𝒂𝒂𝒂𝒂𝒂𝒂 𝒅𝒅𝒅𝒅𝒅𝒅𝒅𝒅𝒅𝒅𝒅𝒅 (%) × 𝑻𝑻𝑻𝑻𝑻𝑻𝑻𝑻𝑻𝑻 𝒃𝒃𝒃𝒃𝒃𝒃𝒃𝒃𝒃𝒃𝒃𝒃 𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄 (%)

𝑻𝑻𝑻𝑻𝑻𝑻𝑻𝑻𝑻𝑻 𝒃𝒃𝒃𝒃𝒃𝒃𝒃𝒃𝒃𝒃𝒃𝒃 𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄 (%) − 𝑩𝑩𝑩𝑩𝑩𝑩𝑩𝑩𝑩𝑩𝑩𝑩 𝒇𝒇𝒇𝒇𝒇𝒇𝒇𝒇 𝑹𝑹𝑹𝑹𝑹𝑹 (%)  

(Equation 8.1) 
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8.2 PROPOSED TEST PLAN  

1. Material Sampling and Mix Design: Collect materials from the selected projects and 
determine the Optimum Binder Content (OBC) using the Balanced Mix Design (BMD) 
approach, as recommended in SPR852. The final Job Mix Formula (JMF) will be 
provided for production. 

2. Construction of Field Sections: Construct test sections with high RAP mixtures 
(according to the designated mix design level), both with and without the application of 
strategic techniques such as warm mix asphalt technologies (WMA1 and WMA2) and 
rejuvenators (REJ1 and REJ2). 

3. Production Mix Sampling and Comparison: Sample production mix to prepare Plant-
Mix Laboratory Compacted (PMLC) specimens and compare them with Laboratory-Mix 
Laboratory Compacted (LMLC) specimens and the JMF targets to assess workability and 
performance. 

4. Field Coring and Laboratory Testing: Perform coring of field-constructed sections and 
subject the samples to laboratory testing to evaluate in-field performance. 

5. Performance Monitoring: Conduct periodic monitoring of the constructed sections to 
track performance over time, with emphasis on rutting, cracking, roughness, and other 
surface distresses. 

6. Accelerated Pavement Testing: Implement accelerated pavement testing on a smaller 
test section constructed with the recommended strategic techniques, following a 
methodology similar to that used by the research team in SPR852 to compare volumetric 
and BMD-based projects. 

The complete results will support the implementation of high RAP mixtures beyond the current 
allowable limit for the state of Oregon, resulting in improved durability, cost effectiveness, and 
sustainability of asphalt pavements. Furthermore, the findings will provide valuable insights into 
the suitability and applicability of various strategic techniques, such as warm mix asphalt 
technologies and rejuvenators, for enabling higher RAP contents. This implementation will also 
help evaluate the performance of these technologies under different climatic regions, thereby 
guiding their broader adoption in practice. 
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