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Approximate Conversions to SI Units

Physical Symbol When You Multiply By To Find Symbol
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Area in2 square inches | 645.2 square mm?2
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Volume fl oz fluid ounces 29.57 milliliters mL
Volume gal gallons 3.785 liters ** L
Volume ft3 cubic feet 0.028 cubic meters | m3
Volume yd3 cubic yards 0.765 cubic meters | m3
Mass 0z ounces 28.35 grams g
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Mass megagrams
T ?ggg%t?gs 0.907 (or ':'metric Mg (or "t")
ton")
Temperature
(exact oF Fahrenheit > (F-32)9 Celsius oC
degrees) or (F-32)/1.8
grees
[llumination fc foot-candles 10.76 lux Ix
[llumination fl foot-Lamberts | 3.426 candela/m2 cd/m2
Force and
Pressure or Ibf poundforce 4.45 newtons N
Stress
Force and poundforce
Pressure or 1bf/in2 per square 6.89 kilopascals kPa
Stress inch

*SI is the symbol for the International System of Measurement
*#* Volumes greater than 1000 L shall be shown in m*
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Force and

Pressure or N newtons 0.225 poundforce Ibf

Stress

Force and poundforce

Pressure or kPa kilopascals 0.145 per square 1bf/in2

Stress inch

For More Information see: https://www.thwa.dot.gov/publications/convtabl.cfm
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1.0 INTRODUCTION

Recycling practices have become stringent, essentially to overcome scarcity and the higher cost
of natural resources such as asphalt binder and mineral aggregates. The desire to conserve these
natural resources and achieve sustainability in road construction has paved the way for the
application of reclaimed asphalt pavement (RAP) material for paving purposes. In recent years,
the Department of Transportation (DOT) in the United States has released a green signal on the
application of RAP materials (in limited quantity) to produce the wearing/surface course of
asphalt pavements (Williams et al. 2024). This is due to the scarcity and elevated cost of natural
resources (asphalt binder and mineral aggregates) throughout the United States. In addition, the
use of RAP is an approach to achieve carbon neutrality and move toward sustainable
development (Costa et al. 2025; Mariyappan et al. 2023). In terms of carbon emissions, the
National Asphalt Pavement Association (NAPA) (Williams et al. 2024) conducted a survey all
around the United States and reported that the application of RAP in asphalt pavements leads to
around 2.7 MMT COze reduction in GHG emissions, which is equivalent to the annual emission
caused by 596,000 passenger vehicles.

Considering the potential benefits of using RAP, DOTs are now moving ahead to pave asphalt
pavements with higher amounts of RAP material. This impetus can be clearly observed in Figure
1.1, wherein the estimate shows the acceptance of RAP material increases with the construction
season (2009-2022). The amount of RAP material increased from 67.2 million tons in 2009 to
112.6 million tons in 2022, resulting in a saving of around 4.9 million tons of asphalt binder and
93 million tons of natural mineral aggregates in 2022 (Williams et al. 2024). This estimate is
higher than the numbers obtained in 2021, indicating an increase of around 2% in total asphalt
mix production, with a 12% rise in RAP material acceptance. The accepted RAP material is used
not only in the surface layer but also in unbound layers and other miscellaneous works. Figure
1.2 shows the estimated percentage of RAP material used in the United States in different layers
and with different technologies. The majority of RAP was used in hot mix asphalt (HMA) and
warm mix asphalt (WMA) production, and the lowest was reported for cold mix. This estimation
came out in 2022, when the total production of asphalt mixture was approximately 441.9 million
tons, including 112.6 million tons of RAP material accepted in asphalt plants throughout the
United States. Out of 112.6 million tons of accepted RAP, 104.8 million tons of RAP were used
for different purposes throughout the construction season, as shown in Figure 1.2. This indicated
that more RAP was received than was utilized, resulting in an increment in the producer
inventory of stockpiled material, which can be used for next year’s construction season. It is a
common practice to draw the RAP material from the inventory in cases when the RAP
requirement is more than the available quantity in any particular construction season. As of 2022,
the estimated amount of stockpiled RAP material is around 154.6 million tons across the United
States (Williams et al. 2024).
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Figure 1.1. Estimate of accepting RAP material for the construction season in the United
States from 2009-2022 (Williams et al. 2024)

Landfilled RAP | 0.20
RAP for other miscellaneous work | 0.80
RAP in unbound layers | | 5-80

RAP in cold mix | 0.10

RAP in hot and warm mix | 98.10
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Figure 1.2. Estimate of the use of RAP for different construction sectors in 2022 within the
United States (Williams et al. 2024)

Although using RAP is beneficial in many aspects, its application, quantity, and performance are
usually governed by several factors, including RAP source, RAP binder content, age of milled
pavement, neat binder grade, etc. (Bilema and Yuen 2025; Xia et al. 2025). On the other hand,
incorporating high RAP raises several pavement-related concerns, including long-term
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performance, material consistency, stiffness, blending challenges, compaction difficulties, and
environmental impacts, which typically limit its use to about 10-25% (Alizadeh et al. 2025;
Coleri et al. 2018a). For this report, high RAP mixture is defined as the asphalt mixture
containing 25% or more than 25% RAP. In Oregon, for example, RAP content in asphalt
mixtures is currently limited to 30% by weight of the total mix. Nonetheless, growing
environmental pressures, combined with escalating costs of natural aggregates and virgin asphalt
binders, urge the asphalt industries and agencies to utilize higher RAP contents.

RAP, in actuality, is not a single uniform material, but rather, it is a combination of used
aggregates (coarse, fine, and fillers) and aged binder. Based on the aged binder condition, RAP
can either be treated as a black rock (indicating inactive RAP binder) or RAP with an active
binder, which may be partially or fully functional (Tebaldi et al. 2018). In the case of black rock,
RAP material is taken as an aggregate, and the binder does not contribute to blending with the
virgin binder (Lewis et al. 2024). In contrast, active RAP material can help lower the overall
requirement of virgin binder by aiding in the blending process (Ali et al. 2021). The amount of
inactive and active binder content in the RAP or the blending efficiency significantly affects the
coating, workability, and durability of the asphalt mixtures, particularly when the RAP content is
greater than 20%. In general, this scenario depends on the age of the demolished pavement from
which the RAP is obtained.

In the past, Oregon Department of Transportation (ODOT) worked with the research team of
Oregon State University (OSU)- Asphalt Materials and Pavement (AMaP) laboratory to
understand the blending scenarios and quantify the amount of blending between RAP and virgin
asphalt binder (Coleri et al. 2018a). The effect of different RAP sources, mixing temperature,
and aggregate gradation on the blending mechanism was examined in the study. The recovered
RAP binder was blended with the neat asphalt binder at different blending proportions (0%,
50%, and 100%) to replicate the degree of blending. It was found that only 45-60% of the RAP
binder is blended/diffused within the actual asphalt mixture, indicating lower binder content than
the design binder content because of the assumption of full blending. The research also revealed
that higher production temperature does not solve the blending issues but provides similar
results. Considering all the aspects, an average blending percentage of 56.5% was proposed for
designing asphalt mixtures with high RAP content and desirable stiffness characteristics (Coleri
et al. 2018a). Along with this research work, continuous collaboration between ODOT and OSU
results in the development of balanced mix design (BMD) framework for Oregon (SPR 801),
which categorized Oregon in a BMD pre-implementation phase (Coleri et al. 2020). As per the
findings of the study, BMD is also an approach to increase the RAP material in asphalt
pavements, ensuring adequate performance and durability. Further, the collaboration also
introduces the concept of using RAP, a sustainable material, in the chip seals as a preventive
measure on the Oregon road networks (SPR 858) (Baran et al. 2025a; b). In 2025, the OSU
research team also recommended critical thresholds for cracking and rutting-resistant asphalt
mixtures as a part of the BMD implementation plan (SPR852) to combat long-term performance
goals for the Oregon road network (Chitnis et al. 2025). These critical thresholds were developed
and validated through both laboratory and field projects.

With time, asphalt pavements are exposed to variable environmental conditions, traffic loading,
and temperatures, which eventually affect the ability of the RAP binder to blend with the virgin
binder. This is typically referred to as the aging process, during which the lighter oils and
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maltenes present in the composition of asphalt binder evaporate and translate into high-viscosity
asphaltenes (Bayoumi et al. 2024). As this transformation occurs, the binder becomes stiffer,
resulting in reduced blending efficiency and thus contributing to pavement deterioration (Ferreira
et al. 2021; Lewis et al. 2024). The aging process underscores the critical role that the age of
RAP material plays in influencing the blending between RAP and virgin binder and the
durability and performance of the RAP-inclusive asphalt mixture. Several other challenges occur
with the use of RAP, including the inconsistency in the RAP material, which makes it difficult to
achieve uniform performance throughout the pavement segment (Sukhija and Coleri 2025b).
Apart from the performance, additional investment is required for the processing of RAP if used
in large volumes, leading to high project costs (Zaumanis et al. 2014a). In addition, factors such
as climatic exposure of RAP-inclusive asphalt pavements (highlighting the variation in RAP
binder properties with climate), functional requirements (skid resistance and noise level), and
user perception (ride quality and safety), all of which must be carefully managed. Owing to these
challenges, RAP material extracted from the surface course was historically recycled into the
base layer, where the strength and flexibility requirements are comparatively lower than those of
the surface layers (Nahar et al. 2014; Zhao and Yang 2024).

Researchers found that various strategic techniques and RAP management schemes can be
adapted to incorporate the RAP material in high proportions with desirable performance (Sukhija
and Coleri 2025b; West 2015). These practices provide insight into how to manage the RAP
material to achieve a higher level of uniformity in asphalt mixture production and construction
with high RAP. In addition, it allows the use of high RAP as a major step towards constructing
new asphalt pavements with adequate mechanical performance while promoting economic and
environmental stewardship. Adequate performance at high RAP content tends to build the trust
of engineers to use high RAP (preferably > 25%) in pavement recycling.

The strategic techniques include the use of rejuvenators, warm mix additives, increased binder
content, binder grade bumping, and application of alternative materials for producing high RAP
mixtures. In particular, Rejuvenators are the recycling agents that aid in restoring the chemical
composition and the physical characteristics of the oxidized RAP binder (Naji and Taherkhani
2024; Prasad et al. 2023). In general, the addition of rejuvenators results in high aromatic content
and a low asphaltene to maltene ratio (Jain et al. 2023, 2025). They increase the life of RAP
material by imparting desired consistency and durability for achieving adequate engineering
performance. They can vary in terms of size, shape, weight, or polarity (Yan et al. 2025).

Warm Mix Asphalt is a sustainable technology used to produce asphalt mixtures at lower
temperatures (20-40°C) (Sukhija et al. 2023b, 2024). Since RAP is prone to cracking, such a
reduction in temperatures helps mitigate further oxidative ageing of the RAP binder during
production, which is especially important for the RAP mixture (Babazadeh and Taherkhani
2024). Despite lower production temperatures, WMA’s ability to improve the coating,
workability, and compatibility of the RAP-inclusive asphalt mixtures is a big advantage because
it allows a higher RAP percentage without affecting the performance and improving the
sustainability (De Pascale et al. 2025; Yousefi et al. 2025).

Increased binder content and Binder grade bumping are the adjustments in mix design attributes
that can improve the RAP content by addressing the brittleness offered by the RAP binder
(Coleri et al. 2018a). In increased binder content, an additional amount of binder is introduced to
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increase the lubrication and binder film thickness over the aggregates, whereas binder grade
bumping involves the replacement of binder with a low-grade binder (high-temperature grade
lowered by one or two grades, depending on the specific requirement) to impart softness and
flexibility in the mix. However, there are very limited studies in this direction, as other strategies,
such as rejuvenators and warm mix additives, tend to deliver more benefits in terms of increasing
RAP content while also lowering economic and environmental burdens.

Alternative materials, including the use of polymer-modified asphalt binder, crumb rubber,
nanomaterial, fibers, waste plastic, etc., are valuable additions to the RAP mixtures for
improving the quality, especially at higher RAP contents (Kocak and Asce 2024; Ziari et al.
2024). These materials can be integrated as a composite material with rejuvenators or WMA, or
added separately (Arshadi et al. 2024; Lee and Minh Le 2025; Naji and Taherkhani 2024; Wang
et al. 2025b).

Past experience (Lu et al. 2019, Xie et al. 2017, Zhou et al. 2016), also determined the
synergistic effect of combining two different technologies, such as rejuvenators and WMA, to
improve the RAP proportion with desirable performance, especially in addressing cracking
concerns. It is expected that the addition of rejuvenators tends to restore the intrinsic properties
of the stiff oxidized binder, while WMA helps lower the ageing of the asphalt mixture by
reducing the production temperature. This implies that the performance is largely dependent on
the type of materials and how they interact with RAP binder, rejuvenators, WMA, and the
overall RAP content. By enhancing RAP mixture quality, these materials facilitate the use of
higher RAP contents while maintaining robust quality control and assurance. Consequently, it is
essential to investigate the integration of RAP management schemes, particularly those involving
materials from different sources or samples collected from various locations within a stockpile,
and their combined effects with widely adopted strategic techniques such as rejuvenators and
WMA technologies. This also underscores the potential challenge of selecting the dosages as
well as the most effective rejuvenators and WMA technologies. Furthermore, RAP is inherently
a sustainable material, offering the potential to lower project costs, reduce carbon emissions,
minimize landfill demand for reclaimed waste, conserve natural resources, and decrease fuel and
energy consumption. Nonetheless, comprehensive life cycle assessment (LCA) and life cycle
cost analysis (LCCA) are needed to substantiate its broader implementation in the field,
particularly for high RAP proportions.

1.1 PROBLEM STATEMENT

The presence of aged asphalt binder on RAP aggregates significantly impacts the overall
performance of asphalt mixtures, limiting RAP usage in Oregon to a maximum of 30%. While
various strategic techniques have been proposed in the literature to enhance RAP utilization,
selecting the most suitable methods and determining their optimal dosages remain critical
challenges. Furthermore, improper RAP management and the direct use of unprocessed material
in pavement construction lead to inconsistencies and non-uniformity in performance. To achieve
high RAP content without compromising performance, effective RAP management practices
must be developed and implemented. These practices should be evaluated in conjunction with
strategic techniques to understand their interactions and general applicability across different
material sources and influential variables. Incorporating these strategic techniques, along with
improving plant RAP stockpile management, is expected to enable the use of higher RAP
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percentages while enhancing long-term cracking resistance. Improved cracking performance and
reduced asphalt mix costs will contribute to lower life cycle costs, reduced environmental
impact, higher pavement condition ratings, and decreased roadway roughness across Oregon’s
transportation network.

1.2

OBJECTIVES AND SCOPE

The primary objectives of this research study are to:

1.

Assess performance impacts: Investigate the influence of strategic techniques on the
cracking and rutting performance of asphalt mixtures containing high RAP contents.

Characterize binder behaviour: Quantify the effects of rejuvenators and warm mix
asphalt (WMA) technologies on the chemical composition and rheological properties of
asphalt binders.

Evaluate sustainability benefits: Assess the changes in economic costs and
environmental impacts associated with incorporating high RAP contents into asphalt
mixtures.

Analyze RAP management variables: Determine the influence of binder grade, RAP
source, and RAP sampling location on mixture performance as part of a comprehensive
RAP management strategy.

Develop implementation guidelines: Formulate practical methods and
recommendations for integrating rejuvenators, WMA additives, and RAP stockpile
management practices into Oregon Department of Transportation (ODOT) processes to
improve the quality and quantity of asphalt recycling in Oregon.

These aforementioned objectives are achieved through the following scope:

1.

The potential of increasing RAP content in asphalt mixtures through higher binder
content and binder grade bumping was evaluated using mechanical performance tests.
Rutting susceptibility was assessed via the traditional Hamburg Wheel Tracking Test
(HWTT), while fatigue cracking resistance was determined using the Indirect Tensile
Cracking Tolerance Test (IDT-CT).

Other potential strategies, including the use of rejuvenators and warm mix asphalt
(WMA) technologies, were also examined. The research plan first focused on
determining and validating the optimal dosages of these additives, as well as identifying
the appropriate production temperatures for WMA mixtures through a workability-based
approach. Subsequently, asphalt binders were modified by incorporating the selected
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dosages of rejuvenators and WMA additives using a high-shear mixer. These modified
binders were then utilized to produce recycled asphalt mixtures containing varying
proportions of RAP and evaluated in terms of mechanical performance (rutting and
fatigue cracking).

3. The rejuvenator and WMA modified binders were experimentally evaluated in terms of
chemical composition using Fourier Transform Infrared Spectroscopy (FTIR) and
rheological characterization using a dynamic shear rheometer (DSR). Rheological tests
include the evaluation of high-temperature performance grading and a robust binder fast
characterization test (BTSV) to assess if the application of rejuvenator and WMA
additives alters the behavior of virgin binders.

4. The economic and environmental impacts of the recycled asphalt mixtures prepared using
different strategic techniques were determined through life cycle cost analysis and
environmental life cycle assessment. This valuation revealed the advantage of using high
RAP content in asphalt mixtures in terms of financial savings and sustainable
infrastructure development.

5. The suitability of strategic techniques was also assessed by producing some of the asphalt
mixture samples using a different source of RAP material obtained from a different
asphalt plant. In addition, some of the RAP-inclusive asphalt mixtures were prepared
using RAP materials acquired from a different location within the same RAP stockpile.
These variations are included in this study to understand the change in performance of
recycled asphalt mixtures with the change in RAP material sampling within and outside
the asphalt plant. Also, it demonstrates the practicality of the RAP management scheme
in improving asphalt recycling.

6. All the data and corresponding interpretations were compiled and consolidated into a
report aimed at recommending updates to ODOT’s current mix design guidelines.

1.3 REPORT ORGANIZATION

The organization of the report is as follows:

Chapter 1.0: This chapter introduces the problem statement, key objectives, and overall scope of
the research work.

Chapter 2.0: This chapter synthesizes past work conducted in this domain, with emphasis on
key interpretations, knowledge gaps, and associated challenges.
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Chapter 3.0: This chapter details the materials and test methods adopted to accomplish the
above-mentioned research objectives. The discussions on the characterization of asphalt binders
and chosen additives are also presented in this chapter.

Chapter 4.0: This chapter presents the understanding of the adjustment in mix design attributes
as a potential measure to enable higher RAP in the production of asphalt mixtures.

Chapter 5.0: This chapter explores the integration of additive-based strategic techniques, such
as rejuvenators and WMA additives, with the view of increasing the RAP content in asphalt mix
production. It also underscores the challenges associated with the selection of additive dosages
and production temperatures of WMA.

Chapter 6.0: This chapter provides insights into the economic and environmental burdens of the
RAP-inclusive asphalt pavements, highlighting how these impacts vary with different strategic
techniques.

Chapter 7.0: This chapter examines the influence of the RAP management scheme, typically the
impact of the RAP source and the RAP sampling location within a stockpile, on mixture
performance. It further evaluates how these factors interact with rejuvenators and WMA
additives within the mix design framework.

Chapter 8.0: This chapter illustrates a tentative conceptual plan for the field pilot section
construction plan and performance monitoring.

Chapter 9.0: This chapter summarizes the key findings and highlights the major contribution of
the study, while also providing potential directions for future research.

Chapter 10.0: This chapter lists all the references cited throughout the research work.

18



2.0 LITERATURE REVIEW

With the upsurge in urbanization, there is a drastic demand for extended road networks. Around
95% of the total road network comprises asphaltic pavements, and new pavement constructions
are still underway worldwide. This resulted in an increased reduction of natural resources, and
subsequently pointed out a need to find a suitable alternative that can be used fully or partially
for the construction of asphalt pavement, provided that the alternative material should perform
equivalent (or better) to the original material and should be cost-effective with a reasonable level
of environmental impact (Hettiarachchi et al. 2019; Zaumanis and Mallick 2015).

Recycling asphalt pavements has become a prevalent technique for constructing asphalt
pavements (Tarsi et al. 2020; Zhang et al. 2022). It acts as a sustainable pavement technology
that ensures economic and environmental viability (Ben et al. 2022; Devulapalli et al. 2019). In
addition, recycling addresses/counteracts the shortage of pavement materials such as asphalt
binder and aggregates. However, the use of this technology is quite limited due to limited
experience with this process and long-term performance concerns (Coleri et al. 2018a).

Reclaimed asphalt pavement (RAP) is the primary recycled product of asphaltic pavements
(Copeland 2011; Hill et al. 2013). RAP has gained much popularity in the asphalt industry
because it can mitigate the concerns associated with the disposal of waste material extracted after
the service life of pavements (Alsalihi and Faheem 2020; Kusam et al. 2017). The process of
using RAP in asphalt pavement is not new; rather, it started in the mid-1970s, and the
advancement/development in RAP recycling is still in progress (Foroutan Mirhosseini et al.
2020; West et al. 2013). In the United States, the majority of state departments of transportation
(DOTs) allowed the use of RAP, and approximately 28 of these DOTs attempted to design
asphalt pavements with 20-30% RAP material, and about 4 DOTs are even using more than 30%
RAP material (Williams et al. 2021). Figure 2.1 shows the maximum allowable percentage of
RAP material in the surface course of asphalt pavements for different areas of the United States.
This data was compiled based on the information highlighted in the standard specifications of
state DOTs for road, bridge, and municipal construction. Most of the DOTs recommended
adopting strategic measures if the RAP percentage exceeds 20% by weight of the total mix to
ensure acceptable in-situ performance levels.
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Figure 2.1. Allowable limit of RAP percentage for surface course

As per the survey conducted by Williams et al. (2021), more than 94.6 million tons of RAP
material were milled and reused for the construction of asphalt pavements in the United States.
Moreover, the use of RAP in construction work saved around 61.5 million cubic yards of landfill
space for the disposal of extracted waste material (Williams et al. 2021). Such a high
contribution indicates the potential of recyclability to minimize the use of natural resources,
landfill space, and energy. It is well known that the use of RAP minimizes material cost and
environmental impacts, eventually leading to higher cost savings and sustainable development
(Calabi-Floody et al. 2020; Jahanbakhsh et al. 2020; Zaumanis et al. 2014a). However, various
challenges arise with the use of RAP material during the design and construction stage, which
limit the RAP proportions. Performance concerns are a major reason limiting the amount of RAP
in the production of asphalt pavements (Antunes et al. 2019; Sharma et al. 2022). One other
aspect affecting the RAP proportion is how the RAP is managed, starting from the milling
operation till its use in the asphalt pavement (De Lira et al. 2015). Extracted RAP is usually non-
homogeneous, which causes hindrance in the mix design, resulting in inappropriate asphalt
binder content and aggregate gradation, higher variability in performance, and hence limits the
RAP proportions (Tarsi et al. 2020). Non-homogeneity of RAP or the variability in resulting
performance arises when the RAP from different sources is blended for a single project; RAP
obtained from pavements with different in-service life, RAP extracted from pavements with
distinct damage levels, multi-layer milling, etc. (Tarsi et al. 2020; West 2015). Thus, a proper
RAP management scheme should be followed to reduce the variability in mix attributes and
pavement performance.
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In general, RAP comprises an oxidized binder film layer over the RAP aggregates that has aged
over the service life of the extracted pavement. With the passage of time and experiencing
differentiable traffic and temperature conditions, asphalt binder loses its volatile chemical
components (conversion of maltenes into asphaltenes) and so its original viscoelastic
characteristics, which consequently turns the RAP binder stiffer and brittle (Eltwati et al. 2022a;
Kaseer et al. 2019b; Romera et al. 2006; Ziari et al. 2019a). Although the hardened binder layer
can improve the rutting resistance susceptibility (Sun et al. 2019; Zaumanis et al. 2014b; Zhao et
al. 2012), it adversely affects the performance against fatigue cracking, especially at higher RAP
proportions (Daniel et al. 2010; Hill et al. 2013; Mogawer et al. 2013; Tam et al. 1992). The
application of RAP, its quantity, and its performance are usually governed by several factors,
including RAP source, amount of RAP binder, age of milled pavement, neat (a.k.a. virgin)
asphalt binder grade, aggregate gradation, and production temperatures (Sharma et al. 2022;
Tarsi et al. 2020; West et al. 2013). Furthermore, the blending between RAP binder and neat
asphalt binder is essential to achieve adequate performance and longevity of RAP-inclusive
asphalt pavements (Coleri et al. 2018a; Ma et al. 2022b). However, these issues are not very
significant when RAP content is low (<20%) because there is not enough oxidized binder that
can significantly change the properties of the final blended binder. Nevertheless, for high RAP
contents (>25%), the presence of RAP binder can significantly change the blended binder
properties and thereby affect the overall performance and expected service life (McDaniel et al.
2001; West et al. 2013). The definition of high RAP mixtures, i.e., mix with 25% or more than
25% RAP, was consistent with the previous studies conducted by the Federal Highway
Administration (Copeland 2011) as well as in NCHRP report 752 (West et al. 2013).

In order to improve pavement longevity, along with reduced paving costs and environmental
burdens, various strategic measures have been developed and proposed in the past literature
(Behnood 2019; Guo et al. 2020a; Hettiarachchi et al. 2019; West et al. 2013). These strategic
measures include the use of rejuvenators/recycling agents, warm mix asphalt additives, binder
grade bumping, increasing neat asphalt binder content, and application of commonly used
modifiers and fibers for the production of RAP-inclusive asphalt mixtures (Coleri et al. 2018a).
These techniques also aid in increasing RAP contents above 20%, perhaps even up to 100%,
without sacrificing long-term durability (Zaumanis et al. 2015, 2016). However, the selection of
these techniques is not straightforward because it depends on various factors, including the
quantity and stiffness of the oxidized RAP binder present over the RAP aggregates. The primary
objective of using these techniques is the same, that is, to increase the RAP content or to provide
improved performance at a fixed RAP content, but their working mechanism is quite different.
The extent of improvement in performance or RAP content depends on the strategic measure and
their accurate implementation in the mix design process. Since RAP could cause premature
fatigue and low-temperature cracking due to stiff RAP binder, an appropriate technique could be
one that provides enough resistance against fatigue cracking without degrading the rutting
performance (West et al. 2013).

This literature review aims to conduct a comprehensive review of RAP management and the
steps involved in processing, handling, and finding the variability in RAP. The suitable methods
to characterize the RAP materials have been critically reviewed. The strategies to develop
durable asphalt pavement with high RAP have also been reviewed and compiled for better
understanding. The impact of RAP on the binder and mixture performance has also been focused
on in this work. Overall, this literature review work intends to provide an updated overview of
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high RAP in asphalt pavements. It is presumed that this individual report may provide a clear
understanding of using RAP to a certain extent.

2.1 RAP MANAGEMENT TECHNIQUES

Most asphalt-surfaced pavements in the United States are constructed with RAP <25%. The
effective utilization of RAP is driven through a well-defined management scheme, which
includes processing, handling, and characterization of RAP before the mix design process (West
et al. 2013). However, there is a lack of proper guidelines on processing and handling RAP,
which limits its use for pavement construction. The performance of RAP mixtures depends on
how the RAP is managed throughout the production stage (Tarsi et al. 2020). Uncontrolled RAP
processing and handling cause high variability, either in aggregate gradation or asphalt content.
A few types of studies in the literature (McDaniel et al. 2001; West 2015) recommended using
RAP from a single source to maintain homogeneity and consistent characteristics. For instance,
the RAP obtained from a single source can be easily used in a small project; however, it is very
challenging to use the RAP of a single source in a large project due to insufficient material or a
large number of material requirements. RAP from multiple sources must be incorporated in this
case to produce asphalt mixtures. Multiple sources comprise a huge difference in pavement
structure and layer composition among the obtained RAP, resulting in an unpredictable
performance (Austerman et al. 2020; Montafez et al. 2020). Thus, there is a need for a new mix
design method that involves the performance testing of the mixes prepared with multiple RAP
sources. Accordingly, the mix design practice should be adjusted to ensure pavement longevity.
In addition, it may cause inhomogeneity, requiring further processing and management practices
to offset the variability associated with multiple sources of RAP. An ideal approach is to limit
the variability of stockpiled RAP to produce asphalt mixtures with high RAP content,
considering the requirement of mix design and project cost (Copeland 2011). It must be noted
that two basic indices, namely the cost-effectiveness and quality of RAP, should be prioritized
throughout RAP management.

RAP management schemes differ from country to country or even state to state. Following a
proper management scheme would aid in ensuring the performance characteristics of RAP mixes
are better or similar to the asphalt mixtures with no RAP content in terms of long-term
performance, environmental impact, and economic aspects (West 2015). In general, the
management process starts with the milling operation, followed by the processing of RAP, which
includes crushing and screening, stockpiling, meeting mix design requirements, and quality
control during the preparation of recycled asphalt mixtures. These are discussed in the
subsequent sections.

2.1.1 RAP Processing

2.1.1.1 Milling

It is well known that the properties of RAP depend not only on the pavement from where
it is obtained, but also on the removal/scrapping technique (Zaumanis et al. 2021). Old
asphalt pavements are generally scrapped through the milling operations to produce RAP.
Milling, an indispensable component of the recycling process, has now been considered
under the RAP management scheme (West 2008, 2015). To date, the research evaluating
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the effect of milling parameters and their significance is scant. The milling process
requires a milling system (as shown in Figure 2.2) to remove the pavement surface. It can
be carried out in a single pass or more, depending on the thickness of the pavement. A
considerable amount of fine aggregates is generated during the milling operations. Thus,
the final aggregate gradation of milled RAP is often finer and denser than the gradation
of the natural aggregates (Antunes et al. 2019). These fine aggregates increase filler
content (around 40%) in the overall design gradation and may negatively affect the mix
volumetrics (Zaumanis et al. 2021). The generation of fines may be attributed to the
degradation of aggregates during the milling operation. Also, there is a possibility of
mixing RAP with the underneath base and subbase layer aggregates (Debbarma et al.
2020). It may indicate an inappropriate particle size distribution and affect the final
aggregate gradation. In this situation, where the milled RAP is mixed with the aggregate
material of underlying unbound layers, it is better to use the RAP in the base, subbase,
and shoulders instead of asphalt mix production (Arshad and Ahmed 2017).

Figure 2.2. Milling of asphalt pavement

Since milling is a function of different parameters associated with the milling machine,
there are chances of variations that can occur with the change in such parameters (Tarsi et
al. 2020). These parameters include the type of milling equipment used to remove the
material, drum size, speed of drum and milling machine, dimensions and angle of milling
teeth, number of teeth, etc. Some of the parameters associated with the milling machine
are shown in Figure 2.3.
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Milling Teeth

Figure 2.3. Milling machine parameters

Zaumanis et al. (2021) presented the significance of milling and hypothesized three
different conditions in their research. These hypotheses are: a) ageing of asphalt binder
during milling, b) variability in aggregate angularity, and c) change in aggregate chunk
size, higher filler content, and ripping/breaking of aggregates while milling the old
pavement. The authors also considered three sources of variation on these hypotheses.
These variations are changes in the moving speed of the milling machine, drum rotation
speed (slow, medium, and fast), and milling depth. Different combinations of moving
speed and depth were chosen, and a comprehensive experimental program was designed.
As per the findings of the study, none of the parameters except the moving speed of the
milling machine influences the properties of the milled RAP. On the other hand, Diouri et
al. (2020) indicated that milling depth also greatly influences the properties of RAP and
aggregate gradation. The combined output of the investigations conducted by Zaumanis
et al. (2021) and Diouri et al. (2020) inferred that higher depth and slow-moving speed
lead to small agglomerations and, therefore, lower filler content. In addition, higher
milling depth damages the underneath pavement layers (base/subbase), resulting in
surface depressions (shallow or flat). Therefore, suitable caution should be taken in
deciding the milling depth. It is recommended that the milling depth be chosen depending
on the existing field condition, such as the depth of pavement layers, mix type, and drum
speed. Considering the effect of milling teeth, irregular carbide or diamond cutters lead to
small or large flake aggregates, which are not desirable.

Various research studies (Copeland 2011; West et al. 2013; West 2015) stated that RAP
procured from milling operations does not necessitate further processing and thus can be
directly used in pavement construction. This is due to the presence of a lump breaker,
which resembles a small-scale crusher, between the cold bins and the conveyor belt.
Their purpose is to crush the large lump into smaller RAP particles (size less than 2
inches). However, not in many projects, low/simple processing is required to further
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break the small lumps/chunks of agglomerated RAP prior to stockpiling. Figure 2.4
presents the representation of unprocessed and processed RAP material. Overall, an
appropriate milling tool and technique can generate RAP with high quality and less
internal breakage. Consequently, it may increase the allowable RAP limit to a great
extent (Antunes et al. 2019; Tarsi et al. 2020; Zaumanis et al. 2018).
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Figure 2.4. Milled RAP material (a) Unprocessed condition, (b) Processed condition

Pavement removal can also be done using heavy bulldozers. This technique of removing
asphalt pavements is known as full-depth removal (Arshad and Ahmed 2017). It
comprises ripping and breaking up to the full depth of the asphalt pavement structure.
RAP produced using bulldozers is relatively more challenging as it is generated in large
chunks. Since the RAP material obtained using this technique is in the form of large
pavement rubbles or chunks, the amount of fines generated during the procurement is
relatively less in a full-depth removal operation. Unlike milling, the material procured
using this technique entails further processing before stockpiling. Also, it is a very slow
process suitable for a small pavement area (West 2015). The relative advantage of this
technique is the lower probability of reflection cracking. This is because the surface of
the pavement layer after the milling operation is mostly leveled and free from
irregularities such as ruts or bumps.

RAP properties may also vary depending on the source of milling operations (single
project or multiple sources), irrespective of the milling technique. Milling carried on a
single pavement often indicates consistent gradation and asphalt content (Copeland 2011;
West et al. 2013; West 2015). In the case of a single project, screening is required only to
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remove the oversized material. Nevertheless, if milling is subjected to different projects
and the material is stockpiled at the same location, it may cause significant variation in
the test results. Consequently, the stockpiled material entails further processing before
producing the new asphalt mixtures. In general, milled RAP is managed following a
series of technical operations such as crushing using small- and large-scale crushers (in-
place and in-plant), screening using different screen decks, conveying/discharging
material to specific locations, and stockpiling or stacking the procured RAP (Antunes et
al. 2019; Gao et al. 2021; Tarsi et al. 2020).

2.1.1.2 Crushing and Screening

The purpose of the crushing operation is to convert the large chunks and agglomerations
of RAP into smaller pieces (Zaumanis et al. 2022). Crushing can be done in place or at
crushing plants, depending on the milling technique. The milling machine itself can
reduce the size of RAP using in-place crushing wheels, whereas, in full-depth removal,
the material is first loaded into the truck and hauled for crushing at the crushing plant.
Due to the simple, time-effective, and more practical technique, the asphalt industries
prefer the production of RAP material using the former case over the latter case (West et
al. 2013).

Crushing at the plant can be carried out using different crusher types whose working
principles differ, but the primary goal is similar. Most crushing plants use compression
crushers and impact crushers (Arshad and Ahmed 2017). To produce a consistent RAP,
the general practice is to initially blend the large lumps through the front-end
loader/bulldozer, followed by crushing in the plant operation. This process eradicates the
chance of getting materials that are oversized. Consistency in RAP can also be
maintained by crushing the material in small quantities and stockpiling it with proper
identification. Improper crushing may increase fines or generate fractured faces, which
implies higher binder content and overall production cost (Newcomb et al. 2007;
Zaumanis and Mallick 2015).

Various crushing machines are equipped with a recirculatory circuit (West 2015). The
function of such a unit is to transfer the large size of material (which is retained on the
attached sieve after the first pass of crushing) back to the crusher for re-crushing. The

limitation of using the recirculatory circuit is the breakdown of aggregates, leading to

excessive fine aggregates having irregular/nonuniform shapes.

A screening operation usually follows crushing. Screening of RAP separates the oversize
material from the milled and crushed material (Zaumanis and Mallick 2015). In general,
screens are installed just next to the crushers. However, West (2015) recommends setting
up the screening deck before the crushing operation. The reason behind this suggested
process is the production of a large amount of fine particles during the crushing
operation. Placing screens before the crushers allows the finer particles to bypass the
crushers, whereas the material retained on the screens will be subjected to the crushers
for further processing. This will reduce the load of materials over the screens, thereby
saving crushing time.

26



2.1.1.3 Fractionation

Maintaining consistency or reducing variability is the primary perspective of the RAP
management scheme. Improper management limits the percentage of RAP in the asphalt
mix by lowering the long-term performance of the pavement structure. A major factor
contributing to RAP management is the aggregate gradation required for a mix design
(Antunes et al. 2019; Tarsi et al. 2020). Control over the RAP gradation is challenging as
the material tends to segregate during the stockpiling process, thereby limiting the RAP
content to 20% or less (Sabahfer and Hossain 2015; West 2008). To overcome such
shortcomings of using RAP, the fractionation process has recently gained much interest.
Fractionation is the process of dividing the RAP (obtained after crushing and screening)
into two (for example, coarse and fine) or more stockpiles (say, coarse, medium, and
fine) (Han et al. 2019; Katla et al. 2022; Podolsky et al. 2019). Dividing the RAP into
two or three fractions is generally referred to as a 2™ or 3™ level fractionation process.
Figure 2.5 shows the fractionation of aggregate material into different sizes.
Separating/sieving the RAP into multiple fractions reduces segregation and allows full
usage of RAP, depending on their desired size/gradation in asphalt mixture production. In
addition, fractionation offers control over the asphalt binder content and RAP gradation,
especially for high RAP-inclusive asphalt mixes, in the most economical manner (Colbert
and You 2012). The fractionated material is conveyed directly from the stockpile through
wheel loaders to the RAP feed bins of asphalt plants. Fractionation is usually required if
the material retained on the 2.36 mm sieve is greater than 10-15% (Ministry of
Transportation Ontario 2001). Except for this, the feasibility/effectiveness of
fractionation depends on various factors, including RAP source, dosage, amount of
fines/dust, asphalt binder content, ageing condition (in-service time of old pavement from
which the RAP is procured), and the quality of asphalt binder and aggregates (Shannon et
al. 2017; Shannon 2012; Shen et al. 2007).

Figure 2.5. Fractionation of aggregates based on their size

Based on the inferences of the previous literature, the impact of the fractionation
technique was found to be contradictory. Shannon et al. (2017) developed a fractionation
method based on sieve-by-sieve analysis with the presumption of incorporating high RAP
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in asphalt mixtures. Nine different asphalt mix combinations were examined, considering
three different RAP proportions and fractionation methods. The authors found that
controlling the amount of fine RAP (a combination of fine aggregates and dust) during
the fractionation allows up to 30% RAP to be used. This analysis considered the desired
volumetrics and film thickness required to meet the mix design criteria for a standard hot
mix asphalt (HMA). On the contrary, Sabahfer and Hossain (2015) assessed the effect of
fractionation on the performance of RAP-inclusive asphalt mixtures. This study chose
two RAP contents, i.e., 20% and 40%. The findings of this study indicated that
fractionation is not a viable approach to improving the performance of asphalt mixtures.

The level of fractionation is also an important variable that needs to be considered while
fractionating the RAP. A detailed study by Katla et al. (2022) found that shifting the
fractionation level from the 2™ to the 3 level increases the allowable limit of RAP by
10%. In addition, 3rd-level RAP fractionation significantly lowered the mix variability in
terms of volumetrics and performance. Similar observations were reported by Shen et al.
(2007), wherein the RAP dosage was increased (30% to 40%) by choosing a higher level
of fractionation. It is inferred that a higher level of fractionation results in a higher
allowable dosage of RAP to produce asphalt mixtures.

Although fractionations limit the variability in the overall mix design and offer a better
performance of RAP asphalt mixtures, none of the specifications recommended
incorporating RAP based on the fractionation method. In the same line of context,
TxDOT (2014) reported higher RAP dosage with the fractionation technique. As per the
Texas specifications, the allowable RAP dosage for the surface, intermediate, and base
layer is 10%, 20%, and 30%, respectively. Conversely, the respective dosages were
increased to 20%, 30%, and 40% after fractionating the material into coarser and finer
RAP. From this viewpoint, some DOTs and other agencies recently adopted the
fractionation process, particularly for high RAP mixes. The only reluctance to use this
technique is attributed to the increase in project cost as extra space is required for
stockpiling different RAP fractions, and extra bins are needed to feed different RAP
fractions simultaneously (Barraj and Elkordi 2022; West et al. 2013). Thus, there is a
need for comprehensive research to determine the optimum fraction method that can
facilitate a higher percentage of RAP with cost-effectiveness.

2.1.2 Stockpiling Process

Milled RAP is generally stored in the form of stockpiles. RAP stockpiles are the large
accumulation of milled material at asphalt production plants. All the RAP can be stored in single
or multiple stockpiles, depending on the composition and characteristics of RAP, its source,
availability of space at the site, RAP quantity, and project cost (Copeland 2011; West 2015). Few
studies (Barraj and Elkordi 2022; Zhou et al. 2010) recommend adopting a separate RAP
stockpile approach (either based on aggregate gradation or asphalt binder content) for attaining
promising outcomes in terms of performance or allowable limits. Figure 2.6 shows the
stockpiling of RAP material based on the maximum aggregate size. Separate stockpiling intends
to facilitate a higher RAP percentage in the asphalt mixture, along with excellent quality
assurance. However, the stockpile characteristics should be checked whenever a new RAP is
mixed/added to the stored stockpiled material. Many times, a milling operation is implemented
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on a single large project. In such cases, keeping the milled material in a separate stockpile is
worthwhile to attain consistent and uniform characteristics throughout the new construction. On
the other hand, material obtained from multiple sources can also provide consistent
characteristics only when the contractor/engineer follows the special instructions specified in
various guidelines and specifications. The best practice is to dig the RAP from different angles
using an excavator for premixing the RAP prior to crushing and fractionation (Copeland 2011;
West 2015). One other way to categorize the stockpiled RAP is its origin. These stockpiles are
known as classified RAP (known origin, consistent characteristics) and unclassified RAP
(unknown origin, highly unpredictable characteristics) (West 2015). In the latter case, the RAP
sources from multiple sources are mixed in a single stockpile (Barraj and Elkordi 2022). Thus,
prior precautions should be taken while dealing with unclassified RAP. Their allowable limit
depends on different requisites, including the requirement of mix volumetrics, aggregate
gradation, asphalt binder content, and consensus properties.

(©)

Figure 2.6. Stockpiling of RAP material based on the maximum aggregate size (a) 20 mm,
(b) 10 mm, and (c) dust

One of the most important precautions for maintaining the mix design requirements is to keep
the stockpiled RAP free from contaminants, such as dirt, field vegetation, and unwanted
construction debris (Brantley and Townsend 1999; De Lira et al. 2015). The presence of these
contaminants may indicate poor characteristics of RAP, eventually lowering the suggested RAP
proportion. Thus, the quality control team should regularly inspect for contaminants (Copeland
2011). A common practice is excavating deleterious material from the yard, where the RAP is
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stockpiled. On the other hand, while working with RAP on the field, contractors/engineers
always experience an issue of segregation and moisture retention within the material (De Lira et
al. 2015; Sabahfer and Hossain 2015; Tarsi et al. 2020; Zhou et al. 2010). This inevitably affects
the performance, variability, and cost of the project. To overcome these concerns, various
solutions have been endorsed in previous studies. These are briefly discussed in the subsequent
sections.

2.1.2.1 Segregation Effect

Appropriate storage of RAP in stockpiles has always been a challenge for pavement
industries. Improper stockpiling often results in material segregation, inaccurate
volumetric characteristics, lower engineering performance, and durability issues
(Sabahfer and Hossain 2015; Tarsi et al. 2020). Thus, prior measures must be taken to
avoid the segregation of RAP during the stockpiling process. In general, coarse RAP
particles exhibit more kinetic energy and weight, making them more likely to fall toward
the bottom of the stockpile. This causes unevenness/inconsistency in aggregate gradation
and asphalt binder content while sampling the RAP material. Extra fine aggregates from
the stockpiles are generally preferred due to their higher binder content compared to the
aggregates. Although fine RAP aggregates exhibit higher binder content, it is well known
that the present binder is more aged, indirectly resulting in lower cracking resistance and,
consequently, recommending a lower RAP content. The recommended way to reduce this
inconsistency and improve uniformity throughout the stockpile is to use index-type
conveyors, having the facility to raise the conveyor end till the height of the stockpile
(height is generally limited to 9 meters) (Copeland 2011; West 2015). This practice
avoids the accumulation of large size aggregate particles at the bottom of the stockpile,
thereby limiting their segregation from the finer aggregate particles. Additionally, these
studies suggested that storing the RAP material in layers using a small bulldozer could
eradicate the effect of segregation to a great extent.

2.1.2.2 Moisture Retention

RAP tends to retain moisture, which indirectly limits the use of RAP in pavement
construction. Wet RAP often sticks on the sides of screening decks and conveyor belts,
which accumulates with time (Antunes et al. 2019). The presence of moisture in RAP
may not affect the performance, but it will increase the project time and cost for
processing RAP before construction. These concerns are likely if the stockpiling process
is not managed precisely. Different techniques have been proposed to avoid these
apprehensions. In the past two to three decades, RAP stockpiling was preferred on the
low or horizontal surface with the perception that high and conical stockpiles may cause
internal compaction due to their weight. Though with later research, this seems to be
unrelated. Also, during the rainy season, these stockpiles may retain moisture over the
crest due to their plain or low profile, which is again a critical point of concern. Besides,
recent research (Copeland 2011; West 2015) recommends building a conical or high
stockpile to offset water retention. Another possible approach is storing the RAP on a
paved and sloped surface (Zaumanis and Mallick 2015). This would aid in facilitating
drainage from RAP quickly and efficiently. Notably, the slope of the stockpile should be
on the opposite side from where the RAP is subjected to cold asphalt binds. In line with
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the same context, a common technique adopted by contractors and engineers to minimize
the moisture content or protect the material during the rainy season is to cover the RAP
with shelters or roofs prepared temporarily or permanently at the plant site, as shown in
Figure 2.7. As per the studies in the literature (Tarsi et al. 2020; West et al. 2013),
minimizing moisture retention by any means will be favorable in increasing the
proportion of RAP in pavement construction.

|

|

\|

Figure 2.7. Roofing of RAP material for minimizing moisture concerns

2.1.3 Plant and Source Variability

High variability in the material composition is a critical barrier that restricts the amount of RAP
in producing new asphalt pavements. These variabilities may be associated with processing
operations such as milling technique, crushing operation, screening size, and handling
operations, including the stockpiling process (Gao et al. 2021; Zaumanis et al. 2018). In addition,
pavement patching, crack seals, other maintenance materials, and treatments applied during the
service life result in more variability in the recycled material (Cadar et al. 2022). This often
results in improper mix design, indicating deviation in asphalt content and aggregate gradation.
These deviations are unpredictable and controlling them remains a critical challenge for the
asphalt industry. Such possible concerns urge the engineers/contractors to work with either no
RAP (virgin asphalt mixture) or low RAP content (<25%). Another probable reason is the
limited research on RAP variability, management practice, and its impact on the behavior of the
final asphalt mixture with recycled asphalt content (Ailing et al. 2019; Cadar et al. 2022;
Zaumanis et al. 2018).

The National Center for Asphalt Technology (NCAT) surveyed several contractors around the
U.S. and determined the best RAP management practice that provides the highest
homogeneity/consistency in RAP (West 2008, 2015). The report published by NCAT also
includes the current practice for processing and handling RAP to maintain variability within
limits. Few studies (Austerman et al. 2020; Montafiez et al. 2020; Valdés et al. 2011; Zaumanis
et al. 2018) examined the variability in the properties of asphalt binder and mixtures produced
using RAP. While most researchers indicated the high variability in RAP properties (as shown in
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Table 2.1), Estakhri et al. (1999) found that the variability in RAP mixtures is comparatively less
than that of the asphalt mixture with no RAP content. The results were found to be consistent
even at higher RAP proportions. The difference in the conclusions of past studies may be
attributed to the difference in pavement condition from where the RAP was collected. In general,
factors controlling the performance and variability of RAP materials are in-service life, traffic,
production temperature, initial material properties, rehabilitation, and treatments (West 2015).

Zaumanis et al. (2018) conducted a comprehensive study wherein the variability in the results
was assessed using the RAP obtained from 3 different roadways. The materials were collected
before the milling in the form of cores, after the milling as a milled/crushed material, and after
the re-mixing of stockpiles. After testing the collected RAP, Zaumanis et al. (2018) found that
the variability is a function of the form of the collected samples (cores, milled material before
and after processing), indicating higher variability for cores. The variability for milled RAP and
the material obtained after re-mixing was the same. Thus, making the appropriate decision on the
processing and handling of RAP material (including milling, crushing, screening, and
stockpiling) before the start of the project could minimize the variability and indirectly maximize
the percentage of RAP in asphalt mixtures.

These variability concerns are relatively lower when the material is procured from a single plant
or source; nevertheless, it is very hard to control the variability when it is obtained from multiple
plants or sources (West 2015; Zhou et al. 2010). It is recommended to mix the material milled
from multiple sources and subject it to re-mixing before crushing and sieving to reduce the
material's variability (Zhou et al. 2010).
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Table 2.1. Inferences of past studies indicating higher RAP variability

(35, 35, 40, and 50%
RAP)

properties such as penetration
and viscosity, volumetrics,
and strength

References Sample size Considered parameters Inferences
Solaimanian and Four different Aggregate gradation, asphalt RAP mixture exhibits a higher mean standard
Tahmoressi (1996) | pavement structures | binder content, physical deviation than the asphalt mixture without RAP.

The higher the percentage of RAP, the higher the
deviations from the target value.

Montaiiez et al.
(2020)

Six different sources
of RAP

Sieve analysis, asphalt binder
content, physical properties
such as penetration value and
softening point, and linear
viscoelastic properties

Variability in the RAP changes with the parameter
selected.

A significant variation among the different sources
of RAP was observed, irrespective of the test
parameter.

The highest variation was observed in sieve
analysis (around 85%) for the material passing the
0.075 mm sieve, while the variation in binder
properties ranged from 7-35% depending on the
test parameter (penetration, softening point, binder
content, and complex modulus).

volumetrics, and properties of
recovered RAP binder

Valdés et al. Two sources Asphalt binder content and Coarser RAP fraction showed higher variation,
(2011) (20% and 60% RAP) | aggregate gradation regardless of the test parameter.
Note: Two-level fractionation 60% RAP mixture exhibits higher variability in
technique was adopted (i.e., Comparison to 20% RAP.
0-8 mm and 8-25 mm) Recommended fractionation of RAP and the use of
fine RAP fractions to reduce the variability.
Even 60% of RAP indicated promising results but
necessitated proper RAP management to avoid
heterogeneity among the collected material.
Austerman et al. Six samples (15% Asphalt binder content, A deviation greater than 10% was observed in
(2020) RAP) aggregate gradation, aggregate gradation for all six samples.

Some RAP-inclusive asphalt mixtures failed to
meet the volumetric requirements.
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References

Sample size

Considered parameters

Inferences

RAP variability drastically affects the proportion of
RAP to be used in pavement construction.
Significant variations were observed in air voids,
theoretical maximum specific gravity, and RAP
aggregate properties.

The properties of the recovered RAP binder were
quite different and displayed higher deviations.

Gao et al. (2021)

RAP obtained from

sixteen different
construction sites
(30% RAP)

Aggregate gradation, asphalt
binder content, and physical
properties

The variability observed in aggregate gradation
was not found to be very significant.

A noticeable difference was observed in asphalt
binder content and physical properties.

Dividing the RAP sources into groups/clusters of
similar characteristics minimizes the variability
and consequently increases the allowable RAP
limit.
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2.2

2.1.3.1 Sampling Plan and Testing Frequency in a Stockpiled RAP

Sampling and testing frequency for RAP is necessary to ascertain the consistency within
the RAP stockpiles. As per West et al. (2013), the material sampling process and test
frequency may also incorporate variability in the results. Improper sampling and an
insufficient number of test samples may lead to higher variability in test results
(Copeland 2011). In general, the sampling size should be enough to perform a few
variability checks, such as asphalt binder content, aggregate gradation, bulk density of
RAP aggregate, RAP aggregate properties, and extracted and recovered binder properties
(preferably for RAP >25%)).

The minimum sampling plan and test frequency depend on the DOTs and construction
agencies. The general practice is to conduct 1 set of tests per 1,000 tons of RAP within a
particular stockpile to get a clear understanding of the consistency of the RAP material
(West 2015). Regarding the number of test samples, a minimum of 10 tests per individual
RAP stockpile sample is recommended to realistically quantify the variability between
the samples of unique stockpile material (Copeland 2011). Projects that involve the
utilization of multiple stockpiles of RAP necessitate the above-mentioned sampling and
testing procedure for each stockpile before conducting the mix design.

Further, the question arises over the sampling time and location from which the material
must be taken and tested. As per the previous reports (West et al. 2013; West 2015), the
best timing for sampling is during the building of the RAP stockpile at the site from
where the material will be transferred to the asphalt plants for production. This is
because, with time, RAP forms a crust over the stockpiles, and taking the material from
the top of the stockpile imitates incorrect results. Before sampling at the site, a mini
stockpile should be prepared from the original stockpile in question. Front-end loaders or
similar equipment should be used to construct a new sampling stockpile, which is further
flattened using a back-dropping method for proper sampling (West et al. 2013; West
2015). Following the sampling process described above might aid in attaining a
homogeneous RAP sample with consistent characteristics, irrespective of the stockpile
location.

TEST METHODS FOR CHARACTERIZING RECLAIMED
ASPHALT PAVEMENT (RAP) MATERIALS

RAP characterization is an essential task that needs to be performed before the mix design. The
characterization tests include the determination of aggregate and asphalt binder properties in
terms of aggregate gradation, the bulk specific gravity of aggregate, asphalt binder content, and
asphalt binder grade (Hajj et al. 2012; Mikhailenko et al. 2020; West et al. 2013). These
properties are of utmost importance for quality control (QC) and quality assurance (QA) of RAP-
inclusive asphalt mixtures. Among these properties, aggregate gradation and asphalt binder
content are the vital parameters required for the mix design purpose (Sharma et al. 2022; West et
al. 2013).
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2.2.1 Extraction and Recovery Process

The amount and properties of asphalt binder in RAP mixtures and the aggregate gradation can be
identified after following a two-step protocol commonly referred to as the extraction and
recovery process. The extraction process involves the separation of the asphalt binder layer from
the surface of RAP aggregates with the use of chemical solvents or non-solvent methods,
whereas the recovery process is carried out to recover the asphalt binder from the solvent (Coleri
et al. 2018a). After the extraction and recovery, aggregate gradation can be determined, along
with the quantification of asphalt binder content present in the RAP mix. However, the properties
of asphalt binder before and after the extraction and recovery, particularly in RAP mixes, showed
irregular trends. This is primarily attributed to the presence of a residual solvent or fine
particulates within the recovered asphalt binder (Mikhailenko et al. 2020; Wakefield et al. 2018).
Thus, proper care has to be taken to remove 100% fines and solvent from the recovered binder
during the extraction and recovery process, and the reliability of recovering asphalt binder
(without any traces of solvent/fines) depends on the test protocol. Various test methods have
been developed for the extraction and recovery of asphalt binders. Each of the extraction
processes, except the ignition method, utilizes solvents and additives for the extraction purpose
(West et al. 2013; Ziyani et al. 2017). The primary difference in these methods is the effect of
heat, the agitation effect, and the type of solvents. The details of these methods are briefly
described in Table 2.2, and the overall procedure of the prescribed methods can be found in their
respective standards.
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Table 2.2. Description of extraction and recovery methods

Standard

Disadvantage

Methods Type Specifications Description Advantages s Solvents
Asphalt mixture is allowed eLower eTrichloroethane
to submerge in the solvent accuracy for | i hioro ethylene
for extracting the asphalt determining eToluene

Centrifug Cold ASTM D2172 binder from the coated el ess ageing of agphalt eBenzene

(Solvent- aggregates. The submerged asphalt binder binder
e (2011) -1 . ) ePerchloroethylene
. based material is subjected to eEffective for content
Extractio . AASHTO T164 . . eNormal propyl
n extraction (2014) centrifuge action where the aggregate o] ess b d
process) mixture of solvent and gradation feasibility for | >TOTMEC
asphalt binder is recovered polymer- OMethylene
in a glass beaker through the modified chloride
drainage pipe. binders *Xylene
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Methods Type Spsetczil?i(cl:tl;gns Description Advantages Dlsadvsantage Solvents
This method is preferred
when the asphalt mixture
has limited solubility in a
solvent. In this method, the
asphalt mixture is placed in eLong
a thimble that is positioned | eEfficient in extraction
inside the Soxhlet chamber. extracting time
The solvent loaded in a flask | solute from eConsume eDichloromethane
Hot was continuously heated %nsolu"ble large amount eTrichloroethane
Soxhlet (Solvent- using a mgntle to produce 1mpur1t1es of solvent « Trichloroethylene
Extractio | based Not Available reflux action. The solvent eSimple and e Accelerates eTolucne
N extraction vapors ﬂow up in the easy binder Benzene
rocess) Fhs‘ulla‘uoq flask aqd drop mechanism ageing
p into the thimble with the use | eSuitable for oNot suitable | *Ferchloroethylene
of a condenser installed at determining for *Xylene
the top of the extractor. aggregate evaluating
When the Soxhlet chamber gradation binder
is full, the solvent SiphOl’lS properties

back into the refluxing flask
containing the recovered
binder and the heated
solvent.
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Standard . L. Disadvantage
Ivent
Methods Type Specifications Description Advantages S Solvents
Reflux extraction works on
the principle of reflux
action, subjecting the
solvent to heat and
producing vapors. The
ASTM D2172 solvent vapors are pagsed
through the asphalt mixture
(2011) — Method ; .
B kept in two wire mesh cones
AASHTO T164 covered w1th filter paper.
The solvent is refluxed over .
(2014) . . eCause ageing
the asphalt mixture until the eSuitable for offect '
complete separation of the N S eTrichloroethane
asphalt binder from the quantlfylpg *High rlsk a5 | eTrichloroethylene
Hot aggregate surface color of asphalt binder solvent is eToluene
Reflux | (Solvent- the solvent changes to light content subjected to eBenzene
Extractio | based straw color. *Accurate for heat for'a ePerchloroethylene
n extraction In this process, the asphalt afagézﬁzf k:;ig:é time eNormal propyl
process) mixture is placed on a mesh sra P . bromide
which is equipped inside a eSuitable for eNot feasible Methvl
container gmlljlz rtoa modified for assessing ¢ hT ydene
Ki hereafter. th asphalt binders | binder chioride
cooking pot. Thereafter, the roperties eXylene
ASTM D2172 solvent is poured over the prop

(2011) — Method
C

AASHTO T164
(2014)

aggregate mixture and
subsequently the extraction
lid is closed tightly. The
cold water is passed at the
top of the extraction setup to
introduce the solvent
condensation. The whole
apparatus is subjected to
heat for around 1.5 to 3
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Methods

Type

Standard
Specifications

Description

Advantages

Disadvantage
s

Solvents

hours for the complete
extraction of asphalt binder.

ASTM D2172
(2011) — Method
D

AASHTO T164
(2014)

As per this method, the
asphalt mixture is placed in
a filter sack under a basket,
which is attached to a
suspension rod. The
complete assembly is further
kept inside an extraction
kettle where the solvent is
poured. Following the
mixing of solvent and
asphalt mixture, the
condenser lid is closed and
the cold water flowed
through it. Unlike method C,
the assembly is subjected to
heat for 15-30 minutes in
order to attain proper
disintegration of asphalt

40



Methods Type Stz.lndar.d Description Advantages Disadvantage Solvents
Specifications s
binder from the aggregate
based on the reflux action.
In this method, the asphalt
mixture is kept in a metallic
container and the solvent is
poured over it. The liquid eMost accurate
material is then subjected to for estimation
Cold ASTM D2172 a vacuum extractor pump, of asphalt
Vacuum | (Solvent- (2011) — Method | where a high suction is content eDifficulty in | eEthyl Alcohol
Extractio | based E applied to pull the combined | eBets method cleaning eMethylene
n extraction | AASHTO T164 | asphalt and solvent solution | for highly process Chloride
process) (2014) through a filtration medium. variable and
After one cycle, extra absorptive
solvent is added and the aggregates

process is repeated until the
clear aggregate color is
visible.
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Methods Type Spsetczil?i(cl:tl;gns Description Advantages Dlsadvsantage Solvents
This method is coupled with
the rotavapor recovery eRemove fine
method, developed with the | particles
primary thought of avoiding | eSuitable for
the age hardening of the binder content
asphalt binder during the calculation
Strategic Cold process of extraction and eHigh
High (Solvent- recovery. The SHRP method | repeatability eVery eTrichloroethylene
Research based AASHTO T319 | utilizes a horizontal metal oEffective in expensive eToluene
Program extraction (2022) cylinder to mix the solvent removing eRequire eEthanol
(SHRP) with the asphalt mixture. 100% binder skilled labor | eEnsolv
Method process) The cylinder is connected to | from
a vacuum pump to pump aggregates
effluent. The collected eSuitable for
effluent is allowed to flow aggregate
through a filter bed to gradation
remove the fines before the | o ess ageing
recovery process.
These methods are not part of
any standard but comply with | eLower labor
ASTM D2172 and work as a | cost eTrichloroethane
reflux or centrifuge-based | eLess exposure eTrichloroethylene
.| Hot/Cold extraction process. The aim | to harmful eToluene
Automati . ) . eVery costly
. (Solvent- ' of deve!opmg automatic chemlcal's 3 setup eBenzene
Extractio based ' Not Available systems 1S to redupe the eLess variability eRequire ePerchloroethylene
n System extraction amount of labor requ}red for | in asphalt skills eNormal propyl
process) a particular extraction. In | binder content bromide
some of the automatic eVery less use eMethylene
systems, automatic sieves are | of hot materials chloride
also attached to remove the eXylene
fine particles from the
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Methods Type Spsetczil?i(cl:tl;(;ns Description Advantages Dlsadvsantage Solvents
solution of asphalt binder and
solvent prior to the recovery
process.
As per this method, the «More
extracted solvent and asphalt Variabilit
binder are subjected to p Y ¢
distillation in a cylindrical 'rgseisden;le 0
) : u
ﬁ::g\r/ler Solvent- ASTM D1856 ‘Ei)t‘if(')nilzzg tllfeag 5 alfei at the solvent in eDichloromethane
Method Y | based (2015) containine the extracted el ess expensive | asphalt eBromopropane
(Figure recovery AASHTO R59 material ugsing a heating eEasy to use binder eTrichloroethylene
2.8a) process (2022) flame, and immediately sLess *Toluene
carbon dioxide is circulated effectlye n
to avoid the effect of femoving
heating/ageing on the colrnp lete
asphalt binder. solvent
The extracted solution is oL : dual
Rotary Solvent- kept in a rotating flask, ©ss residua eTrichloroethane
Evaporat | based ASTMD3404 | hich is half immersed in an | SOTVeRt it eTrichloroethyl
5 (2011) L bath b o Suitable for | *2C richlorocthylene
grg(b igure | recovery oil bat eatedle(l)tohlélz) . high-viscosity expensive eToluene
. t t - °C). .
) process 'er'n'pirlra urﬁs (h °) binder eBenzene
initially, a high vacuum is eBromopropane

43



Methods Type Spsetczil?i(cl:tl;gns Description Advantages Dlsadvsantage Solvents
applied to the solution e[ ess labour ePerchloroethylene
through a vacuum pump intensive eNormal propyl
along with the circulation of | e ess ageing of bromide
nitrogen gas. The purpose of | asphalt binder eMethylene
nitrogen gas is to reduce the chloride
chemical change in the eXylene
recovered binder (due to
overheating/ageing).

Unlike solvent extraction
processes, Ignition method
does not involve the use of
any solvent for the
extraction of asphalt binder.
The ratio of mass difference Not suitable
before the ignition and after oLess time for the
the ignition to the mass consuming evaluation of
before the ignition will give eInexpensive recovered
ASTM D6307 the estimation Qf asphalt Precisely binder
Ignition . (2019) bmder content n tl}e? asphalt estimation of properties N ired
Method | T HEA | i oHT0 T308 mixure. the ignition asphalt binder | eNot suitable | oL reauire
(2022) qetiod, the maietia 1s content for aggregate
burned in a furnace (at very )
high temperatures) until the *Accurate prop ert'les
change does not go above aggregate .E.X cessive
0.01% for 3 consecutive gradation high
minutes. The obtained value temperature

is further adjusted using the
correction factor/weight loss
factor, which is defined
because sometimes
aggregates break down at
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Methods

Type

Standard
Specifications

Description

Advantages

Disadvantage
s

Solvents

the high temperature of the
furnace and provides a
wrong estimation. It was
identified that the results
obtained using this method
are highly dependent on the
aggregate type. In the case
of RAP mixes, the
recommended temperature
for the estimation of binder
content is around 425-
430°C, which is also a
function of the RAP source.
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Figure 2.8. Commonly used solvent-based recovery methods (a) Abson recovery apparatus
and (b) Rota evaporator (Sukhija and Coleri 2025c¢)

The properties of extracted asphalt binder and the aggregate gradation could vary significantly
with changes in the extraction procedure. In this regard, Hajj et al. (2012) investigated the effect
of different extraction and recovery methods on the asphalt binder content, aggregate gradation,
specific gravity of RAP, and their impact on the volumetrics of asphalt mixtures. Three
extraction methods (centrifuge, reflux, and ignition) and four different aggregate sources (two
limestones (soft and hard), rhyolite, and granodiorite) were used to develop the experimental
design. The authors found that centrifuge extraction yielded the lowest binder content compared
to the reflux and ignition methods, irrespective of the aggregate type. After the extraction, the
obtained aggregates were dried and subjected to sieve analysis. The findings of the study
revealed that the centrifuge extraction and reflux method did not exhibit much difference in
aggregate gradation as compared to the gradation of virgin aggregates, whereas a significant
difference was observed when the extraction was performed using the ignition method. High
temperatures in the ignition oven might break the aggregates, resulting in altered gradation
curves. Also, these methods indicated lower or higher specific gravities than virgin aggregates,
depending on the type of aggregates in question. Owing to the differences in the test methods
and their corresponding results, there is a significant difference in the volumetric properties of
the asphalt mixtures. This shows that the selection of the extraction method is also a critical
research challenge that requires further investigation.

Overall, the selection of extraction methods should be based on the properties of the RAP
material that need to be determined. Table 2.3 displays the recommended methods suitable for a
particular RAP property (West et al. 2013). Because of aggregate degradation, a sand equivalent
test should be conducted for RAP aggregates (McDaniel et al. 2001). Based on past studies
(Mikhailenko et al. 2020; Wakefield et al. 2018; Ziyani et al. 2017), the most commonly used
extraction and recovery methods are centrifuge extraction and rotavapor due to their simplicity,
safe operation, the large volume of sample, and comparatively less ageing of asphalt binder.
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Table 2.3. Recommended methods of extraction and recovery for different RAP properties
(West et al. 2013)

Property Method recommended
Binder content Ignition furnace
Gradation Centrifuge extraction

Coarse aggregate fracture faces and fine

i Solvent extraction or Ignition furnace
aggregate sand equivalent

Los Angeles abrasion Reflux extraction or Ignition furnace

Soundness Centrifuge extraction

Gmm method if asphalt absorption can be assumed

Bulk ifi it ! .
K spectlic gravity with confidence, or solvent extraction method

Binder properties Centrifuge with Rotavap method or SHRP method

2.2.2 Bulk Specific Gravity of RAP Aggregates

The accurate determination of RAP aggregate bulk specific gravity (Gsb (rap)) 1S a crucial task.
Since the value of Ggb rap) is required for the mix design, it is a valuable parameter that can
drastically affect the volumetrics, particularly for high RAP mixes (Newcomb et al. 2007).
Different methods are available to evaluate the Gy, (rap). Commonly used methods are
differentiated into three categories (Method A, B, and C). Method A involves the extraction of
RAP binder from the RAP aggregates. Two simple methods include the extraction of RAP
binder and recovery of RAP aggregates using ignition and solvent methods, followed by
determining their specific gravity based on coarse and fine fractions (West et al. 2013). Method
B, recommended by Kvasnak et al. (2010), involves the estimation of G, (rap) using the
theoretical maximum specific gravity of RAP mixes (Gmm (raP)). The following two equations
(Equation 2.1 and Equation 2.2) were suggested for the evaluation of G (rap). As can be seen,
this method entails the percentage absorption of asphalt binder (Pva), which is generally assumed
based on the history of asphalt mixtures prepared with the same source of the material. Method C
recommends using the effective specific gravity of the RAP aggregates (Gse (rap)) instead of Ggp
®ap) (Kvasnak et al. 2010). This entails the quantification of available RAP binder and Gmm (rAP).

Hajj et al. (2012) characterizes different extraction methods (centrifuge, reflux, and ignition
oven) using four different types of asphalt mixtures and performed a sensitivity analysis to
determine the best method for the evaluation of G, rap). The sensitivity of each method was
judged based on its impact on the volumetric characteristics of the asphalt mixtures. The findings
of the study indicated that ‘Method A’ resulted in a lower error, particularly when the RAP
aggregates are extracted using a centrifuge or a reflux extraction process. For RAP content
ranging 25%-50%, the error in voids in mineral aggregates (VMA) was under +0.4%. This is the
primary reason former methods (ignition and solvent) are mostly used for correctly estimating
Gsb rAP), as the percentage absorption value differs greatly from source to source and may create
discrepancies in volumetric calculations. Notably, the higher the RAP content, the higher the
variability/inconsistency, irrespective of the testing scheme.
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(Equation 2.1)

Gse(RAP)

Gsp (rar) = Gserar * Poa

100 * G,

+1

(Equation 2.2)
2.3 MIX DESIGN OF RAP MIXTURES

As per the literature review (McDaniel et al. 2001; West et al. 2013), there is no difference
between the mix design of virgin and RAP-inclusive asphalt mixtures. However, the mix design
of the RAP asphalt mixture involves more complexities. A perfect RAP mix could perform
equally (or even better than) with the HMA without RAP. Prior to the mix design, the RAP
should be processed to reduce the variability in the final aggregate gradation and binder content
(Copeland 2011). To evaluate the aggregate gradation, AASHTO M 323 (2022) recommends
extracting the RAP aggregates using any extraction technique (solvent extraction or ignition).
Thereafter, it is recommended to conduct a series of tests, such as aggregate gradation, fine and
coarse aggregate angularity, flakiness, and elongation index, on the extracted aggregates.

Mix design for asphalt mixtures with RAP can be conducted using any mix design protocol, such
as Marshall, Hveem, and Superpave (Copeland 2011). Nevertheless, the adoption of the
technique is dependent on the country/state DOTs. For example, most of the DOTs in the United
States exclusively followed the Superpave mix design procedure rather than the Marshall or
Hveem. Irrespective of the mix design, it is necessary to control the design attributes in terms of
RAP aggregate gradation and binder content. Along with this, several concerns need to be
addressed while designing the RAP mixes (Copeland 2011; McDaniel et al. 2001; West et al.
2013; West 2015). These are: 1) appropriate blending of virgin and RAP binder- no accurate
method available, 2) approach to determine the bulk specific gravity of RAP aggregates
(especially VMA)- no direct approach, 3) handling of RAP- heating of RAP aggregates, and 4)
production temperatures of RAP mixes (may be corresponding to a blended binder or neat
binder).

In general, RAP mix design comprises four different mix components, i.e., RAP, natural
aggregates, neat (virgin) asphalt binder, and additives (if any, including rejuvenators,
antistripping agents, and warm mix asphalt). Figure 2.9 clearly shows how these components are
used/mixed before the mix design (Newcomb et al. 2007). The properties of these materials are
very important for the design process to achieve a promising mix design. It will aid in
determining the type and amount of material to be added to meet the mix design requirements in
terms of volumetrics and performance (Newcomb et al. 2007; Sharma et al. 2022). Figure 2.10
demonstrates the typical mix design procedure for designing RAP-inclusive asphalt mixtures.
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Table 2.4 shows the classification of RAP mixtures based on a three-tier system (Copeland 2011;
McDaniel et al. 2001). At low RAP proportions (RAP<15%)), the relatively lower binder content
over the aggregate surface results in minute negative effects on the performance of the final
asphalt mixture, and thus, there is no requirement to change the asphalt binder grade. On the
other hand, at high proportions, stiff/aged asphalt binder present on the aggregate surface
influences the physical, chemical, rheological, and mechanical properties at the binder and
mixture level. In such cases (RAP >25%)), special treatment and consideration have to be given
(Sharma et al. 2022). Notably, irrespective of the proportions, RAP should be subjected to lower
temperatures (preferably, 110°C) in the laboratory for a time period of not more than 2 hours
(McDaniel et al. 2001; Newcomb et al. 2007). The lower heating temperature of RAP is
generally adopted to avoid the over-aging of the RAP binder and also simulate the RAP heating
process during production. After the heating process of RAP, it is added to superheated natural
aggregates and neat asphalt binder to produce RAP-inclusive asphalt mixtures. Thereafter, the
prepared mixtures are subjected to conditioning as per the test requirements.

Aggregates Asphalt Binder

Aggregates
Additives v
\4

Blended to meet aggregate Blended to meet PG requirements,
gradations and volumetrics especially when RAP > 25%

\ J
|

Adopt the maximum proportion of
RAP that suffice the PG and gradation
and volumetric requirements

Perform mix
design

Figure 2.9. Material evaluation for RAP mix design
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Figure 2.10. Mix design procedure for RAP-inclusive asphalt mixtures

Table 2.4. RAP proportions based on tier system

Tiers RAP Proportions Selection of Neat Asphalt Binder

1 <15% No change in binder grade

2 16-25% One grade lower virgin asphalt binder
3 >25% Use of blending charts
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2.4 STRATEGIES TO DEVELOP DURABLE PAVEMENTS WITH
HIGH RAP

The scarcity and huge bump in the cost of natural aggregates and asphalt binders, coupled with
the environmental regulations, motivated the asphalt industries to incorporate high proportions of
RAP material in asphalt pavement construction. However, various concerns must be addressed
before implementing high RAP content at the state level. RAP comprises a stiff and brittle
asphalt binder, which, when used at higher content, drastically affects the pavement performance
(Coleri et al. 2018a). Although higher RAP content results in improved rutting performance, it
leads to higher cracking on the pavement's surface. To overcome these challenges, various DOTs
recommended the strategies shown in Figure 2.11, to increase the RAP content in asphalt
mixtures with adequate performance, as that of asphalt mixtures with no RAP. These strategies
are generally mandatory when the RAP proportion is greater than 20% by weight of the total mix
(McDaniel et al. 2001; West et al. 2013).

Rejuvenators
Alternative Warm mix
materials additives
Strategic
Measures
Binder grade Il;)cil;ﬁ;‘:fd
bumping content

Figure 2.11. Strategic measures to improve RAP content

2.4.1 Use of Rejuvenators

The stiffness or the brittleness of oxidized RAP binder can be reduced or restored with the use of
rejuvenators or recycling agents (Sukhija et al. 2022a). A rejuvenator is used to create a chemical
reaction for rejuvenating the aged asphalt binder present over the RAP material (Coleri et al.
2018a). The function of a rejuvenator is to restore balance in the aged RAP binder by
replenishing maltenes and softening the excessive asphaltene fraction, thereby bringing its
properties closer to those of a neat asphalt binder (Garcia et al. 2010). In addition, it improves the
degree of blending to achieve an adequate mix of design that meets performance requirements.
Rejuvenators can be added to the neat asphalt binder, RAP mixtures or RAP binder, depending
on their chemical composition and blending process (Moghaddam and Baaj 2016). One of the
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great challenges with the use of rejuvenators is the selection of rejuvenator type and its dosages.
Many rejuvenator technologies have been developed over time due to the great attention to using
high RAP in asphalt pavements. These are classified into different categories such as petroleum-
based, organic-based, and commercial products (Behnood 2019; Kaseer et al. 2019b; Zaumanis
et al. 2014a). Some of the commonly used rejuvenators are listed in Table 2.5. The dosage of
rejuvenators also changes with the change in rejuvenator type because all rejuvenators exhibit
different chemical compositions and may perform differently when added to the RAP mixture
(Ma et al. 2015). Thus, a general practice is to adopt the manufacturer’s recommendation for the
optimum dosage, which is usually followed by various state DOTs in the United States.

Table 2.5. Some of the commonly used rejuvenators

Petroleum-based rejuvenators | Organic-based rejuvenators | Commercial rejuvenators

Aromatic extract, Paraffinic Organic oil, Refined tallow, Cecabase RWI, Cyclogen®

base oil, Naphthenic flux oil, Distilled tall oil, Waste L, Evoflex, Reclamite,

Waste engine oil, Aromatic oil | vegetable oil, Waste vegetable | Revive, Sasol orbital plus,
oil grease, Castor oil, ANOVA, Green-Tech ,
Pongamia oil, Polanga oil, Agriculture-Tech, Nynas
Soybean oil derivatives V115

Another challenge with the use of rejuvenators is their diffusion and distribution in RAP
mixtures. Improper/non-uniform distribution of rejuvenators leads to inaccurate performance
results with higher variability (Ma et al. 2015). In general, diffusion depends on the blending
process and time. For the short blending process, it is hard for the rejuvenator to diffuse
completely within the RAP binder. This is due to the highly oxidized RAP binder's short
blending time and poor flowability. Therefore, after the addition of the rejuvenator in RAP, there
should be sufficient time for the diffusion to take place to get a uniform distribution throughout
the RAP mixture (Ma et al. 2015). As per the study conducted by Karlsson and Isacsson (2003),
around 48-144 hours was estimated as the average diffusion time for the complete diffusion of
10-50% rejuvenator (by weight of RAP binder), when it is poured directly over the RAP
material. In addition, lower-viscosity rejuvenators diffuse faster and vice versa.

The influence of rejuvenators also varied with the blending process (mixing in the binder or the
mix). Lu et al. (2019) investigated the effect of the rejuvenator and blending process for high
RAP mixes (25%, 50%, and 70% RAP by weight of asphalt mixture). It was found that the
impact of the blending process was not very significant for low RAP content. However, it
substantially affects the performance when the RAP content is >50%. The overall results
indicated that the direct addition of a rejuvenator to the RAP material is more beneficial than its
blending with the neat asphalt binder. In the direct addition process, the rejuvenator was poured
and allowed to stay on the RAP material for around 30 seconds, followed by the mixing of RAP
with the natural aggregates in a mixer for 60 seconds. After the specified time, the neat binder
was poured and blended for around 3 minutes to ensure uniform coating.

The effect of six different rejuvenators on the performance of asphalt binders and mixtures was
examined by Zaumanis et al. (2015). The selected rejuvenators were waste vegetable oil (WVO),
waste vegetable grease (WVGQG), aromatic extract, distilled tall oil, waste engine oil (WEQO), and
organic oil. 100% RAP was incorporated to ascertain the effect and importance of the
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rejuvenators above. 9.5 mm Superpave-designed aggregate gradation was adopted for testing
purposes, and the binder content of 5.94% was used to prepare all the asphalt mixtures. A PG64-
22 neat asphalt binder was taken as a reference to compare the change in properties of the
rejuvenated RAP binder. The dosage of rejuvenators was predefined and set to 12% by weight of
the RAP binder. A series of tests were conducted at the binder level (i.e., penetration, softening
point, linear amplitude sweep, and kinematic viscosity) and mixture level (such as Hamburg
wheel tracking, fracture work density, creep compliance, tensile strength, and workability).

Results indicated that the effect of the rejuvenator depends on the test temperature. At
intermediate temperatures, all the rejuvenators reduced the viscosity of RAP binder to the level
of neat asphalt binder; on the other hand, although the rejuvenators lowered the viscosity at high
temperatures, it was found to be higher than that of neat asphalt binder. Similar behaviour was
observed for workability characteristics. Among different rejuvenators, the application of WVO
improved the fatigue life (as per the LAS test) and was similar to the fatigue life obtained for
neat asphalt binder. However, the trends were changed in the case of mixture fatigue life. At the
mixture level, the mixture prepared with organic oil showed superior fatigue performance as
compared to other rejuvenators. The difference in measured binders and mixture responses was
attributed to the difference in loading modes between the selected test methods. Regarding
rutting, none of the rejuvenated asphalt mixtures exhibit rutting concerns (rut depth < 12.5 mm at
10,000 passes). Based on all the testing aspects, organic oil and WVG outperformed and could
be considered the best rejuvenation candidate for the RAP tested in the study. These results may
change with the variation in RAP source and RAP binder content. The study by Zaumanis et al.
(2015) showed that 100% RAP can be incorporated for the production of asphalt mixtures by
adding an appropriate rejuvenator at the optimum dosage.

Rejuvenated asphalt binder with high RAP proportions (>25%) has often been characterized
using micro and macro-level tests. In a study conducted by Hossain et al. (2020), the
performance of 40% RAP mixture with some rejuvenation was determined using penetration,
rotational viscosity, DSR, and atomic force microscopy (AFM) tests. Four different RAP sources
were incorporated to understand the effect of rejuvenators more holistically. A commercial oil-
based rejuvenator named Evoflex was used in this study, and the dosage was directly taken from
the manufacturer (12.5% by weight of RAP binder). It was expected that the addition of Evoflex
would improve the degree of blending between RAP and neat asphalt binder and eventually
impart better coating and workability. As per the findings of the study, the addition of Evoflex
reduced the stiffness of the RAP binder, and the effect of rejuvenation was clearly identified
through morphological images. The authors reported that reduced stiffness would indirectly
lower mixing and compaction temperatures, consequently aiding in conserving energy
consumption and environmental stewardship. The high-temperature performance grade of all the
RAP sources ranged from 76-82°C, but after the rejuvenation, the range shifted to 63-73°C. This
is due to the change in the ratio of asphaltene/maltenes with the addition of an oil-based
rejuvenator (Evoflex). Interestingly, AFM results revealed that the surface roughness of 40%
RAP blends was nearly 50nm, but the same blend with Evoflex indicated high surface roughness
i.e., 150nm. In general, the magnitude of surface roughness is an indicator of the adhesion
properties (Lushinga et al. 2020), where a higher surface roughness indicates improved bonding
between the asphalt mix components (such as aggregate, RAP, virgin asphalt binder, and
additives) and vice versa.
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Along with rejuvenators, different additives such as antistripping agents/anti-ageing additives
were often added for preparing the RAP-inclusive asphalt mixtures. This is usually done to
improve the performance of RAP mixtures under the adverse effects of moisture and ageing.
Sukhija et al. (2022a) examined the combined effect of ageing and moisture on the asphalt
mixtures prepared using 30% RAP material. One rejuvenator, two antistripping agents, and one
antistripping rejuvenator were used for the experimental program. Seven different combinations
of asphalt binders were prepared with the above-mentioned additives. The authors added the
rejuvenator and antistripping agent directly to the neat asphalt binder before preparing the
asphalt mixtures. The testing was conducted on loose asphalt mixtures (boiling water test and
static immersion test), asphalt binder (high-temperature performance grading and zero shear
viscosity), and also compacted asphalt mixtures (Marshall stability and retained Marshall
stability). Results indicated that all the combinations exhibit higher moisture resistance, except
the mixes prepared with neat asphalt binder and rejuvenator alone. The asphalt mix prepared
with an antistripping rejuvenator additive showed superior active and passive adhesion, possibly
due to the increase in cohesive bond with the addition of additives. Moreover, the use of an
antistripping agent together with the rejuvenator improved the antistripping characteristics to a
greater extent. Change in the physicochemical properties of the rejuvenator with the addition of
an antistripping agent might be the probable reason for the improved performance. Based on the
binder testing, it was found that the rejuvenator lowers the stiffening effect, whereas
antistripping agents do not influence the rheological properties. Considering the ageing
condition, any additive and rejuvenator had no remarkable effect. However, the asphalt mixtures
produced with antistripping agents and rejuvenators in any combination were found to be more
beneficial than the control mix (without any additive or rejuvenator). The authors also suggested
allowing the interaction of rejuvenator and RAP material for a sufficient period of time to
enhance the performance of RAP mixtures, especially those with high RAP contents.

2.4.2 Use of Warm Mix Additives

The application of RAP in asphalt pavements poses various challenges both in the design phase
and during the construction (Tao and Mallick 2009; Zhang et al. 2022). These challenges arise
due to the presence of an oxidized asphalt layer over the RAP aggregates, which often affects the
mix workability and compaction ability (Coleri et al. 2018a; Farooq and Mir 2017; Mogawer et
al. 2013; Vargas-Nordcbeck and Timm 2012). In line with the context, high mixing and
compaction temperatures of the RAP-inclusive asphalt mixtures are one of the major issues
associated with the implementation of RAP recycling (Sukhija and Saboo 2020). A few studies
in the literature (Guo et al. 2014, 2017; Tao and Mallick 2009) stated that the product
temperature must be high enough to evaporate the moisture from aggregates yet low enough to
avoid further ageing or burning of the RAP binder. However, lower production temperature for
RAP mixtures corresponds to reduced mix efficiency due to insufficient adhesion between the
asphalt binder and aggregates (Guo et al. 2020a). Therefore, warm mix asphalt (WMA)
technologies are getting more attention from the perspective of RAP recycling because WMA
can considerably reduce the mixing and compaction temperatures without affecting the
performance of asphalt mixtures (Caputo et al. 2020; Shiva Kumar and Suresha 2019; Sukhija et
al. 2021b; Wagh et al. 2022). Despite lower production temperatures, the use of WMA in RAP
mixtures also leads to improved compaction and lower greenhouse gas emissions and energy
consumption (Kumar et al. 2022). Moreover, WMA acts as a strategic technique to improve the
quality and quantity of RAP in asphalt pavements (Coleri et al. 2018a).
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The synergistic effect of RAP and WMA provides a way towards a sustainable infrastructure
with similar performance as HMA prepared with natural aggregates and asphalt binders. The mix
incorporating RAP and WMA exhibits superior rutting resistance due to the stiff RAP binder and
improved workability due to the reduced viscosity with the addition of WMA.

Zhao et al. (2013) carried out a comparative study evaluating the performance of WMA-RAP
mixtures designed for different structural layers (surface and base course). The foaming process
and a chemical WMA agent (i.e., Evotherm) were used for the preparation of WMA mixtures.
Depending on the structural layer, RAP content varied from 0% to 40%. A set of experiments
was performed, including asphalt pavement analyzer, Hamburg wheel tracking, tensile strength
ratio, resilient modulus, creep energy, 50% stiffness reduction test, and beam fatigue test. Overall
results of this comprehensive study showed that the performance of the RAP-WMA combination
depends on the type of WMA technology and RAP content. WMA mixtures with high RAP
content (>30%) indicated lower rutting resistance than HMA mixtures with no RAP, irrespective
of WMA technology. On the other hand, the same combination showed similar or even better
fatigue resistance compared to HMA mixtures with low RAP content (15%). The authors
concluded that the use of WMA with high RAP content (>30%) might exhibit rutting concerns
but was found to be suitable for fatigue/cracking-prone areas. This might be attributed to the
softening of the RAP binder with the addition of WMA, which improves the fatigue performance
but lowers the load-carrying capacity and, thus, lowers the rutting resistance (Kumar et al. 2022).

Behbahani et al. (2017) evaluated the rutting characteristics of asphalt mixtures prepared with
WMA and varying RAP percentages. Asphalt mixtures with four different RAP percentages
(0%, 25%, 50%, and 75 % of total aggregates) were examined. Two WMA additives, i.e.,
Sasobit and Zycotherm, were used to prepare the WMA binders. Dynamic creep and wheel
tracking tests were performed to assess the rutting performance, and their results were compared
with the HMA mixtures containing the same percentages of RAP (without WMA additive). It
was found that the increase in the percentage of RAP inevitably increased the rutting resistance
in terms of flow number and rut depth. This is ascribed to the increase in stiffness of the asphalt
binder, and so the asphalt mixture with the addition of higher RAP proportions. Although the
asphalt mixtures with Sasobit were produced at a comparatively lower temperature than HMA
mixtures, they showed higher rutting resistance, irrespective of the RAP proportions. The extent
of improvement was more pronounced with 75% RAP content. However, the use of a chemical-
based WMA additive (Zycotherm) indicated marginally lower rutting resistance than HMA
mixtures at all the RAP contents. The authors clearly showed that the category of WMA
technology (organic and chemical) significantly affects the performance of RAP-inclusive
asphalt mixtures. The results obtained from the flow number were consistent with rut depths
obtained using the wheel tracking test, where Sasobit outperformed, while the performance of
Zycotherm and HMA was almost equivalent.

Figure 2.12 shows the allowable RAP proportions with WMA technologies based on the
performance results obtained in past studies (Arshad et al. 2015; Ayazi et al. 2017; Barraj et al.
2022; Behbahani et al. 2017; Fakhri and Ahmadi 2017; Kim et al. 2017; Lu and Saleh 2016;
Moghadas Nejad et al. 2014; Rondon et al. 2015; Sabouri et al. 2016; Sengoz and Oylumluoglu
2013; Singh et al. 2017; Song et al. 2018a; Valdes-Vidal et al. 2018; Xie et al. 2017; Zhao et al.
2012). As can be seen, the average RAP proportion depends on the performance criteria (here,
rutting and fatigue). It was found that an average of 47-50% RAP (as shown with the red dashed
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line in Figure 2.12) can be allowed with the use of WMA technology for adequate performance
against rutting and fatigue distresses. These results depend on several factors, including RAP
source, grade of neat asphalt binder, optimum binder content, WMA technology, WMA additive
dosage, and production temperatures. Therefore, the implementation of combined RAP-WMA
technology involves considering several factors that are crucial from a performance point of
view. In this regard, Hettiarachchi et al. (2019) recommended selecting the appropriate WMA
type and RAP proportion based on the application and climatic conditions of the pavement area.
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Figure 2.12. Allowable RAP percentages with WMA based on the results of past studies
(Arshad et al. 2015; Ayazi et al. 2017; Barraj et al. 2022; Behbahani et al. 2017; Fakhri and
Ahmadi 2017; Kim et al. 2017; Lu and Saleh 2016; Moghadas Nejad et al. 2014; Rondén et
al. 2015; Sabouri et al. 2016; Sengoz and Oylumluoglu 2013; Singh et al. 2017; Song et al.

2018a; Valdes-Vidal et al. 2018; Xie et al. 2017; Zhao et al. 2012)

2.4.3 Increased Binder Content

In the case of high RAP mixtures, asphalt industries tend to give more attention to ensuring
satisfactory field performance. If the performance of high RAP mixes is not comparable to
asphalt mixtures with no RAP, the design attributes should be changed accordingly to improve
the durability of high RAP mixtures, particularly when RAP>25% (Willis et al. 2013). One
suggested method for improving the performance is to increase the quantity of neat asphalt
binder by some percentage. Although the use of increased binder content increases the cost of the
overall asphalt mixture, the upfront cost can be offset with the use of high RAP proportions. A
comparison of material cost with the use of 25% and 50% RAP at increased binder content
versus the asphalt mixture prepared without RAP was demonstrated by the National Center for
Asphalt Technology (Willis et al. 2012). As can be seen in Figure 2.13, the total material cost
can be reduced by almost 14-32%, depending on the RAP proportion and increased binder
content. Such potential savings and improved performance led the researchers (Coleri et al.
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2018a; Haddadi et al. 2019; Sreedhar et al. 2021; Sreedhar and Coleri 2018) and engineers to
adopt this strategic measure for increasing the proportions of RAP in asphalt pavements. A
summary of a few of the past studies is shown in Table 2.6.
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Figure 2.13. Potential cost savings with the use of increased binder content for high RAP
proportions (Willis et al. 2012)
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Table 2.6. Summary of past studies showing the effect of increased binder content on RAP

mixtures
Reference | RAP Test Mix Binder Inferences Remarks
(%) | Conducted Type Content
and
Neat
Binder
Sreedhar | 20 e SCB Mix 1= | 5.3% and | e Increase in e Increase in
and Coleri e Dynamic | PG70- 6% binder content binder content
(2018) modulus 22ER from 5.3% to 6% |does not
e Flow (OBC lead to a higher |contribute to
number 6%) flexibility index |rutting failure
(almost 2-3 times |while
Mix 2 = higher). significantly
PG70- e 0.7% increase |improving the
22ER in binder content |pavement
(OBC reduced the longevity in
5.3%) dynamic terms of higher
modulus, cracking
Mix 3 = regardless of mix |resistance.
PG70-22 type.
(OBC e As per flow
5.3%) number, all the
asphalt mixtures
are stiff enough
against rutting
distress.
Coleriet |30 MEPDG PG 58- | 6.0%, ¢ Binder content | e Oxidation of
al. and | performance | 34 6.4%, and |was found to be |asphalt binder
(2018b) 40% | prediction PG 64- | 6.8% the most tends to
22 influenceable increase its
PG 76- parameter stiffness which
22 affecting bottom- |indirectly
up-cracking. inevitably
e Increase in improves the
binder content rutting
and a reduction in |resistance.
RAP content also | ® Considering
lowers the performance
cracking and life cycle
accumulation. cost, an

¢ Even though
increased binder
content leads to
higher material

increase in
binder content
can be selected
as a strategic
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Reference | RAP Test Mix Binder Inferences Remarks
(%) | Conducted Type Content
and
Neat
Binder
cost, it improves |measure for
overall life cycle |improving the
cost. condition of the
road network
with higher cost
savings.
Willis et 25% | e Asphalt PG 67- Optimum, | e Use of higher | At higher RAP
al. (2013) | and |pavement 22 Optimum |binder content proportions
50% |analyzer +0.25%, |results in a higher | (50%), the
e Energy and number of cycles | increased
ratio test Optimum |to failure for 25% | stiffness of the
e Overlay +0.5%  |[RAP blends. RAP binder
tester e Increase in the | most likely
fracture energy overshadowed
was observed the potential of
with the addition | the higher

of higher binder
content.

e The results
obtained with a
0.25% addition of
binder content
were more
pronounced than
0.5% higher
binder content.

e Both 25%
RAP mix and
50% RAP mix
with 0.25% extra
binder content
indicated better
rutting
performance than

asphalt mixtures
without RAP.

binder content.
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2.4.4 Binder-Grade Bumping

An increase in RAP proportions is one of the primary objectives of the asphalt industry.
However, they are reluctant to use high RAP because of the cracking concerns associated with
stiff RAP binders. This problem can be strategically overcome by the use of soft binders, which
can compensate for the stiffening effect of RAP binders. In general, the process of using soft
binders is referred to as binder grade bumping, wherein the high-temperature performance grade
(PG) of asphalt binder is lowered by one or two grades to reduce the overall viscosity of the final
asphalt mixture with high RAP content (Coleri et al. 2018a).

Coleri et al. (2018a) conducted a comprehensive investigation to implement a high RAP
proportion in asphalt pavements using soft binders. SCB, dynamic modulus, and flow number
tests were carried out using different binder grades (PG58-34, PG64-22, and PG76-22) and two
RAP proportions (30% and 40%). The results revealed the importance of using soft binders in
terms of improved flexibility index. Based on the threshold limit of flexibility index (FI>9)
defined in another study conducted by the authors (Coleri et al. 2017), the asphalt mixture with
30% RAP and PG 58-34 binders imparted higher fatigue resistance, followed by 30% RAP with
PG64-22, 40% RAP with PG 58-34, and 30% RAP with PG64-22. This comparison was made at
a fixed binder content of 6.8%, however, the trend may change with the variation in asphalt
binder content. As per the rutting characteristics, all the tested asphalt mixtures prepared with the
softest binder PG58-34 passed the critical threshold specified in the study (flow number >190).
In addition, the increase in RAP content increases the flow number of the asphalt mixtures,
which is attributed to the increase in the amount of stiff RAP binder. Irrespective of the RAP
content, the mixtures with PG58-34 showed a lower dynamic modulus than the mixtures with a
stiffer binder (PG76-22).

In a study conducted by Willis et al. (2013), the authors used a softer binder to improve the
performance of RAP mixtures and eventually increase the RAP proportion. A comparison
between the RAP mixtures prepared with PG67-22 and softer binder grade (PG58-28) was
demonstrated for two different RAP proportions (25% and 50% RAP). Rutting (in terms of rut
depth) and fatigue characteristics (in terms of fracture energy) were determined to assess the
suitability of binder grade bumping in increasing the RAP content. The study showed that the
RAP mixtures prepared with softer binder content are less resistant to rutting distress (higher rut
depth) than the RAP mixtures prepared with PG67-22. This observation is independent of RAP
contents, as shown in Figure 2.14. Though the mixture with 25% RAP and softer binder
exceeded the critical threshold set for rut depth in the study (rut depth < 5.5 mm), the use of 50%
RAP with the same binder was found to be suitable for the considered situation. The rut depth of
the asphalt mixture prepared with 50% RAP and PG58-28 was found to be 3.90 mm, which is
lower than 5.5 mm. Similarly, the fracture energy analysis showed that the application of the
binder grade bumping technique improved the cracking resistance for both RAP mixtures. Figure
2.14 also shows that the fracture energy of the 25% RAP mixture was enhanced by
approximately 34%, whereas the mixture with 50% RAP showed an increment in fracture energy
by around 229% with the use of PG58-28 instead of PG67-22. The study clearly exposed the
suitability of binder grade bumping for increasing the RAP content. However, further validation
is required to implement this strategic measure as it sometimes causes rutting concerns based on
the grade of the neat binder, RAP source, RAP percentage, and critical threshold limits (which
depend on state specifications).
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Figure 2.14. Variation in fracture energy (FE) and rut depth with the use of soft binder
(Willis et al. 2013)

The use of soft binder grade for the production of RAP-inclusive asphalt mixtures was also
assessed by Pradhan and Sahoo (2022). The amount of RAP varied from 30% to 70%, and the
PG70 binder was used as a neat asphalt binder for the preparation of asphalt mixtures. The
amount of binder in RAP was determined through centrifuge extraction and reported as 3.64%.
Indirect tensile strength, moisture sensitivity, resilient modulus, accelerated rutting test, and
intermediate temperature cracking tests were carried out on RAP mixtures prepared with a softer
binder and compared with asphalt mixtures prepared without RAP and PG70. The grade of the
softer binder was evaluated using blending charts and was found to be varied based on the RAP
content, target binder grade, and RAP binder grade. The grade of the RAP binder was found to
be PG82, and the target binder grade was PG70. The optimum binder content of the asphalt
mixture with no RAP was 5.5%. The grade of the softer binder was evaluated using the blending
chart technique, in which the high-temperature RAP binder grade was taken as PG82-XX, and
the target binder grade was fixed at PG70-XX. Figure 2.15 shows the high-temperature
performance grade of a softer binder taking into account different RAP contents (Pradhan and
Sahoo 2020). Since the compaction level for all the asphalt mixtures was the same, there was a
variation in the volumetrics due to the soft binder's lower viscosity. The authors (Pradhan and
Sahoo 2022) reported that the addition of soft binder results in higher tensile strength, which is
even better than the asphalt mixture with no RAP. The increase in tensile strength with the use of
soft binders ranged from 7% to 71% when the RAP content varied from 30% to 70%. The use of
a softer binder also improved the moisture sensitivity and fatigue resistance of 30-40% RAP
mixes to acceptable levels, but a further increase in RAP content resulted in unacceptable
performance. The initial increase might be attributed to the increase in the amount of aged
asphalt binder, but as the RAP content increases (>30%), there is a significant reduction in
workability, which hinders the volumetrics, resulting in lower moisture resistance and higher
cracking. The results showed that adding a softer binder does not affect the rutting resistance,
which may be due to the stiffening effect of high RAP content. Despite a softer binder, all the
RAP mixtures showed lower rut depth and higher resilient modulus than the asphalt mixture
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prepared without RAP. A comparison of the cost was also carried out by Pradhan and Sahoo
(2022). The cost analysis indicated that an increase in RAP content led to higher savings
concerning material cost, even when the price of a softer binder grade was too high. More than
18% savings can be achieved using RAP with soft binder grade in comparison to an asphalt
mixture with no RAP using PG70.
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Figure 2.15. Required softer binder grade and optimum binder content corresponding to
different RAP proportions adopted by (Pradhan and Sahoo 2020)

2.4.5 Use of Alternative Materials

RAP content < 25% is allowed for most asphalt pavements with the expectation of equivalent
performance as asphalt mixtures with no RAP. As per past research studies (Ahmed and Hossain
2020; Behnood 2019; Kocak and Kutay 2017), the addition of RAP > 25% significantly affects
the long-term durability of asphalt mixtures. Although there are several techniques, such as the
use of warm mix asphalt, rejuvenator, increased binder content, or binder grade bumping to
increase the RAP content or attain the equivalent performance as asphalt mixtures produced with
natural aggregates and virgin asphalt binder, various studies in the literature (Baqersad and Ali
2021; Eltwati et al. 2022c; Jahanbakhsh et al. 2020; Mogawer et al. 2016; Torres et al. 2020)
suggested the use of alternative materials for improving the performance of RAP mixtures, even
at high RAP proportions. These alternative materials include the use of polymer-modified
asphalt binder, crumb rubber, nanomaterial, fibers, waste plastic, etc., for producing high-quality
RAP mixtures along with high RAP content. Much research work (Bagersad and Ali 2021;
Eltwati et al. 2022c¢; Eskandarsefat et al. 2019; Fakhri and Amoosoltani 2017; Kim et al. 2009;
Kocak and Kutay 2017; Torres et al. 2020) has been carried out in this direction to assess the
impact of these alternative materials on the performance of the RAP binder/mixes or on
increasing the RAP content. Table 2.7 shows the summary of some of the past research studies
that have used the aforementioned materials in RAP recycling.
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Table 2.7. Im

act of alternative materials on the performance of RAP mixtures

References | Alternative RAP Test Inferences
Material Content | Conducted
(%)
Abreu et al. | High-density | 50% e Moisture | ¢ HDPE led to improved moisture resistance with an indirect tensile
(2015) polyethylene sensitivity  [strength ratio of 82%, which is higher than the minimum specified limit
(HDPE) e Wheel for moisture-resistant asphalt mix (80%).
tracking test | ® RAP mixture prepared with HDPE showed high performance at high
e Four- temperatures, indicating improved rutting resistance. The addition of
point beam |HDPE reduces the temperature susceptibility of the binder and increases
bending the stability of the mixture.
o Stiffness | ® The fatigue life of the HDPE-RAP mixture was found to be 5 times
modulus higher than that of the control asphalt mixture, but the reason for such
improvement was not mentioned.
¢ The stiffness modulus of the HDPE-RAP mix was not the highest, but
it is still within the critical limits normally expected for asphalt
pavements.
e Overall, HDPE acts as a stabilizer that modifies the final binder grade
and imparts enhanced performance.
Ziari et al. Glass fiber 0, 25, 50, e SCB e Addition of glass fiber improved the cracking resistance. Fibers tend to
(2020a) 75, and fracture test |reinforce the asphalt mixture and perform as a bridge on the crack, which
100% avoids further propagation. Also, the incorporation of glass fibers imparts

better coherence between the mastic and aggregates, resulting in lower
stress concentration and excellent performance.

¢ 100% RAP can be implemented with the use of 0.12% glass fibers
without any significant cracking concern.

e Glass fiber content and test temperature significantly affect the crack
initiation and its propagation.

¢ Excessive amount of glass fiber (0.18%) leads to agglomeration and
eventually lowers the mix performance.

¢ Authors stated that the adverse effect of RAP can be offset by the
positive effect of glass fibers.
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2.5 PERFORMANCE OF ASPHALT MIXTURES WITH HIGH RAP

An appropriate mix of design and RAP management scheme leads to improved performance,
even at high RAP proportions. The stiff asphalt layer over the RAP aggregates creates
uncertainty in the laboratory performance and limits their proportion for actual field
implementation. For this reason, RAP material extracted from the surface course is often
recycled into the base layer, where the flexibility requirement is comparatively lower than in the
surface layers (Nahar et al. 2014). Although the presence of an oxidized RAP layer imparts
improved moisture and rutting resistance, it typically hinders the performance of asphalt
mixtures against fatigue cracking (Coleri et al. 2018a; b; Ghabchi et al. 2016).

As discussed, various strategic measures have evolved with time to improve the intrinsic
characteristics of the RAP binder to those of a neat asphalt binder. However, adopting such
measures sometimes imparts softness in the RAP binder and adversely affects the rutting
performance (Behnood 2019; Pradhan and Sahoo 2022; Song et al. 2018a). Therefore, it is
important to understand the actual performance of the RAP binder and the RAP-inclusive asphalt
mixture in the laboratory prior to actual practice in the field.

It is well known that the rheological performance of asphalt binders has a direct relation to the
mix performance (Singh and Kumar 2022; Walubita et al. 2022; Zhang et al. 2021). Different
rheological characteristics and test parameters are developed to estimate the performance at the
binder level using a dynamic shear rheometer (DSR). The rheological test methods and
parameters generally include determining Superpave performance parameters, using accelerated
rutting, and fatigue characterization tests such as multiple stress creep and recovery and linear
amplitude sweep tests. These tests can run at a very wide range of test temperatures, frequencies,
strains, and stresses, which can reliably simulate the mix response to field situations depending
on the climatic conditions and ageing considerations. It has been found that the rheological
performance of asphalt binders can be influenced depending on the aforementioned range of
factors (B et al. 2020; Kleiziene et al. 2019; Sukhija et al. 2021a; Ziari et al. 2020b).

Similar to the testing at the binder level, the compacted asphalt mixture is also subjected to
different performance tests. These tests are conducted to evaluate the performance of the asphalt
mix against rutting, fatigue, and moisture distresses. Rutting behaviour is mostly adjudged using
a Hamburg wheel rut tester, and an Asphalt pavement analyzer, whereas fatigue characterization
is often carried out using a Four-point beam flexural test, an Indirect tensile cracking test, and a
Semi-circular bending test. Moisture sensitivity of asphalt mixtures is mostly evaluated using the
tensile strength ratio based on the indirect tensile strength test or employing the Hamburg wheel
rut test (inflection point).

An attempt has been made to compile information on the performance of high-content RAP
binders and mixtures ( RAP >20%), along with their influential parameters. Since this section
aims to understand the performance of asphalt binders containing high RAP content, it is
desirable to adopt strategic measures as detailed in the preceding sections.

Table 2.8 shows the performance of RAP-inclusive asphalt binders and mixtures categorized
based on strategic measures. Overall, RAP binders and mixtures indicated promising
performance, particularly in terms of rutting and fatigue. Notably, most of the results displayed a
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similar trend at both the binder and mixture levels. Apart from rutting and fatigue performance, a
plethora of literature (Mogawer et al. 2012; Monu et al. 2019; Zhang and Bahia 2021) supports
the use of RAP to improve moisture resistance, even after the adoption of strategic techniques.
However, more research is required in this direction to determine the optimum dosage and
selection of these strategic measures in order to improve the RAP proportion with balanced
rutting and fatigue performance.
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Table 2.8. Performance of RAP binders and mixtures based on strategic measures

Strategic Influential Performance Effects References
Measure Parameters
Rejuvenators | ¢ RAP source Binder level (Ameri et al. 2018;

e RAP content

e Dosage of
rejuvenator

e Rejuvenator type

e Neat asphalt binder

e Characteristics of
aged asphalt binder

¢ Blending process

¢ Blending time

¢ Blending

temperature

Aggregate source

e RAP binder
content

e Neat asphalt binder
content

e Strain level

Reduction in binder
stiffness

Lower Superpave
rutting parameter
Lower Superpave
fatigue parameter
Reduced rutting
resistance in terms of
MSCR test parameters
Higher viscous nature
Higher fatigue life
Reduced oxidation
effect

Mix level

Increased fatigue
resistance with the use
of rejuvenator,
especially at higher
rejuvenator dosage
Rutting resistance may
be higher or lower
depending on the
rejuvenator type and
dosage

Reduced stiffness
modulus

Improved recovery
Lower moisture-
induced damage

Bagersad and Ali
2019; Chen et al.
2015; Eltwati et al.
2022b; Foroutan
Mirhosseini et al.
2020; Mohi Ud Din et
al. 2023;
Mollamohammadi
and Hesami 2023;
Pradhan 2022;
Pradhan and Sahoo
2020; Sukhija et al.
2022a; Taherkhani
and Noorian 2019; Yu
et al. 2020; Zhou et al.
2019)
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Strategic Influential Performance Effects References
Measure Parameters
Binder grade | ¢ RAP source Binder level (Ameri et al. 2018;

bumping

e RAP content

e Neat asphalt binder
grade

e Age of milled

pavement

Softer binder grade

Test strain levels

Aggregate source

RAP binder

content

e Neat asphalt binder
content

e Nominal maximum
aggregate size

¢ Improved cracking
resistance

¢ Increased fatigue life

e Comparable rutting
performance

e Lower Superpave
fatigue parameter

Mix level

e Equivalent or lower
rutting performance

e Higher cracking
resistance

¢ Improved moisture
resistance

e Fracture energy
depends on RAP
content (may be
positive or negative)

e Improved flexibility
index

Coleri et al. 2018Db;
Dony et al. 2013; Lee
et al. 2023; Pradhan
and Sahoo 2020;
Willis et al. 2013; Yu
et al. 2020)
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Strategic Influential Performance Effects References
Measure Parameters
Warm Mix | ¢ RAP source Binder level (Barraj et al. 2022;
Asphalt e RAP content e Improved rutting Gungat et al. 2016;
e Neat asphalt binder | resistance Kim et al. 2017;
grade e Improved fatigue Kumar et al. 2022; Li
e Level of damage resistance et al. 2021; Sun et al.
e WMA category e Lower production 2019; Wang et al.
e Test temperature temperatures 2017, 2022; Xu et al.
e WMA additive e Reduction in ageing 2023; Yu et al. 2020;
dosage susceptibility Zaremotekhases et al.
e Aggregate source | ® Lower non-recoverable 2022)
e RAP binder creep compliance
content e Higher recovery

e Neat asphalt binder
content

o Aggregate
gradation

e Strain value

e Better elasticity

¢ Enhanced Superpave
performance
parameters

Mix level

e Higher fatigue
resistance

¢ Rutting resistance is
almost similar or even
better to the control
asphalt mixture

¢ Improved thermal
cracking

¢ Higher moisture
resistance
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Strategic Influential Performance Effects References
Measure Parameters
Increased e RAP proportions Binder level (Coleri et al. 2018b;
binder e Neat asphalt binder | ® Enhanced fatigue life Sreedhar et al. 2021,
content based on LAS test Sreedhar and Coleri

grade

Binder content

Strain levels

Aggregate source

RAP binder

content

e Neat asphalt binder
content

e Aggregate
gradation

Mix level

¢ Rutting performance
vary depending on the
RAP content and
increased binder
content

e Improved fracture
energy

e Higher cracking
resistance

e Improved flexibility
index

2018; Willis et al.
2013)
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Strategic Influential Performance Effects References
Measure Parameters
Alternative e RAP source Binder level (Eltwati et al. 2022b,
materials e RAP content Reduced ageing a; ¢; Kamboozia et al.
e Modifier type susceptibility 2021; Li et al. 2021;
e Characteristics of Decreased temperature | Mohamed et al. 2022;
aged asphalt binder sensitivity Ramesh et al. 2022;
e Testing parameters | ® Higher resistance Sreedhar et al. 2021;
e Modifier dosage against cracking Sreedhar and Coleri
e Aggregate source Improved rutting 2018; Wang et al.
« RAP binder performance 2023; Xu et al. 2022; '
content Better elasticity Zhou et al. 2022; Ziari
e Neat asphalt binder | ® Increased complex et al. 2019b)
content modulus
o Aggregate Enhancement in high-
gradation temperature

viscoelastic properties

Mix level

Improved fracture
energy

High critical energy
release

High tensile strength
ratio

Lower rut depth
Enhanced flow number
Improved flexibility
index
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The findings of the laboratory testing only provide an estimation of the possible behaviour of the
asphalt mixtures in the field (Yang et al. 2022a). It is expected that if the RAP-inclusive asphalt
binders and mixtures point out improved laboratory performance, they will also deliver adequate
performance in the field. However, there are some exceptional cases where the RAP mixture
failed in the field, but they imparted improved laboratory performance. These discrepancies may
be attributed to the difference in the testing and simulation approach in the laboratory and field.
One other suitable example is that in the laboratory, RAP is usually tested under controlled
conditioning, whereas in the field, they are subjected to different other factors, not limited to
temperature, variable traffic, environmental conditions, construction quality, pavement thickness,
and structural capacity of the underlying pavement layers (Gong et al. 2018; Hatoum et al. 2022).
Owing to the various factors affecting the RAP mixture performance, it is often very challenging
to depict the exact reason for the premature failure of the pavement in the field. Nonetheless, in
most of the case studies, the performance of RAP-inclusive asphalt mixture in the laboratory and
field is quite comparable.

Although most of the pavements with high RAP content designed by following an appropriate
mix design method performed well in the field, it is imperative to conduct a comprehensive
assessment of field cores, which should be further tested in the laboratory to examine the short
and long-term performance. In addition, a comparison of samples prepared with different
approaches and locations, such as plant-mixed field compacted, plant-mixed lab compacted, and
lab-mixed lab compacted samples, should be conducted to identify a correlation between these
variables. These correlations would be beneficial in forecasting the long-term durability of RAP-
inclusive complex asphalt mixtures through laboratory testing prior to their implementation in
the field. Also, it will provide an idea of the appropriate strategic measures to be adopted for
sustaining quality control and quality assurance, and improving pavement longevity with less
economic and environmental burdens.

2.6 SUMMARY AND CONCLUSIONS

An attempt has been made to compile the inferences and observations of some recent past studies
incorporating RAP (especially high RAP content) in asphalt pavement construction. Emphasis
was placed on the adoption of a proper RAP management scheme and an appropriate mix design
to facilitate the use of high RAP with little variability. Details of different RAP material
characterization methods and mechanical performance have also been described. In addition, the
research challenges and their remedial measures adopted in the existing laboratory studies have
been reported. The key conclusions and research gaps derived from the review of past studies in
the literature are as follows:

¢ A proper RAP management scheme contradicts the general belief of “high-performance
variability in asphalt mixtures prepared using high RAP contents”. A higher percentage of
RAP can be incorporated in the asphalt mixtures by following a proper RAP management
scheme, even when the RAP is obtained from multiple sources or different locations from an
individual stockpile.

¢ Blending different stockpiled materials obtained from multiple sources could substantially
reduce the variability between and among the stockpiles. Also, stockpiles should be built in
layers and on a paved surface with a definite slope to minimize the segregation and moisture
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retention problems. Limiting these variabilities could help increase the percentage of RAP in
producing recycled asphalt pavement without sacrificing performance.

e The amount and properties of asphalt binder in RAP mixtures and the aggregate gradation can
be identified after following a two-step protocol commonly referred to as the extraction and
recovery process. However, the properties of asphalt binder before and after the extraction and
recovery, particularly in RAP mixes, showed irregular trends. This is primarily attributed to
the presence of residual solvents or fine particulates within the recovered asphalt binder.

¢ The most commonly used extraction and recovery methods are centrifuge extraction and
rotavapor due to their simplicity, safe operation, a large volume of sample, and comparatively
less ageing of the asphalt binder. Considering the type of solvent, trichloroethylene and n-
propyl bromide are the most frequently used solvents for the extraction and recovery process.

¢ An increase in RAP proportions is one of the primary objectives of asphalt industries;
however, they are reluctant to use high RAP because of the cracking concerns associated with
stiff RAP binder. This problem can be strategically overcome by adopting strategic techniques,
such as the use of rejuvenators, soft asphalt binders, increased binder content, warm mix
asphalt, and alternative materials. As per the review of previous studies in the literature,
strategic techniques are mandatory when the RAP proportion is greater than 20% by weight of
the total mix.

e Performance assessment supports the application of RAP material for paving purposes. The
assessment was done with and without the use of strategic techniques. From this perspective,
RAP binders and mixtures indicated promising performance, particularly regarding rutting and
fatigue. Most of the results displayed a similar trend at both the binder and mixture levels.

¢ Production of asphalt pavements using RAP material can affect field performance or lead to
premature failure if appropriate mix design protocols are not followed. Based on previous
studies in the literature, most of the pavements with high RAP content were designed with
appropriate mix design procedures that performed well in the field. Performance-based
balanced mix design (BMD) methods are also important for achieving high RAP contents
without sacrificing performance.

Understanding the complexities associated with using RAP material is the need of the hour, and
thus, it is gaining a lot of attention worldwide. As reviewed in past literature, a proper mix design
method with performance experiments and the adoption of an appropriate RAP management
scheme can greatly improve the RAP content and pavement longevity. However, this has not
been studied rigorously and can be a scope in future work related to RAP recycling. Also, the use
of RAP can be promoted by investigating and correlating the performance of extracted RAP
binders in terms of morphological, chemical, and rheological aspects. Correlations should be
made between the performance at the binder and mixture levels to more clearly understand the
mechanism of the RAP binder within the RAP mixture. The use of different sources of RAP
material has to be focused on for further research in this direction. More comprehensive
laboratory and field investigations are also required to accelerate the RAP recycling process.
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Moreover, a cradle-to-grave life cycle assessment or life cycle cost estimation is needed to
predict the long-term economic and environmental burdens of using RAP in asphalt pavements.
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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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the construction of asphalt concrete pavements in Oregon. Table 3.1 presents a general overview
of these mix design levels. The present study focuses on recycled asphalt pavements with
anticipated traffic greater than 1 million (i.e., Level 3 and Level 4 mix design levels).

Table 3.1. Mix design levels for asphalt concrete pavements in Oregon

Mix Design Anticipated Traffic Suggested Construction Areas

Level

Level 1 Not available as it is not endorsed for most | Residential driveways, bike routes,
roads hiking tracks, and recreational lots.

Level 2 < 1 million Low-volume highways and roads.

Level 3 1 million — 10 million for rural roads and State highways, major arterials, and
1 million — 3 million for urban roads heavy truck parking zones.

Level 4 > 10 million for rural roads Interstates, roadways with very high
> 3 million for urban roads traffic, and heavy trucks.

3.1.1 Aggregates and RAP

A single source of virgin aggregates with a nominal maximum aggregate size (NMAS) of 2 inch
(12.5 mm) is used in the present research work. As per the ODOT, %2 inch (12.5 mm) NMAS
asphalt mix is a dense graded mix type typically produced and placed in lift thicknesses ranging
from 2 to 3 inches. The virgin aggregates were provided by the Knife River Corporation (KRC),
Salem, Oregon.

This study involves the use of recycled asphalt pavement (RAP) materials for the preparation of
asphalt concrete mixtures. Two sources of RAP materials (2 inch NMAS) were procured to
assess the effect of RAP material source variation on the performance of asphalt mixtures. One
source of RAP material (referred to as RAP1) was obtained from the KRC asphalt plant situated
in Salem, Oregon, while another source of RAP material (denoted as RAP2) was provided by the
KRC asphalt plant, located in Corvallis, Oregon. The asphalt binder content of the RAP
materials was 4.97% for RAP1 and 5.52% for RAP2. In almost all the chapters, RAP1 was used
for the experimental work, while in Chapter 7.0, RAP2 was also incorporated to understand the
effect of the RAP source.

3.1.2 Asphalt Binder

This study incorporates two different grades of asphalt binder, i.e., PG 64-22 (unmodified) and
PG70-22ER (polymer-modified). PG64-22 is generally used for Level 3 mixes, while PG70-
22ER is typically utilized for Level 4 asphalt pavements in Oregon. Both the asphalt binders
were supplied by McCall Oil & Chemical Co., located in Portland, Oregon. The basic properties
of the asphalt binders are shown in Table 3.2. The mixing and compaction temperature ranges
are calculated using the viscosity-temperature graph provided by the supplier. The temperature
corresponding to the viscosity values of 0.17 + 0.02 Pas and 0.28 + 0.03 Pas is denoted as the
mixing and compaction temperature, respectively. All the properties of both the asphalt binders
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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 °C (60 °F) 1.0381 1.0376
Flashpoint, °C >230 >230
Dynamic Shear, G*/sind (at grade temperature), kPa 1.20 1.08
Rotational Viscosity, 135 °C, Pas 0.375 0.650
Rotational Viscosity, 165 °C, Pas 0.125 0.187
Mixing Temperature Range, °F 307-319 328-340
Compaction Temperature Range, °F 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 WMAZ2) are included in an attempt to increase the RAP
content without compromising the performance of the asphalt mix. Both WMA1 and WMA?2 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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These rejuvenators and WMA additives are commercial products delivered by private companies
within the United States. The details of the chosen rejuvenators and WMA additives, including
their qualitative and quantitative characteristics, are given in Table 3.3. Notably, the dosages
supplied by the manufacturers were based on the total binder (virgin + RAP binder) but added to
the virgin binder for blending; hence, for RAP mixtures, these dosages were adjusted
accordingly to accommodate the effect of the RAP binder using Equation 3.1. If the additive
dosage is not adjusted, it may lead to underestimation because the RAP binder was not
considered in the total binder calculation. A similar process was recommended by the
manufacturer and also used in a previous study for producing additive-inclusive RAP mixtures
(Kumar et al. 2022). In this study, the manufacturer-recommended dosages were not directly
taken into the research work; they were initially validated before performance evaluation. These
details can be found in Chapter 5.0 of the study.

Adjusted additive dosage (%)
_ Target additive dosage (%) x Total binder content (%)

Total binder content (%) — Binder from RAP (%)

(Equation 3.1)
Table 3.3. Characteristics of the chosen rejuvenators and WMA additives
. Rejuvenato | Rejuvenator
MA2
Characteristics r (REJ1) (REJ2) WMA1 \W4
. Tall oil fatty | Corn oil, fatty | Modified tall oil, | CSters, phosphoric
Chemical . . ; . acid, and non-
ope acid acid residues, fatty acid, and alkyl
composition . . hazardous
derivative and methyl ester acid phosphate . .
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 0.97 0.92 0.99 0.92-0.96
temperature (g/cm’)
Viscosity, dynamic
at room >118 > 150 487 <250
temperature
(centipoise)
Flash point (°C) > 232 > 150 > 181 > 150
Solubility in water NA NA Insoluble Slightly soluble
pH value 8.3 5.3 23 2.5
Supplier-
recommended o/ n o o/ (n 0
dosage range by lf{ﬁg ;;(t;or lf{ﬁg :r)lgor 0.5% (0.67 for 0.5% (0.67 for
weight of total RAP1 and 0.69 for | RAP1 and 0.69 for
. 2.07% for 2.07% for
asphalt binder RAP? RAP? RAP2) RAP2)
(Adjusted dosage as ) )
per Equation 3.1)
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3.1.3.1 Preparation of Rejuvenators and WMA Blends

The rejuvenator and WMA additives were added to the virgin asphalt binder as per the
manufacturer's recommendation. The virgin binder is first heated until it becomes fluid
enough to be poured. A specified amount of preheated virgin binder is taken in a separate
container and stirred using a shear mixer (Figure 3.1) for 5 minutes at a speed of 950-

1050 rounds per minute (RPM) to eradicate air bubbles and ensure the binder's

consistency. Following the stirring of the neat binder, the additives were added, and the

blending process continued for an additional 10 minutes to produce WMA and

rejuvenator-modified asphalt binders. The details of the base binder, additives, blending
temperatures and time, and stirring speed are given in Table 3.4.

Speed controller with
digital display

Asphalt binder can ‘

Temperature control base plate

Figure 3.1. Shear mixer used for the preparation of modified asphalt binders

Table 3.4. Blending attributes for preparing rejuvenators and WMA modified binders

Base oo Blending Blending/Stirring Stirring
Binder Additives Temperatures Time Speed
Rejuvenators: REJ1 and 5 minutes for the binder's 950-
PG64-22 REJ2 130-140°C c0n51§tency, followed ‘by 1050
10 minutes for blending RPM
WMA: WMAT1 and WMA2 the additives
Rejuvenators: REJ1 and 5 minutes for the binder's 950-
PG70- | REJ2 o consistency, followed by
22ER 145-155°C 10 minutes for blending 11{?)?\?1

WMA: WMAT1 and WMA2

the additives
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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™ to 4000 cm’!
wavenumber with a resolution of 4 cm™!, 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.
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Figure 3.2. Fourier Transform Infrared Spectroscopy setup
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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™' corresponds to CH> rocking vibrations
associated with long paraffinic chains. Several small peaks between 700-900 cm’!
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™ confirm the presence
of sulfoxides (S=0), which are significant indicators of oxidative ageing in asphalt
binders (Nivitha et al. 2016). In addition, weaker stretching peaks near 1160 cm™ and
1290 cm™! suggest the presence of C-O functional groups. Distinct asymmetric and
symmetric stretching vibrations of CHs and CH> groups were noted between 1376-1452
cm™!, 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™ reflects the presence of
aromatic C=C bonds (Ma et al. 2022a), while a weak peak near 1700 cm™! indicates
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carbonyl compounds (C=0), another critical peak representing binder ageing (Yao et al.
2015). Other peaks include the region around 2850 cm™ and 2925 cm’!, indicating the
CH> asymmetric and CH> symmetric stretch, respectively. These are primarily defined as
the main hydrocarbon backbone with long-chain aliphatic (Albayati et al. 2025; Leodarta
et al. 2025).

These characteristic peaks were consistent in both binders. However, additional peaks
unique to the PG 70-22ER binder were identified. As shown in the zoomed-in FTIR
spectrum (Figure 3.4b), distinct peaks at 699 cm™ and 966 cm™ correspond to the styrene
ring (C—H in trans alkene, out-of-plane bending) and trans-butadiene (C—H) vibrations,
respectively, confirming the presence of styrene—butadiene—styrene (SBS) polymer
modification. These differences are consistent with the observations of previous studies
in the literature involving the use of unmodified and polymer-modified asphalt binders
(Lim et al. 2022; Sukhija et al. 2025).

Overall, the variations in peak positions and intensities between the two binders confirm
the capability of FTIR to differentiate asphalt binders based on their chemical functional
groups, thereby providing valuable insights for their characterization in pavement
engineering.
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Figure 3.4. FTIR spectrum of asphalt binders (a) Comparison of PG64-22 and PG70-22ER
binder, and (b) Evolution of new peaks in PG70-22ER
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3.2.1.2 FTIR Spectroscopy of Rejuvenators and Warm Mix Asphalt Additives

Similar to the base asphalt binders, Fourier Transform Infrared Spectroscopy (FTIR) was
also performed on the additives to investigate their chemical characteristics and to
identify functional groups distinct from those of asphalt binders. These are illustrated in
Figure 3.5. In all the figures, the corresponding functional group of the additives has been
marked. To understand the change in the functional group of these additives, zoomed-in
images have also been added, as depicted in Figure 3.6. The dotted artwork within the
zoomed-in figures indicates the peaks of interest. As shown in Figure 3.6a, a peak near
720 cm™! was consistently observed across all additives. While this peak is typically
associated with asphalt binder characteristics (Ma et al. 2023), its intensity varied
noticeably in the additives. Such variations suggest that incorporating these additives may
alter the engineering performance of asphalt binders. This effect is particularly significant
for RAP mixtures, where adequate mobilization of the aged binder is critical to achieving
desirable performance.

Both rejuvenators exhibited strong peaks between 11501250 cm™ (C-O stretch),
typically showing the presence of esters and free fatty acids (Leodarta et al. 2025; Wagh
et al. 2025), referred to as the characteristic of rejuvenator chemistry. These compounds
are primarily responsible for modifying the maltene content and thereby imparting the
rejuvenation effect in RAP mixtures, as is also consistent with Chen et al. (2022).
Although ester and free fatty acids were also present in the WMA additives, their
intensity was notably weaker, indicating a limited role in rejuvenation.

WMA additives, on the other hand, demonstrated surfactant-related peaks in the 1000—
1100 cm™' range, attributed to ether groups (Asemani and Rabbani 2020). These peaks are
specific to WMA additives and are expected to influence binder characteristics primarily
through enhanced adhesion and emulsification.

A distinct and strong peak near 1740 cm™ was observed in both rejuvenators, overlapping
with the carbonyl (C=0) group. This feature is linked to a higher susceptibility to
oxidative ageing, consistent with past literature reporting accelerated ageing in
rejuvenator-modified mixtures due to ester—carbonyl overlap (Jacobs et al. 2021; Uchoa
et al. 2024). The presence of these ester compounds classifies the rejuvenators as bio-oils,
fatty acid methyl esters, or tall-oil derivatives (Cavalli et al. 2018; Jacobs et al. 2021).
Although WMA additives also showed weak shoulders near 1700 cm™ (carbonyl group),
their ageing effect is expected to be minimal and further mitigated by the lower
production temperatures of WMA mixtures, which reduce thermal ageing.

Additionally, peaks appearing beyond 2800 cm™ (C-H stretching in CH, and CH3) were
identified in both rejuvenators and WMA additives. These peaks, associated with
aliphatic and aromatic groups, align with the fundamental hydrocarbon backbone of
asphalt binders and are expected to improve binder compatibility (Ma et al. 2023). Figure
3.6d highlights these comparative spectra for different additives.

Although both the rejuvenators and WMA additives appear chemically similar within
their respective categories, the differences become evident in the intensity ratios and
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baseline corrections of their FTIR spectra. The emergence of new peaks in these additives
indicates that they likely influence the performance of both the binder and asphalt
mixtures, particularly in the presence of oxidized RAP binder. In particular, esters were
confirmed as the dominant functional groups in rejuvenators, playing a critical role in
restoring the maltene content of RAP binder and thereby driving the rejuvenation effect.
Conversely, the ether-related peaks unique to WMA additives highlight their surfactant-
based behaviour, which is expected to enhance adhesion and emulsification between
binder and aggregates, leading to improved moisture resistance of the mix (Sukhija 2022;
Wagh et al. 2023).
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Figure 3.5. FTIR spectrum of WMA and rejuvenators (a) WMAL1

, (b) WMAZ2, (¢) REJ1,

and (d) REJ2
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Figure 3.6 (continued). FTIR spectrum of WMA and rejuvenators (a) WMAL, (b) WMA2,

(¢) REJ1, and (d) REJ2
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Figure 3.7. Zoomed in FTIR spectrum of WMA and rejuvenators (a) CH: rocking
vibrations, (b) Ethers and esters, (c) Esters and carbonyl group, and (d) Aliphatic and
aromatic hydrocarbons

3.2.1.3 Interaction of Additives with Base Asphalt Binders

Figure 3.7 illustrates the effect of WMA additives and rejuvenators on the chemical
characteristics of PG64-22 and PG70-22ER binders. The results indicate that rejuvenators
chemically interact with asphalt binders, whereas WMA additives exhibit predominantly
physical interactions. This observation is consistent with findings reported in previous



studies (Liu et al. 2018; Sukhija et al. 2025), where the appearance/disappearance of new
peaks in FTIR spectra is a result of chemical reaction, whereas the absence of such
changes indicates physical interactions (Sukhija et al. 2026).

The rejuvenator-modified binders show a distinct new peak around 1750 cm, attributed
to ester groups present in both rejuvenators. These esters alter the asphaltene-to-maltene
ratio by increasing the oily maltene fraction, thereby softening the binder. Such chemical
modification is particularly significant for RAP binders, where rejuvenators can restore
aged binder properties more effectively.

Although trace amounts of esters were also detected in the WMA additives, their
presence was minor and not evident in the spectra of WMA binders. Both WMA-
modified binders largely retained the spectral features of the virgin binders. This suggests
that chemical-based WMA additives do not alter the fundamental chemistry of asphalt
binders; instead, their effect becomes evident at the binder—aggregate interface, where
they enhance adhesion and coating at reduced production temperatures.
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Figure 3.8. Variation in chemical composition of asphalt binders with the application of
additives (a) WMA in PG64-22, (b) Rejuvenators in PG64-22, (c) WMA in PG70-

22ER, and (d) Rejuvenators in PG70-22ER
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Figure 3.9 (continued). Variation in chemical composition of asphalt binders with the

application of additives (a) WMA in PG64-22, (b) Rejuvenators in PG64-22, (c) WMA
in PG70-22ER, and (d) Rejuvenators in PG70-22ER

It is also worth noting that while the general peak positions remained consistent with
those of the base binders (except for the additional ester peak in rejuvenator-modified
binders), variations in peak intensity were observed. Such differences in intensity may
influence performance in specific ways. Overall, these findings suggest that while
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rejuvenators primarily promote chemical restoration, WMA additives contribute more
through the improvements at the aggregate and asphalt binder interface, with both
mechanisms ultimately affecting the performance of high-RAP asphalt mixtures.
Notably, interface improvement benefit of WMA is not evaluated here due to the nature
of the binder level experiments.

3.2.2 Rheological Performance of Modified Asphalt Binders

It is a belief that the addition of rejuvenators and WMA additives in virgin asphalt binder alters
the performance at the binder level. However, literature suggests that such variation depends on
the type of rejuvenators and WMA technology and their interaction with the base asphalt binders
(Mohi Ud Din et al. 2023; Sukhija et al. 2025; Wagh et al. 2025; Xie et al. 2019). To assess these
concerns, the research team evaluated the rheological performance of the asphalt binder. The
study was executed using the dynamic shear rheometer (Figure 3.8) at the Asphalt Materials and
Pavements (AMaP) laboratory, Oregon State University. The performed rheological
characterization test methods and their results are described below:

Figure 3.10. Dynamic Shear Rheometer used in this study
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3.2.2.1 High Temperature Performance Grading (PG)

Performance grading of the asphalt binders was evaluated in accordance with AASHTO
T315, (2020). According to the standard, the binder is subjected to a mean frequency of
10 rad/sec (1.59 Hz), simulating a vehicular speed of 55 mph. Since the testing was
conducted on unaged samples in this study, the strain value was kept constant at 12%. In
this test, the rheological properties, typically complex shear modulus (G*) and phase
angle (0), are measured. G* is defined as the total resistance to deformation, and o
denotes the time lag between the applied shear stress and resulting strain values under
oscillating shear. The test was conducted at several temperatures starting from 46°C and
increasing by 6°C increments till the failure of the sample. The failure temperature was
identified as the temperature at which |G*|/sin(3), generally defined as the Superpave
rutting parameter, drops to 1 kPa. Based on this criterion, the high-temperature
performance grading of the asphalt binders was determined.

As is obvious, with an increase in temperature, the |G*|/sin(d) of asphalt binders reduces
considerably, as shown in Figure 3.9. These trends are consistent for both the asphalt
binders and for all the modified binders. This reduction is attributed to the softening or
viscous nature of the asphalt binder at high temperatures. For rejuvenator-modified
binders, the reduction in |G*|/sin(d) appears to be more pronounced, primarily due to the
softening effect imparted by the rejuvenators. This shows that their inclusion is expected
to improve the RAP-inclusive asphalt mixtures by lowering the overall stiffness of the
mix, as also revealed in previous studies (Basant et al. 2025; Pradhan and Sahoo 2022;
Wang et al. 2025b). Unlike this behaviour, WMA2 performs slightly below its
corresponding base asphalt binder, while WMAL1 closely overlaps the behaviour of
PG64-22 throughout the entire temperature range. Additionally, the WMA binders
consistently exhibit higher |G*|/sin(5) values than the rejuvenators across all test
temperatures. The softening of asphalt binder with the incorporation of chemical-based
WMA additives has also been reported in past studies (Sukhija et al. 2024, 2025; Wagh et
al. 2025; Wang et al. 2020). Since the present study shows the binder testing in unaged
condition, the benefits of WMA are generally observed after ageing due to their lower
ageing temperatures. This testing plan is just to understand how the inclusion of WMA
affects the properties of the asphalt binders. Overall, it was determined that both
rejuvenators and WMA additives soften the asphalt binder, nevertheless, this behaviour is
expected to positively influence the performance when stiff RAP is incorporated in the
asphalt mixtures.
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Figure 3.11. Variation in |G*|/sin(d) with temperature (a) PG64-22 base binder and (b)
PG70-22ER base binder

Using the |G*|/sin(d) values and their critical thresholds of 1 kPa, the corresponding true
failure temperature was determined for all the binders to differentiate in terms of their
high PG. The research team at OSU carried out this analysis to understand if the addition
of these additives changes the base binder grade. Considering true fail temperatures as
shown in Figure 3.10, defined as the particular temperature at which |G*|/sin(d) reaches 1
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kPa, PG64-22 binder exhibits lower true fail temperature than PG70-22ER. This is
primarily attributed to the increased stiffness of PG70-22ER due to the presence of a
crosslinked polymer network within the asphalt matrix, as confirmed through the FTIR
test in the previous section. Both WMA1 and WMAZ?2 failed at around a similar
temperature as those of their relative base asphalt binders. In PG64-22, the temperature
shifts from 66.5°C to 66.6°C and 65.9°C for WMA1 and WMAZ2, respectively, indicating
negligible differences. On the contrary, the failure temperature of WMA1 and WMA2
binders shifted to 71.9°C and 72.8°C, respectively, from 74.6°C (PG70-22ER), reflecting
a reduction of around 2.4% for WMA1 and 3.6% for WMAZ2. Nevertheless, both the
WMA technologies exhibit similar high-temperature performance grading and are in
close proximity to their respective base binders. These findings revealed that the variation
in the performance of WMA technologies depends on the binder grade, although the
difference is less. This further supports the hypothesis that WMA additives enhance the
overall binder—aggregate interaction instead of directly modifying the binder
characteristics.

On the other hand, the addition of rejuvenators in base asphalt binders showed a different
influence compared to WMA. In PG64-22, REJ1 failed at a lower temperature,
consequently classified as PG58, while REJ2 performed the same as those of PG64-22.
Interestingly, the difference becomes noticeable when the rejuvenators are blended with
PG70-22ER, where the failure temperature lowered from 74.6°C to 65.6°C and 67°C for
REJ1 and REJ2, reflecting approximately 12% and 10% reduction. Such a reduction
highlights the softening effect imparted by the rejuvenators, which is primarily due to the
addition of maltenes, as observed in FTIR analysis. Thus, previous studies recommend
the application of rejuvenators in the RAP-inclusive asphalt mixtures in order to combat
the stiff and oxidized RAP binder. Notably, this effect depends on the base asphalt
binder, as rejuvenators perform well in PG64-22, while they result in increased softness
in PG70-22ER, thereby leading to a reduction in high-temperature performance grade by
one grade.
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Figure 3.12. True-fail temperatures and high temperature PG of different asphalt binders

3.2.2.2 Binder Fast Characterization Test (BTSYV)

As per the binder grading, it has been noted that the additives introduce softening in the
base asphalt binders. Therefore, it is viable to understand the temperature at which the
binder softens, similar to the traditional ring and ball test (AASHTO T53 2022; ASTM D
36 2014). BTSV (Bitumen-Typisierungs-Schnell-Verfahren, in German) is a robust and
feasible rheological test method applied especially for modified asphalt binders. This test
determines the results in the form of temperature at which G* reached 15 kPa and
corresponding phase angle, referred to as T BTSV and 8 BTSV, respectively. Here, a 15
kPa value of G* is chosen as it correlates well with the traditional ring and ball test
results (Liang et al. 2014; Zhu et al. 2021). The test generally starts at 20 °C and the
temperature is further increased at a rate of 1.2 °C/min, measuring the change in the value
of G* and 6 with change in temperature. Throughout the test, the binder is subjected to a
constant shear stress of 500 Pa at a loading cycle of 10 rad/sec to maintain the linear
viscoelastic regime. Due to the non-availability of a specific BTSV standard in the U.S., a
European standard (EN17643 2022) was followed to perform the test in this study.
Generally, a higher value of T_BTSV indicates the stiffness of the material, and a lower
value of 6 BTSV denotes higher elasticity, thereby providing insights into the degree of
modification (Alisov et al. 2020). A typical representation of BTSV test results is
demonstrated in Figure 3.11.
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Figure 3.13. Schematic representation of BTSV results

Figure 3.12 indicates the BTSV results in terms of T BTSV and 8 BTSV for comparing
different asphalt binders on the same boundary level. The polymer-modified binders
(PG70-22ER) exhibit a lower phase angle and a higher failure temperature compared to
unmodified PG64-22 binders, clearly differentiating the binders and reflecting the
modification effect. The combination of lower 8 BTSV and higher T BTSV suggests the
higher elasticity and stiffness of the PG70-22ER binders. Similar observations have been
presented in a previous study where several unmodified and modified binders were
characterized using the BTSV test (Alisov et al. 2020).
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results

Although differences are evident in binder characterization, the application of either
rejuvenators or WMA additives does not affect the elasticity of the binders; rather
influences the hardness, particularly in the case of rejuvenators. This is illustrated in
Figure 3.13, where comparisons with the base asphalt binders show that rejuvenators lead
to a lower T _BTSV in both the binders, while the corresponding 6 BTSV remains
consistent at a value around 75° and 81° in PG70-22ER and PG64-22, respectively. The
corresponding reduction in the T BTSV was calculated to be around 10-11% in PG64-22
binders and ranged from 9-14% in PG70-22ER binder, aligning with the previous
attribution on the additive interaction with the base asphalt binders. The lower hardness
resulting from the rejuvenator-modified binder is due to the presence of esters, as
confirmed in the FTIR spectra, which impart softness in the virgin binder.

On the contrary, WMA binders perform almost similarly to their respective base asphalt
binders, with T BTSV and 6 BTSV values around 52 °C and 74 °C for PG70-22ER, and
49 °C and 82 °C for PG64-22, respectively. These findings are also consistent with the
high-temperature PG results discussed in the previous section.
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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 Chapter 4.0, 5.0, and 7.0

Tolerance Test

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.

(anZ) P(hyu—o — hg2)

WEI =
Ng; — N,

(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 (Nu0) and 92% Gmum
(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°C 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):

t Il Gy
TI = ——XxX—=x——x10°
CT Index 62D Tyl

(Equation 3.3)
_ Y 6
Gf = tx D x 10
(Equation 3.4)
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Here, t is the thickness of the specimen (mm), |m,s| and [, indicate the slope (N/m) and
displacement (mm) at the 75% peak load of the post-peak stage of the load-displacement curve,
D is the diameter of the specimen (mm), G, denotes the fracture energy (J/m?) evaluated using
Equation 3.4.
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3.4.3 Hamburg Wheel-Tracking Test

HWTT is the most commonly employed performance test to determine the rutting susceptibility
of compacted asphalt mixtures (slab or cylindrical specimens). As shown in Figure 3.17, a
loaded steel wheel tracks on the compacted specimens submerged in a temperature-controlled
water bath. The rutting resistance was measured in terms of rut depth or deformation with respect
to the number of loading passes following (AASHTO T 324 2023). In the present study, the
HWTT was carried out on STA samples at 50°C based on the previous recommendations made
to assess the rutting behavior of asphalt pavements in Oregon (Coleri et al. 2020). The rutting
performance of all the combinations of RAP mixtures compacted at 7+1 air voids was measured
using the rut depth values corresponding to 20,000 loading passes.

Although HWTT also provides valuable insights into creep slope, stripping inflection point,
stripping slope, and moisture sensitivity (Yildirim et al. 2007), these factors were never observed
in the Oregon mixes. As per the findings of a previous ODOT research project (SPR835), it was
difficult to quantify whether the damage in the asphalt mixture is due to the rutting, moisture, or
a combination of both (Coleri et al. 2023). This is likely due to the mixes being on the dry side
(low binder content). The outcome of the research project also revealed that the test results in the
HWTT are primarily controlled by the rutting resistance rather than the moisture effect. Thus, the
study recommended that the stripping inflection point or the stripping slope should not be used to
quantify the moisture sensitivity, especially for the Oregon mixes (Coleri et al. 2023).

Figure 3.19. Hamburg wheel rutting test setup
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3.5 SUMMARY

This chapter provides an overview of the materials utilized throughout this research study and
their characterization. Details of the mix design process and the adopted methodologies are also
presented. The testing temperatures were kept consistent throughout the entire study. In the
subsequent chapters, the selected test methods are applied in alignment with the specific
objectives addressed in each chapter.

Characterization test results revealed that rejuvenator-modified asphalt binders impart softness,
resulting from the reduced high-temperature performance grading and lower T BTSV,
regardless of the base asphalt binders. Such variation is attributed to the presence of esters in the
rejuvenators, as observed in the FTIR spectra, which chemically react with the base binder and
thereby alter its performance. In contrast, WMA performs similarly to the base asphalt binder, as
confirmed through high-temperature PG test and BTSV. Due to the surfactant nature, the
benefits of WMA additives are primarily expected during their interaction with aggregates and
creating better adhesion between the aggregates and the binder, particularly in terms of improved
coating and adhesion at reduced production temperatures. This effect is expected to improve the
moisture resistance.
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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. 2022¢; 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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Generally, binder grade bumping or softer binders tend to reduce the overall viscosity and so the
stiffness and brittleness in the mix, leading to improved performance at a lower cost. Not only in
the United States, but also in other countries, the recommendation on the use of soft binders is
consistent. A past European experience suggested the use of a softer binder to produce RAP
mixtures with over 20% RAP in order to overcome the stiffening effect (Noferini et al. 2017). As
per the Australian practice (AGPT04B 2014; VicRoads 2019), the use of lower-grade asphalt
binder is to be adapted for mixes where RAP content is higher than 15%. Considering similar
aggregate gradation and design film thickness, Tran and Hassan (2011) found that RAP content
can be increased up to 20% with the use of a soft binder. On the other hand, despite a softer
binder, the 30% RAP mix does not meet the specified requirements and thus necessitates further
adjustment in the mix design attributes. Since the evaluation was done on a small data set with
limited experiments, mostly focusing on the volumetric characteristics, it is essential to assess
the effect of binder grade bumping on the performance of high RAP mixtures.

Binder grade bumping can be achieved by using a one-grade or double-grade lower binder,
depending on the condition and amount of the RAP material. Here, single-grade bumping refers
to reducing the high-temperature grade of the binder by one level, while double-grade bumping
involves lowering both high-temperature and low-temperature grades by one level. For instance,
if PG64-22 is the reference grade of the binder, then PG58-22 represents the single-grade
bumped binder, and PG58-28 is the double-grade bumped binder. As per Aurangzeb et al.
(2012), double-grade bumping does not exhibit a significant difference compared to single-grade
bumping of the asphalt binder.

From the perspective of increased binder content, a study conducted by Sreedhar and Coleri
(2018) found that an increase in binder content by 0.7% results in 2-3 times higher cracking
resistance while maintaining the rutting characteristics (rut depth) below the critical design limits
for Oregon asphalt mixtures. Another study by Willis et al. (2012) found that the RAP content
can be increased to 25% with 0.25% higher binder content, warranting desirable rutting and
fatigue performance. In line with the same context, Boriack et al. (2014) showed that the use of
0.5% additional binder content facilitates up to 20% RAP with improved fatigue and rutting
performance of RAP mixtures. However, this additional binder content is not suitable to increase
the RAP content to 40%, as evidenced by the inferior performance of the 40% RAP mixture. The
authors also tried a 100% RAP mix and revealed that the dynamic modulus and rutting resistance
were above the critical limits at all the tested binder levels (increased by 0.5%, 1%, and 1.5%
from the design binder content). Nevertheless, fatigue resistance of the particular mix (100%
RAP mix) was comparable to that of the 20% RAP mix with the addition of 1.5% extra binder
content. This highlights that the quantity of additional binder is a function of RAP content and
varies significantly when high RAP is used. Unlike binder grade bumping, although the use of
higher binder content results in desirable performance, it increases the overall production cost
due to extra binder. Perhaps the increment in the production cost can be offset with the use of
high RAP content, thereby leading to lower life cycle costs (Coleri et al. 2018a).

It is quite challenging to determine which strategy (increased binder content or binder grade
bumping) is more feasible for achieving satisfactory performance in the field. In addition,
although accurately adjusting the asphalt binder content and grade improved the quantity of RAP
material, selecting the amount of extra binder content and the softer binder grade is crucial and
not a straightforward task. A comparative study revealed that selecting the best strategic
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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 (%2 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.

44 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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Table 4.1. Experimental test matrix

Mix | Property | Test | RAP | Binder | Binder Test Strategic
Design Method Content | Grade | Temperature Measure
Level (Ageing
Condition)
Level | Fatigue | IDT-CT | 30% | 5.50% | PG64- | 25°C (LTA) | Increased binder
3 Cracking 40% | 6.00% 22 content
6.50%
Level | Rutting | HWTT | 30% | 5.50% | PG64- | 50°C (STA) | Increased binder
3 40% | 6.00% 22 Content
6.50%
Level | Fatigue | IDT-CT | 20% | 5.50% | PG70- | 25°C (LTA) | Increased binder
4 Cracking 30% | 6.00% | 22ER content
0
6.50% Binder grade
bumping (PG64-
22 as a single
grade bumped
binder)
Level | Rutting | HWTT | 20% | 5.50% | PG70- | 50°C (STA) | Increased binder
4 30% | 6.00% | 22ER content
0
6.50% 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 RAP Binder Binder
for CT Index Variables Content Content Grade CT Index
Correlation Matrix
for CT Index RAP Content 1 - - -
Correlation Matrix Binder
for CT Index 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 RAP Binder Binder Rut
for Rut Depth Variables Content Content Grade Depth
Correlation Matrix
for Rut Depth RAP Content 1 - - -
Correlation Matrix Binder
for Rut Depth 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 Performance Standard
Statistics Parameter Mean Minimum Maximum | 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
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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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Figure 4.2. Influence of RAP content on the performance of RAP mixtures (a) CT Index

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

(b)

and (b) Rut depth

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.
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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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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

Rut Rut
S"“.r“’: of Factorials CTIndex | CT Index Depth F- Depth
Variation F-value P-value
value P-value
RAP Content 20%, 30%, 40% 18.97 0.000 15.63 0.000
Binder 5.5%, 6.0%, 6.5% 71.20 0.000 | 12898 | 0.000
Content
Binder Grade | PG64-22, PG70-22ER 8.45 0.005 26.37 0.000
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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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Figure 4.6. Impact of increased binder content on the performance of RAP mixtures (a)
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The inferences of Tukey's pairwise post-hoc analysis can be an effective way to

understand the similarity between different combinations of RAP mixtures based on their

significance level. One such example of Tukey's pairwise analysis in the case of

increased binder content strategy is the comparison between the Level 4 mix containing
20% RAP and 5.5% binder content and the mix having 30% RAP at 6% and 6.5% binder
content to determine if the mean results are statistically identical or different. Similarly,
several other pairs have been compared, and the complete set of parametric analyses with
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a 95% confidence level is shown in Figure 4.7 and Figure 4.8. The dotted lines at the zero
(0) point in the figures are the reference lines used to determine the similarity and
difference between the compared pairs. If an interval crosses the zero line, it implies that
the corresponding means are significantly identical and vice versa (may be positive or
negative). A positive value is desirable for a better CT Index, while a negative value for
rut depth is more beneficial for pavement longevity.

The combinations indicating the effect of increased binder content on the CT Index and
rut depth are highlighted within an annotated rectangular boundary in Figure 4.7 and
Figure 4.8, respectively. As can be observed, the RAP mixtures for a Level 3 mix
(prepared with PG64-22 binder), having 30% RAP at 5.5% binder content, can be
appreciably replaced with 40% RAP if the binder content is increased by 0.5%, ensuring
the rutting and fatigue performances are comparable to their respective control mix.
Similarly, with an increase in binder content by 0.5% in 20% RAP mixtures of the Level
4 category, where the binder grade is PG70-22ER, the RAP content can be successfully
increased by 10%. Although there are few mix combinations, such as 30% RAP at 6%
binder content in the Level 3 category and 40% RAP mix at 6.5% binder in the Level 4
category, were found to be statistically different in terms of rut depths from their
respective control mix prepared at 0.5% lower binder content (i.e., 20% RAP at 5.5%
binder content and 30% RAP at 6% binder content for Level 3 and Level 4 mix category,
respectively), their rut depths were still similar or lower than the critical thresholds
designed for state of Oregon. Furthermore, a 1% increase in binder content results in
improved cracking resistance but may increase the likelihood of rutting due to traffic
movement during the early stages of pavement construction.

The experimental results and validation through Tukey's pairwise comparison
demonstrate the effectiveness of an increased binder content strategy for increasing the
amount of RAP by about 10% in asphalt mixtures with acceptable performance.
However, the production of an asphalt mixture with this strategy may elevate the overall
production cost, thereby necessitating cost clarification prior to its practical field
implementation. The cost comparison analysis has been described in Section 6.4.2.3 of
the report.
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Figure 4.7. Tukey's analysis for the impact of increased binder content on CT Index (a)
Level 4 mix (PG70-22ER binder) and (b) Level 3 mix (PG64-22 binder)
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Figure 4.8. Tukey's analysis for the impact of increased binder content on Rut depth (a)
Level 4 mix (PG70-22ER binder) and (b) Level 3 mix (PG64-22 binder)
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4.5.2.2 Adjustment in Binder Grade

For assessing the influence of binder grade, the RAP-inclusive asphalt mixtures, having
20% and 30% RAP material, prepared using PG70-22ER binder, were compared with the
high RAP mixtures (30% and 40% RAP material) produced using a lower grade binder,
i.e., PG64-22. The grade was lowered by one degree with the aim of extending the RAP
content by 10-20% compared to the control samples.

Figure 4.9 shows the effect of binder grade bumping on the cracking and rutting behavior
of RAP mixtures. Owing to the increased stiffening effect and brittleness, the value of the
CT Index and the rut depth reduced with the increase in RAP content. This is applicable
to both the binder grades employed in this study. Notably, the extent of reduction in
cracking tolerance and improvement in rutting resistance depends on the amount of
binder in the asphalt mixture.

Although the increase in RAP material from 20% to 30% within the mix prepared with
PG70-22ER reduces the CT Index value, using a softer binder or one-grade bumping
neutralizes such influence. For instance, the CT Index for a RAP mix having 30% RAP
material and PG70-22ER binder was found to be increased when the identical RAP
mixture was prepared using a one-grade lower binder, i.e., PG64-22. The increase in CT
Index value ranged from 24.5% to 39% depending on the binder content, implying the
positive influence of grade bumping on the cracking resistance. Interestingly, the CT
Index values of the RAP mixtures having 30% RAP and 40% RAP produced using
PG64-22 (one grade bumped binder) were comparable to the RAP mixtures prepared
with 20% RAP and 30% RAP material using PG70-22ER binder, respectively. Similarly,
the difference in the CT Index of 40% RAP mix having PG64-22 binder and 30% RAP
mix prepared with PG70-22ER binder was found to be marginal, but it is lower than the
mix combination having 20% RAP and PG70-22ER binder.

On the other hand, an increase in RAP material decreased the rut depth; however, using a
softer binder grade further increases the rutting value and the rutting susceptibility.
Considering a particular binder content, the difference in the rut depth of RAP mixtures
prepared with different percentages of RAP material and binder grades is negligible.
Among all the combinations of RAP mixtures, the maximum rut depth was 5.21 mm in
the mix, which had 30% RAP, 6.5% binder content, and PG64-22 binder. The higher rut
depth in this particular mix is attributed to the combined effect of high binder content and
softer binder grade, reflecting the significance of decision-making on the selection of
binder content and binder grade for the production of asphalt mixtures, as far as rutting is
concerned.

As can be seen in Figure 4.9a, the CT Index of most of the evaluated RAP mixtures was
above the critical CT Index thresholds (CT Index > 41), except the two mix combinations
at 5.5% binder content, namely: 30%RAP (PG70-22ER) and 40%RAP (PG64-22). The
stiff binder in the former mix and high RAP in the latter mix, coupled with the effect of
lower binder content (5.5%), would be the probable reason for inferior cracking
resistance in these mixes. However, the same two mix combinations outperformed in
terms of rutting resistance, as demonstrated in Figure 4.9b. Considering the critical
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rutting thresholds (Rut depth < 3.3 mm), although all the tested RAP mixtures prepared at
6.5% binder content achieve rut depth higher than 3.3 mm (around 4-5 mm, as shown in
Figure 4.9b), this 3.3 mm threshold is still low and rutting failure is very unlikely. Thus,
it is recommended to increase the critical threshold to at least 5.0 mm in the ODOT
research project on BMD implementation (SPR852). Notably, the increase in rut depth is
attributed to the pronounced influence of higher binder content over the RAP content and
binder grade, which also aligns with the inferences of the statistical analysis described in
the previous sections. Additionally, these results indicate that RAP content can be
increased by about 10% using a softer binder grade, without significantly affecting the
cracking or rutting resistance of the asphalt mixtures.
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Figure 4.9. Impact of binder grade bumping on the performance of RAP mixtures (a)
Cracking behavior and (b) Rutting behavior
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According to Tukey's analysis shown in Figure 4.10 (a-c), bumping the grade of the
binder from PG70-22ER to PG64-22 (one grade lower) permits 10% higher RAP in the
mix relative to the control samples, indicating statistically identical results in terms of CT
Index. However, some exceptional mix combinations exist for which the rut depth values
are more than the rutting values of control samples. This results in statistically different
rutting performance even if the RAP is increased by 10% after one grade bumping, as
presented in Figure 4.11 (a-c) within the annotated rectangular boundary. These mix
combinations are 30% RAP mix at 5.5% and 6.5% binder content prepared using PG64-
22 binder (one grade bumped binder from PG70-22ER). Although the rut depth at 5.5%
binder content for the mix containing 30% RAP and PG64-22 binder was not found to be
statistically similar to the control samples, the resulting rut depth is far lower than the
critical threshold (Figure 4.11a). Overall, Tukey's analysis confirms that the performance
of high RAP mixtures is a function of the binder content. Thus, there is a need to
optimize the design binder content for lower binder grade high RAP mixtures to achieve
acceptable performance against rutting and fatigue cracking.
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Figure 4.10. Tukey's analysis for the impact of binder grade bumping on CT Index at
different binder content (a) 5.5%, (b) 6.0%, and (¢) 6.5%
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Figure 4.12. Tukey's analysis for the impact of binder grade bumping on Rut depth at
different binder content (a) 5.5%, (b) 6.0%, and (¢) 6.5%
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Figure 4.13 (continued). Tukey's analysis for the impact of binder grade bumping on Rut
depth at different binder content (a) 5.5%, (b) 6.0%, and (¢) 6.5%

4.6 CONCLUSIONS

The key conclusions drawn from the experimental testing and statistical analysis are as follows:

Binder content, RAP content, and binder grade significantly affect the fatigue and rutting
behavior of RAP mixtures. Among such influential factors, binder content exhibits a higher
contribution, representing 58% of the contribution in the case of the CT Index and 76% for
varying the rutting characteristics.

Experimental results indicated that adjusting the mix design attributes, i.e., increasing binder
by 0.5% or bumping the binder by one grade, increases the CT Index (cracking resistance)
and rut depth (rutting susceptibility). These strategies improve the current allowable limits of
RAP content by 10% without affecting short-term (rutting) and long-term (fatigue cracking)
performance.

Few high RAP mix combinations were statistically different from their respective control
mix despite using 0.5% higher binder content or one grade lower binder. However, their rut
depths were similar to or lower than the critical thresholds designed for the state of Oregon
(CT Index > 69 and rut depth < 4.0 for Level 3 mix and CT Index > 41 and rut depth <3.3
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for Level 4 mix). The rut depth thresholds specified in the BMD implementation project
(SPR852) appear to be too low, even for mixtures with higher binder contents (e.g., 6.5%)
evaluated in the present study. Therefore, it is recommended that the threshold be increased
to approximately 5.0 mm.
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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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however, although this approach is convenient, it requires further validation and is often
overlooked in practice. Improper dosage selection can adversely impact the long-term durability
of asphalt mixtures (Limon-Covarrubias et al. 2023; Prasad et al. 2025). Along with the additive
dosages, appropriate determination of WMA production temperature (both mixing and
compaction) is crucial, as it directly influences the coating of asphalt binder over the aggregates
and mix compaction (Saboo et al. 2023; Sukhija et al. 2021b).

Various approaches have been used to determine the correct dosage of these additives, including
evaluations based on performance metrics (Jain and Chandrappa 2023; Kumar et al. 2024a;
Sanchez et al. 2023), and volumetric properties (Kumar et al. 2024a; Sukhija et al. 2023a). These
methods aim to ensure that modified mixtures offer performance comparable to or better than
control mixtures or those produced with current RAP limits. Recent literature suggested the
adoption of workability-based assessments as a practical and effective way of characterizing
rejuvenator and WMA mixtures, as these additives influence the workability (Ali et al. 2014;
Sukhija et al. 2021b; Tang et al. 2021, 2022; Yin et al. 2022). On the other hand, it is
recommended to determine the mixing and compaction temperature following the conventional
viscosity-based Equi-viscous approach using a Rotational Viscometer (ASTM 2016). In this
method, the mixing and compaction temperatures are determined at binder viscosities of 0.17
Pa-s and 0.28 Pa-s, respectively, ensuring adequate coating and workability. However, this
method may not be fully applicable to certain warm mix asphalt (WMA) additives, particularly
chemical-based additives, which do not primarily function by reducing binder viscosity (Abed et
al. 2019). Rather, their function is to reduce the surface tension of the asphalt binder in order to
facilitate binder coating and compaction at reduced production temperatures. Similar to the
evaluation of dosages, previous literature recommended identifying the appropriate production
temperature of WMA mixtures based on workability characteristics (Abed et al. 2019; Wang et
al. 2013). Although various devices and methods exist to assess workability, their primary
purpose is to reflect the ease of mixing and compaction of asphalt mixtures. It has been reviewed
that if the mixing and compaction are appropriate, the resulting mixture is likely to demonstrate
satisfactory performance (Abed et al. 2019). As per a couple of previous studies, evaluation of
WMA production temperature through the workability approach ensures appropriate binder
coating, desirable compaction, and overall performance similar to that of conventional hot mix
asphalt (HMA) (Wagh et al. 2025; Wang et al. 2013). Accordingly, the present study adopts this
methodology to evaluate temperature sensitivity and to optimize the dosage of rejuvenators and
WMA additives for the production of high RAP asphalt mixtures.

In Oregon, for the roadway network managed by ODOT, the current allowable RAP content is
30% for Level 3 and 20% for Level 4 pavements (Sukhija and Coleri 2025a). There is significant
interest in advancing research efforts to enable the use of 10% higher RAP content beyond these
limits. To support this goal, various strategic measures were implemented in this study, and the
associated challenges were addressed through a detailed evaluation of workability characteristics
followed by the performance evaluation. Statistical analysis was also performed wherever
necessary to support the attributions. A comprehensive overview of the research scope is
presented in Table 5.1 and the primary objectives are described in the next section.
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Table 5.1. Details of the current allowable RAP limit, expectations, strategic measures,
challenges and evaluation method

fo As.phalt A“ROW! able Research Strategic Evaluation
Design | Binder P Attempts Measures Challenges Approach
Level Grade Content P pp
Use of Additive | Workability
) Characteristics
Level | PG64- Rejuvenators | Dosages and and
30% RAP | 40% RAP and Warm WMA
3 22 . . Performance
Mix Production .
Additives Temperatures (Cracking and
Rutting)
Use of Additive | Workability
) Characteristics
Level PG70- Rejuvenators | Dosages and and
20% RAP | 30% RAP and Warm WMA
4 22ER . . Performance
Mix Production .
Additives Temperatures (Cracking and
Rutting)

Note: Effect of WMA production temperatures was determined for 30% RAP mixtures using PG64-22 binder, but the
same has been validated for mixtures comprising PG70-22ER.

5.2

The primary objectives of this part of the research study are to:

1.

OBJECTIVES AND SCOPE

Predict the optimal production temperature for warm mix asphalt (WMA) and evaluate

the effect of reduced production temperature on the workability and performance of
asphalt mixtures.

Optimize the dosage of rejuvenators and WMA additives (at reduced production
temperatures) for producing high RAP mixtures in both Level 3 and Level 4 asphalt

mixtures.

Evaluate the performance metrics in terms of cracking and rutting resistance of the high

RAP mixtures prepared using rejuvenators and WMA technologies at their optimum
dosage and appropriate production temperatures.

4. Assess the comparative effectiveness of different strategic measures (WMA additives vs
rejuvenators) in enabling a 10% increase in RAP content for Level 3 and Level 4 asphalt
mixtures.

The initial outcome of this study is expected to serve as a foundational step toward evaluating the
performance of asphalt mixtures incorporating high RAP content by identifying the optimum
additive dosages and appropriate WMA production temperatures, both of which are critical from
a performance perspective. Furthermore, the high RAP mixtures (40% for Level 3 mixtures and
30% for Level 4 mixtures) were prepared at the optimum additive dosages and reduced
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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 2 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*/sind 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;
Limon-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 WMA?2)
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 WMAI1 WMA2
Comoil, | Modifiedtall | P4
. " Tall oil fatty | fattyacid | oil, fatty acid, | DoooP
Chemical composition . o . . acid, and non-
acid derivative | residues, and | and alkyl acid
methyl ester hosphate hazardous
ctiyl este Phosp ingredients
Additive dosage by o o
weight of total asphalt | 1% and 1.5% 1% and 1.5% 0.25 A; and 0.25 A; and
binder 0.5% 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°C 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.

141



Table 5.3. Pre-heating and compaction temperatures for different asphalt mixtures

Level 3 Level 3 Level 4 Level 4
Test Temperature Mix Pr?- Compactio Pr?- Compactio
Samples Condition Material heating n heating n
Temperat | Temperat | Temperat | Temperatu
ures ures ures res
Control Asphalt
Reference HMA Spha 153-160°C | 140-145°C | 165-171°C | 152-157°C
Binder
Samples
Control
Reference HMA Aggregates | 163-170°C | 140-145°C | 175-181°C | 152-157°C
Samples
Rejuvenator HMA Asphalt | 155 16000 | 140-145°C | 165-171°C | 152-157°C
Samples Binder
Rejuvenator HMA Aggregates | 163-170°C | 140-145°C | 175-181°C | 152-157°C
Samples
WMA HMA Asphalt |y 53 1600 | 140-145°C | 165-171°C | 152-157°C
Samples Binder
WMA O O O O
HMA Aggregates | 163-170°C | 140-145°C | 175-181°C | 152-157°C
Samples
WMA HMA25°C | ASPhalt | yog 1350c | 115-120°C | 140-146°C | 127-132°C
Samples Binder
WMA O O O O O
S HMA-25°C | Aggregates | 138-145°C | 115-120°C | 150-156°C | 127-132°C
amples
WMA 1 viasg0ec | APRalt T3 10000 | 100-105°C | 125-131°C | 112-117°C
Samples Binder
WMA O O O O
S HMA-40°C | Aggregates | 123-130°C | 100-105°C | 135-141°C | 112-117°C
amples

Note: Pre-heating temperature represents the mixing temperature of the mix. All asphalt mixtures were
prepared using a total binder content of 6.0% for workability evaluation.

5.4.2 Experimental Work

The scope of this section is to evaluate the workability characteristics of asphalt mixtures
produced using various strategic techniques, incorporating factors such as different dosages of
additives (both WMA additives and rejuvenators) and variations in production temperatures
specific to WMA technologies.

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. This
behaviour can be simulated in the laboratory using an advanced Superpave gyratory compactor,
which measures the change in density and height of the asphalt mixture specimen corresponding
to each gyration. A schematic representation of this variation is illustrated in Figure 5.1,
indicating the increase in density and decrease in height with the number of gyrations. In this
study, the workability was evaluated in terms of Workability Energy Index (WEI), which is
mathematically written as Equation 5.1. A higher WEI value indicates greater workability,
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implying that less compaction energy (gyrations) is needed to achieve the target density. The
detailed methodology of the workability test can be found in Section 3.4.1 of Chapter 3.0.

(anZ) P(hyu—o — ho2)

Ng; — N,

WEI =

(Equation 5.1)

In Equation 5.1, 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 (Nu0) and 92% Gmm
(Nn=92), respectively.
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Figure 5.1. Variation in sample height and density with compactive effort (gyrations)

5.5 RESULTS AND DISCUSSION ON THE WORKABILITY
CHARACTERISTICS

5.5.1 Selection of Optimum WMA Production Temperature

Figure 5.2 illustrates the influence of reduced production temperatures (mixing and compaction),
WMA additive type, and dosage on the workability characteristics of Level 3 asphalt mixtures
(30% RAP using PG64-22 binder) in terms of WEI. As observed, the trends are not consistent
and largely depend on the interaction among these variables. Each additive at a given dosage
level exhibits varying workability performance, and this variability does not follow a uniform
pattern across different reduced temperature scenarios. For example, the WMA2-modified
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mixture exhibited relatively higher workability at a 0.25% additive dosage compared to 0.5%
when produced at conventional HMA temperatures. However, under a 25°C reduction in
production temperature, the trend reversed, and the mixture with 0.5% WMAZ2 dosage
demonstrated improved workability compared to the 0.25% dosage. Similar variations were
observed for other mix combinations and thus not described here for brevity.
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Figure 5.2. WEI of asphalt mixtures prepared with 30% RAP and PG64-22 binder (6%
binder content) at different WMA additive dosages and production temperatures

Given the frequent overlap of error bars, particularly among mixtures with similar temperature
reductions or additive dosages, statistical analysis was deemed necessary to determine whether
the observed variations in WEI values are statistically significant. Based on the two-way analysis
of variance (ANOVA) conducted at a 95% confidence level, no statistically significant effect of
either WMA dosage or temperature reduction on WEI values was found. This outcome holds
true for both WMA additives, as presented in Table 5.4.

Table 5.4. Statistical analysis (two-way ANOVA) to check the effect of WMA additives and
production temperature on the basis of WEI values

Source of Selected Criteria WMAI1 WMA1 | WMA2 | WMA2
Variation F-Value P-Value | F-Value | P-Value
WMA Production HMA, HMA-25°C,
Temperature HMA-40°C 0.84 0.54 1.79 0.36
0 0 ]
Additive Dosage | 0207 0-3% by weight | 018 | 015 | 07
of total binder

Note: P-value > 0.05 indicates no statistically significant difference in the mean values.
In light of these findings, and since no significant dosage-related differences were observed at
specific temperature levels for a particular RAP content (30% RAP here), the research team
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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 WMAZ2, 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°C reduction from the HMA, and 40°C 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 WMA 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
WMAZ2 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 WMA 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 WMAI1 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 mikx, 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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performance due to inadequate binder coating. Based on these findings, a 25°C temperature
reduction was selected as the optimal condition for further production of WMA 1 mixture.

Interestingly, WMA2 mixtures showed a statistically significant reduction in WEI when the
temperature was reduced by 40°C relative to the HMA temperature condition (as shown in bold
and italic in Table 5.5, p-value < 0.05). However, this difference was not statistically significant
when compared to the mix produced at HMA-25°C, as indicated by a p-value > 0.05. In addition,
the WEI value corresponding to the WMA?2 mix produced at HMA-25°C was statistically similar
to the HMA temperature condition, as p-value > 0.05, thereby supporting the acceptance of the
null hypothesis. Overall, for both additives, irrespective of the dosage, the production
temperature can be lowered by 25°C without affecting the workability characteristics. A 25°C
temperature reduction also aligns with the manufacturer’s recommendations to achieve the dual
benefits of WMA technologys, i.e., lowering the production temperature while preserving
construction workability.

Table 5.5. Pairwise comparison between different production temperatures of WMA
mixtures based on WEI values

WMAL WMA2
Difference of Levels 95% Confidence WMAI 95% Confidence WMA2
P-Value P-Value
Interval Interval
HM%{;?_‘;‘;{%““ T | (-0783,0683) | 0980 | (-0.775,0.075) 0.107
HM%{;K‘_%{%““ " | (0.983,0483) | 0623 | (0.900,-0.050) | 0.030
HMA-40°C - HMA-25°C | (-0.933,0533) | 0.734 | (-0.550,0.300) | 0.700

5.5.2 Selection of Optimum WMA Additives Dosage

Once the production temperature is established, it is recommended to select a WMA additive
dosage that facilitates the incorporation of higher RAP content in asphalt mixtures. Literature
highlights WMA technology as an effective strategy to enhance RAP utilization (Alizadeh et al.
2025; Sukhija and Saboo 2020). The reason behind the RAP increment is attributed to the lower
production temperatures of WMA, which reduces the extent of secondary ageing of the RAP
binder compared to the conventional mixing process (HMA) process (Wang et al. 2022). As a
result, the performance of the mixture remains within acceptable limits despite the higher RAP
content. In addition, the use of WMA improves the aggregate to binder adhesion, resulting in
improved bond between the RAP, virgin binder, and aggregates.

According to the current Oregon standard specifications, 30% RAP is allowed for Level 3 mixes,
where the binder grade is PG64-22, while 20% RAP is typically used for Level 4 mix design
levels with PG70-22ER. The research team investigated the potential to increase RAP usage by
incorporating WMA additives at varying dosages, targeting 40% for Level 3 and 30% for Level
4. This indicates 10% higher RAP content than the current approach, without affecting the
workability characteristics of the mixtures. The primary aim was to determine the optimum
dosage at which the WEI values of higher RAP mixtures are either comparable or better than the
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mixtures prepared with current allowable RAP limits (30% RAP for Level 3 and 20% for Level
4). Figure 5.4 presents the WEI values for both Level 3 and Level 4 mixtures, along with the
reference WEI values corresponding to the current allowable RAP content. Even though the RAP
content is lower in Level 4 mixtures, the presence of a relatively stiffer binder (PG70-22ER)
results in lower WEI values and greater compactive effort required to achieve effective
compaction. This observation is consistent with a previous study (Ali et al. 2014), which
suggested that stiffer binders contribute to reduced workability due to the increased stiffness of
the overall mixture.

As can be seen in Figure 5.4, the WEI value increases with the dosage of WMA additives,
although the rate of increase varies depending on the type of additive and binder grade. In the
Level 3 mix, the WEI value with 0.5% WMAI is about 2.5 times higher than that observed with
0.25% WMAI, reaching a value of 2.20 N-m/gyration, comparable to the WEI of the reference
mixture with 30% RAP (2.26 N-m/gyration). A similar trend is observed for WMA2, where
0.5% dosage yields a WEI comparable to the control, but the increase relative to the 0.25%
dosage is approximately 1.8 times. On the other hand, Level 4 mixtures exhibited smaller
differences in WEI across additive dosages, highlighting the interaction effect between the stiffer
binder (PG70-22ER) and the WMA additives. The WEI values with the use of 0.5% WMA1
(1.23 N-m/gyration) and 0.5% WMAZ2 (1.25 N-m/gyration) were found to be comparable to the
reference 20% RAP mix (WEI = 1.30 N-m/gyration). These WEI values are also 1.1-2 times
higher than the corresponding 0.25% dosage mixes, depending on the additive type.
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Figure 5.4. WEI values of high RAP mixtures at different WMA additive dosages for both
Level 3 and Level 4 mix
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Such comparable WEI values observed between WMA-modified high-RAP mixtures and
conventional RAP mixtures suggest that WMA technology enables the use of increased RAP
content without compromising workability. In conventional RAP mixtures, oxidized RAP binder
is further subjected to high heating temperatures, leading to additional stiffening due to
secondary ageing. Eventually, the use of WMA lowers the production temperature (by around
25°C in the present study), thereby limiting further oxidative hardening of the RAP binder. This
reduction in secondary ageing helps maintain the mixture’s workability even with higher RAP
contents. Additionally, their use improves the aggregate to binder adhesion, resulting in
improved interfacial bond within the asphalt mixture (Cui et al. 2024; Wagh et al. 2023).
Nevertheless, performance verification is essential to confirm the potential of WMA for
improving RAP utilization.

5.5.3 Validation of Optimum WMA Temperature and Additives Dosage

Since the effect of production temperature was initially evaluated for the mix produced using
PG64-22 binder, the same dosage was subsequently used for PG70-22ER asphalt mixtures
without further optimization. Therefore, it is viable to validate if the same dosage remains
workable under different temperature conditions, particularly when the production temperature is
reduced by 40°C or maintained at conventional HMA levels.

Figure 5.5 shows the validation of dosage and temperature reduction for Level 4 mix, where the
binder grade is PG70-22ER, with the reference mix containing 20% RAP and no additive. The
results indicate that a 0.5% dosage of either WMA1 or WMAZ2 is effective in producing mixtures
with 30% RAP at a 25°C reduced production temperature. The corresponding WEI values are
comparable to those of the reference 20% RAP mix at the same reduced temperature, and
notably higher than those observed for the 20% RAP mix at conventional HMA temperatures.
This suggests that these additives not only facilitate higher RAP incorporation but can also serve
as compaction aids when needed. On the other hand, reducing the temperature by 40°C relative
to HMA temperature leads to a reduction in WEI values, accounting for around 19% and 45%
with the use of WMA1 and WMAZ2, respectively, indicating inadequate workability under such
conditions. Besides, a 0.5% dosage of WMA additives combined with a 25°C temperature
reduction is the optimal solution for producing workable high RAP mixtures, i.e., a 10% increase
in RAP relative to the current practice in Oregon.
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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.
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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; Limén-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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5.5.5 Comparison between Optimum WMA Additives and Rejuvenators
Dosages

Previous sections described the process for determining the appropriate WMA production
temperature and optimizing the dosage of WMA additive and rejuvenator to increase the
allowable RAP content limit based on the workability characteristics. Although both the strategic
measures were found to enhance the use of 10% higher RAP in the asphalt mixture than the
current allowable limit in Oregon, it is critical to understand which strategic technique is more
effective and feasible from a workability standpoint. Notably, 25°C temperature reduction for
WMA mixtures and the identified optimum dosages for WMA additives (0.5% by weight of the
total binder) and rejuvenators (1.5% by weight of the total binder) were not against the
manufacturer's recommendations to produce high RAP mixtures.

Figure 5.7 shows the complete dataset, including both the WMA additives and rejuvenators at
their optimum dosages. Across the combinations, using WMA as a potential measure can aid in
achieving the workability of the same as the reference mixtures (30% RAP in Level 3 and 20%
RAP in Level 4), whereas the application of rejuvenators not only meets but exceeds the
workability of the reference mixtures, as indicated by higher WEI values. These findings indicate
that rejuvenators are consistently more effective than WMA additives in improving the
workability of high RAP mixtures (40% RAP in Level 3 and 30% RAP in Level 4). This trend is
further shown through the box plot in Figure 5.8, demonstrating WEI values corresponding to all
the additives at their optimum dosages, regardless of the mix design levels. The variation in the
results is due to the distinct working mechanisms of these strategic techniques, where WMA
lowers the production temperatures and rejuvenators work on chemically restoring the aged RAP
binder at conventional mixing and compaction temperatures.
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Based on the statistical analysis presented in Table 5.6 (Tukey’s pairwise analysis), all the
additives, irrespective of mix design level, perform statistically similarly in terms of WEI, with a
couple of exceptions in the Level 3 mix. In particular, REJ2 was found to exhibit statistically
different WEI values (remarkably higher) compared to both the WMA additives (WMA1 and
WMA?2). These statistical outcomes are consistent with the theoretical interpretations discussed
earlier, highlighting the enhanced effect of rejuvenators. Nevertheless, all additive-modified
mixtures were found to be statistically similar to their respective reference mixtures (p-value >
0.05).

Table 5.6. Pairwise comparison between different additives based on WEI values

Level 3 Level 3 Level 4 Level 4
Mean Comparison | 95% Confidence 95% Confidence
P-value P-value
Interval Interval
WMA2 - WMAL1 (-0.728, 0.728) 1 (-1.935, 1.975) 1
REJ1 - WMAL1 (-0.228, 1.228) 0.203 (-1.330, 2.580) 0.607
REJ2 - WMAL1 (0.072, 1.528) 0.032 (-1.230, 2.680) 0.508
REJ1 - WMA2 (-0.228, 1.228) 0.203 (-1.350, 2.560) 0.628
REJ2 - WMA2 (0.072, 1.528) 0.032 (-1.250, 2.660) 0.527
REJ2 - REJ1 (-0.428, 1.028) 0.577 (-1.855, 2.055) 0.996

Although the influence of WMA and rejuvenators was found to be beneficial for enabling 10%
higher RAP content, the optimum dosages identified in this study were based solely on
workability evaluations. Therefore, further validation through comprehensive performance
testing is essential to ensure the durability and mechanical integrity of these modified mixtures at
their optimum dosages. The subsequent section shows the influence of rejuvenators and WMA
on the performance of high RAP mixtures prepared at the optimum additive dosages.

5.6 PERFORMANCE EVALUATION

As discussed in the previous chapter (Chapter 4.0), increasing the binder content and employing
binder grade bumping enhances the cracking resistance but also results in higher rut depths.
Nevertheless, both strategies allow for about 10% higher RAP utilization beyond the current
allowable limits in Oregon while maintaining a balance between rutting and cracking
performance. However, there are alternative approaches that are increasingly gaining attention in
the construction industry, which are explored in this chapter. Previous chapters also emphasized
that variations in binder content, RAP percentage, and binder grade significantly affect the
cracking and rutting behavior of RAP-inclusive mixtures. In this context, the incorporation of
additives such as rejuvenators and warm mix asphalt (WMA) technologies is expected to
introduce even more complex interactions. Addressing these combined effects is essential to
enable higher RAP proportions in the production of durable asphalt mixtures for Oregon’s
roadway infrastructure.
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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 Additive Temperatur Mix Level 3 | Level 3 | Level 4 | Level 4
Samples Dosages peral Material MT CT MT CT
e Condition
gz;‘et:e";ce No HMA Asphalt | 153- 140- 165- 152-
Additive Binder 160°C | 145°C | 171°C | 157°C
Samples
Control
No 163- 140- 175- 152-
Reference |\ 4 jitive HMA Aggregate | 900 | ja50c | 181°C | 157°C
Samples
1.5% by
Rejuvenator | weight of HMA Asphalt 153- 140- 165- 152-
Samples the total Binder 160°C | 145°C | 171°C | 157°C
binder
1.5% by
Rejuvenator | weight of 163- 140- 175- 152-
Samples the total HMA Aggregate | 9500 | 1450 | 181°C | 157°C
binder
0.5% by
WMA weight of WMA Asphalt 128- 115- 140- 127-
Samples the total | (HMA-25°C) | Binder 135°C | 120°C | 146°C | 132°C
binder
0.5% by
WMA weight of WMA A . 138- 115- 150- 127-
Samples the total | (HMA-25°C) | “88M°8%€ | 1450c | 120°C | 156°C | 132°C
binder

Note: In all the mixtures, RAP was heated to 121°C 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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temperatures. For the STA of WMA mixtures, the ageing temperature was reduced to 116°C,
while the STA temperature for HMA mixtures was taken as 135°C as per NCHRP 9-52
(Newcomb et al. 2015). Nevertheless, the long-term ageing (LTA) was carried out in the same
way as that of HMA, by subjecting the loose asphalt mixtures to 95°C for 24 hours before the
compaction process (Coleri et al. 2020). All the asphalt mixtures were prepared using a
Superpave gyratory compactor, ensuring 7 £ 1 air voids in a sample of 62 mm thickness and 150
mm diameter. The samples were prepared at three different binder contents, as shown in Table
5.8.

The complete experimental design aids in quantifying the impact of using rejuvenators and
WMA additives in asphalt mixtures. Following the experimental test results, statistical analysis
and ranking were carried out to identify the most effective rejuvenators and WMA additives.

Table 5.8. Experimental plan for performance evaluation

Mix Design Test
Level Test Binder | Temperature | Strategic
(Binder Property Method RAP Content (Ageing Technique
Grade) Condition)
WMAI1
) 5.50%
Level 3 Fatigue 30% (Control) o o WMA2
(PG64-22) | Cracking IDT-CT 40% 228;’ 25°C (LTA) REJ1
o REJ2
WMAI1
Level3 | o | oo | 30% (Control) 2(5)8?; sooC (5TA) | WMA2
(PG64-22) uthing 40% 0500 REJ1
) REJ2
WMAI1
) 5.50%
Level 4 Fatigue 20% (Control) o o WMA2
(PG70-22ER) | Cracking IDT-CT 30% 6.00% 1 25°C (LTA) REJ1
6.50%
REJ2
WMAI1
Leveld | . | o | 20% (Control) 2'883’ so°C (sTA) | WMA2
(PG70-22ER) | 18 30% o REJ1
6.50% REJ?

Note: IDT-CT and HWTT in test methods refer to Indirect tensile cracking tolerance and Hamburg wheel tracking
tests, respectively. LTA and STA indicate long-term ageing and short-term ageing conditions, respectively. RAPI
(RAP source 1) is used throughout this experimental work.
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5.7 RESULTS AND DISCUSSION ON THE PERFORMANCE
CHARACTERISTICS

5.7.1 Effect of Additives on Cracking Resistance

Figure 5.9 illustrates the variation in cracking behaviour (CT Index) for high RAP mixtures in
both Level 3 and Level 4 categories with the incorporation of strategic techniques. The results
show that the application of these techniques enables the use of 10% higher RAP content than
the current allowable limits in Oregon, as the cracking resistance remains comparable to or better
than the control mixtures. For instance, at a binder content of 6.5%, the CT Index values of the
modified mixtures varied between -4% to 21% for Level 4 and -12% to 17% for Level 3 relative
to the control samples. Specifically, in the Level 4 category, the addition of WMA1, WMAZ2,
REJ1, and REJ2 altered the CT Index by -4%, -3%, 21%, and -1%, respectively, while in the
Level 3 category the corresponding variations were 8%, —12%, 17%, and —9%. Similar trends
were observed at other binder contents, as shown in Figure 5.9a, Figure 5.9b.

Along with this, the results revealed that the suitability of any additive can differ with the change
in mix design level (particularly the binder grade), underscoring the importance of interaction
effects. Previous studies (Aeron et al. 2024; Hu et al. 2025; Motevalizadeh et al. 2022; Yousefi et
al. 2023) have also emphasized that the interactions of rejuvenators/WMA with other mix
attributes play a critical role in the performance determination, especially at higher RAP
contents, where a larger proportion of aged binder participates in the mixture. For example, at a
6% binder content, the use of REJ1 in Level 4 mixtures (containing PG70-22ER binder) showed
a 5% reduction in CT Index, while its addition in Level 3 mixtures (with PG64-22 binder)
resulted in a 4% improvement. Similar variations were observed across other binder—additive—
RAP combinations, highlighting the complexity of these interactions and the need for further
investigation. Overall, the benefits of rejuvenators and WMA additives in terms of cracking
resistance were observed at higher binder contents used in the present study compared to the
asphalt mixtures prepared using a low binder content.

Based on the results, all modified asphalt mixtures demonstrated satisfactory cracking resistance,
even with 10% higher RAP content compared to the current control mixtures. Even though the
RAP content is higher, which typically increases the amount of oxidized RAP binder and overall
mixture stiffness, the integration of rejuvenators and WMA offsets these negative impacts.
Specifically, the rejuvenators adopted in this research work comprised oily components (tall oil
in REJ1 and corn oil in REJ2), which increase the oily fraction (maltenes), thereby reducing the
asphaltene-to-maltene ratio (Garcia et al. 2010). The presence of oily composition in the
rejuvenators was also confirmed in the FTIR test results, as demonstrated in Chapter 3.0. This
shift lowered binder viscosity, decreased mixture stiffness, and enhanced cracking resistance, as
reflected by higher CT Index values. These findings are consistent with previous studies that
reported improved flexibility and greater strain tolerance in rejuvenator-modified mixtures
(Daryaee et al. 2025; Nguyen et al. 2024; Yousefi et al. 2023). Similarly, the application of
WMA technologies facilitated higher RAP incorporation by lowering production temperatures
by approximately 25 °C compared to HMA. This reduction minimized secondary ageing of the
RAP binder (Wang et al. 2022; Yousefi et al. 2023), allowing the modified mixtures to achieve
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cracking resistance comparable to that of the control mixtures within both Level 3 and Level 4

categories.
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Figure 5.9. Va

riation in the CT Index with the addition of rejuvenators and WMA

additives at different binder contents (a) 5.5% (b) 6.0%, and (c) 6.5%
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Figure 5.10 (continued). Variation in the CT Index with the addition of rejuvenators and
WMA additives at different binder contents (a) 5.5% (b) 6.0%, and (c) 6.5%

Note: Dotted lines indicate the upper and lower bound limits of the control samples.
5.7.2 Effect of Additives on Rutting Resistance

According to previous studies (Obaid et al. 2024; Yousefi et al. 2023), the use of rejuvenators
and WMA generally softens the asphalt binder, which can adversely affect rutting resistance.
However, in certain cases, their influence is more pronounced on cracking resistance, while the
increased RAP content and the associated stiffness of the aged RAP binder help counterbalance
rutting potential (Obaid et al. 2024; Wang et al. 2022; Zaremotekhases et al. 2022). The effects
of these strategic techniques on rutting performance (in terms of rut depth) at binder contents of
5.5%, 6.0%, and 6.5% are presented in Figure 5.10.

Considering all the aspects, the rut depth measured across the high RAP mixtures was found to
be far lower than the 12.5 mm rut depth threshold adopted by various state DOTs and thus all the
mixtures are classified as highly rut-resistant (Chitnis et al. 2025). This finding suggests that the
influence of increased RAP content is more critical for cracking performance, whereas rutting is
less of a concern within the evaluated conditions. Moreover, the effectiveness of rejuvenators
and WMA additives should therefore be assessed primarily in relation to their impact on
cracking potential. This is particularly important for Oregon mixtures as demonstrated in this
study, where the highest observed rut depth of 5.21 mm in the Level 4 mixture with PG64-22
binder at 6.5% binder content, remained significantly lower than the nationally accepted 12.5
mm threshold. These results indicate that there is considerable scope to increase virgin binder
content or additives in order to further enhance cracking resistance without compromising rutting
performance.
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Although the overall rut depths of the high RAP mixtures were well below the 12.5 mm
threshold, it remains important to examine how the adoption of strategic techniques affects
rutting performance relative to the corresponding control mixtures. As illustrated in Figure 5.10,
rut depth increased with increasing binder contents, a trend consistent with the observations
reported in the previous chapter (Chapter 4.0). The rate of increase, however, varied with the
type of additive, binder content, and mix design level. For instance, at 6.5% binder content, the
rut depths for 30% RAP mixtures with WMA1, WMAZ2, REJ1, and REJ2 were 4.68 mm, 4.35
mm, 3.99 mm, and 4.13 mm, respectively. Compared to the Level 4 control mixture (20% RAP
with no additive), these values correspond to 1.10, 1.02, 0.93, and 0.97 times the control rut
depth, indicating that WMAT increased rutting by about 10%, WMAZ2 by 2%, while REJ1 and
REJ2 reduced rutting by approximately 7% and 3%, respectively. When the high RAP mixtures
(40% RAP) were compared with the control mixtures in Level 3 category (30% RAP without
additive), the corresponding ratios shifted to 0.90 (WMA1), 0.98 (WMA2), 0.83 (REJ1), and
0.94 (REJ2), demonstrating reductions in rut depth of around 10%, 2%, 17%, and 6%,
respectively.

Similar trends were observed at other binder contents, suggesting that a 10% higher RAP offset
the impact of softness/reduced ageing imparted by the application of rejuvenators/WMA
technologies. In addition, it was reviewed that the incorporation of rejuvenators improves the
blending efficiency of the RAP binder, thereby improving the bond strength at the interface of
the asphalt and aggregate matrix (Sukhija and Coleri 2025b; c), and contributing to greater load-
carrying capacity. However, this aspect was beyond the scope of the present study and warrants
further investigation. Similar to the CT Index findings, the interaction between the mix attributes
defines the trends in the rutting behavior. Additionally, the adoption of rejuvenators and WMA
technologies preserves the rut depth within acceptable limits while ensuring satisfactory cracking
resistance, even with high RAP content.
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Figure 5.11. Variation in the rut depth with the addition of rejuvenators and WMA
additives at different binder contents (a) 5.5% (b) 6.0%, and (c) 6.5%
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Figure 5.12 (continued). Variation in the rut depth with the addition of rejuvenators and
WMA additives at different binder contents (a) 5.5% (b) 6.0%, and (c) 6.5%

Note: Dotted lines indicate the upper and lower bound limits of the control samples.

5.7.3 Statistical Inferences on the Effect of Strategic Techniques on Mix
Performance

The above discussion highlights the critical role of interactions among the asphalt binder, RAP
material, and additives. Despite the higher RAP contents, the CT Index and rut depth of the
modified mixtures remained statistically comparable to those of the control mixtures when the
variations in results (as indicated by standard deviations) were considered. Most of the
performance values fell within the upper and lower bound limits shown in the figures (Figure 5.9
and Figure 5.10). This observation was further validated through an Analysis of Variance
(ANOVA) conducted at a 95% confidence level. The comparisons between all high RAP
mixtures and their respective control mixtures, across both mix design levels, are summarized in
Table 5.9.

In the Level 4 mixtures, the comparison between the control mixture with 20% RAP and the high
RAP mixtures with 30% RAP (produced with WMA2, WMAI1, and REJ1) indicated a
statistically significant effect on rut depth (P-value < 0.05). Specifically, the use of WMAI1 (P =
0.017) and REJ1 (P = 0.004) to increase RAP from 20% to 30% showed positive results, as both
mixtures exhibited lower average rut depths than the control. Similarly, in the Level 3 mixtures,
REJ1 demonstrated a significant effect (P = 0.043) when incorporated to increase RAP content
from 30% to 40%, also resulting in lower rut depth. For cracking resistance (CT Index), all high
RAP mixtures, 40% RAP in Level 3 and 30% RAP in Level 4, produced with rejuvenators or
WMA additives were found to be statistically similar to their respective control mixtures (30%
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RAP in Level 3 and 20% RAP in Level 4), with P-values > 0.05 at the 95% confidence level,
except for the 30% RAP mixture with WMA2 in Level 4 (P = 0.019).

Overall, the statistical analysis confirmed that RAP contents can be increased by approximately
10% beyond the current allowable limits through the application of rejuvenators or WMA
technologies. The underlying mechanisms include changes in the asphaltene-to-maltene ratio and
increased flexibility with rejuvenators, or reduced production temperatures and lower ageing
effects with WMA. However, the rate and extent of these improvements depend on factors such
as mix design level, binder content, and binder grade.

Table 5.9. Pairwise comparison between different asphalt mixtures based on the cracking
and rutting performance

Mix Design CT CT CT Rut Rut Rut

Level (Binder | Source of Variation | Index | Index | Index | Depth | Depth | Depth
Grade) 55% | 6.0% | 6.5% | 5.5% | 6.0% | 6.5%

Level 4 20% RAP (Control)-

(PG70-22ER) | 30% RAP (WMAI) 0.905| 0.426 | 0.782| 0.425| 0.017| 0.378

Level 4 20% RAP (Control)-

(PG70-22ER) | 30% RAP (WMAZ2) 0.481 | 0.019| 0.793 | 0.113 | 0.002| 0.817

Level 4 20% RAP (Control)-

(PG70-22ER) 30% RAP (REJ1) 0.822 | 0.470| 0.554| 0.674| 0.004| 0.264

Level 4 20% RAP (Control)-

(PG70-22ER) 30% RAP (REJ2) 0.095| 0.274| 0922 | 0.573 | 0.247| 0.612

Level 3 30% RAP (Control)-

(PG64-22) 40% RAP (WMAI) 0.103 | 0.622 | 0.575| 0.758 | 0.306| 0.221

Level 3 30% RAP (Control)-

(PG64-22) 40% RAP (WMA2) 0.111] 0.108 | 0.336 | 0.367| 0.293| 0.701

Level 3 30% RAP (Control)-

(PG64-22) 40% RAP (REJ1) 0.745] 0.832| 0.285| 0.520| 0.960 | 0.043

Level 3 30% RAP (Control)-

(PG64-22) 40% RAP (REJ2) 0.211] 0.108 | 0.544 | 0.835| 0.738| 0.471

5.7.4 Ranking of the Strategic Techniques based on Mix Performance

To understand which additive is best suited for maintaining the rutting and cracking resistance of
the high RAP mixtures, main effect plots were drawn using the complete data set for each mix
design level (Figure 5.11). These plots provide a straightforward way to compare different
alternatives by illustrating the minimum and maximum performance ranges, along with
parametric values at various quartiles. Notably, separate analyses were conducted for Level 3
and Level 4 mixtures, as the binder grades differ in their chemical and physical characteristics,
which may impact the suitability of rejuvenators and WMA technologies.

The figures indicate that the high RAP mixtures exhibited performance trends consistent with
their respective control samples across both cracking and rutting metrics. In both mix design
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levels, even after accounting for the effect of binder content, all the asphalt mixtures were found
to perform statistically similarly to their respective control mixtures, as indicated by the
overlapping of their bars, which showed minimum and maximum performance values. Given this
statistical similarity, ranking the additives based on their average performance values becomes
essential for identifying the most effective strategic technique, whether rejuvenators or WMA
technologies, for enabling 10% higher RAP utilization beyond the current allowable limits.
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Figure 5.13. Variation in the performance with the addition of rejuvenators and WMA
additives, irrespective of binder contents (a) CT Index (Level 4 mix) (b) CT Index
(Level 3 mix), (¢) Rut depth (Level 4 mix), and (d) Rut depth (Level 3 mix)
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Figure 5.14 (continued). Variation in the performance with the addition of rejuvenators
and WMA additives, irrespective of binder contents (a) CT Index (Level 4 mix) (b) CT
Index (Level 3 mix), (¢) Rut depth (Level 4 mix), and (d) Rut depth (Level 3 mix)

Table 5.10 shows the ranking of each of these strategic techniques with respect to the average
CT Index and rut depth in each of the mix design levels. Although the performance is
statistically similar to the control asphalt mixtures in each mix design level, REJ1 consistently
outperformed other additives in terms of better cracking resistance and adequate rut depth for
high RAP mixtures and was assigned as rank 1. This is consistent for both mix design levels, as

165



shown in Table 5.10. Across most combinations, the ranking follows a similar trend, where REJ1
is ranked 1, followed by REJ2 (rank 2), WMAI1 (rank 3), and WMA2 (rank 4).

An exception was observed in the CT Index ranking for the Level 3 mixtures, where WMA
(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 >
WMAZ2. 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 WMA 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 Level 4 Level 4 Level 3 Level 3
Techni gues CT Index Rut CT Index Rut Average Rank
! Depth Depth
WMALI 3 3 2 3 3
WMA2 4 4 4 4 4
REJ1 1 1 1 1 1

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 (WMAT1 and

WMAZ2) 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 > WMAZ2. 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 WMA?2
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 (Aragjo et al. 2014; Shacat et al. 2022).
Nevertheless, the Intergovernmental Panel on Climate Change (2014) aimed to reduce CO>
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. (2018Db) 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.
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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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As per the data inventory (as shown in Figure 6.1), the maximum reduction in emissions and
economic burdens can be accounted for 95% and 68%, respectively, depending on the factors
described in the preceding sections. These benefits may further improve with the adoption/use of
other strategies such as bio-based rejuvenators, warm mix additives, alternative waste materials,
etc. (Bressi et al. 2021; Kamali et al. 2022; Santos et al. 2018; Zahoor et al. 2021).

Considering the variation in RAP content, Aurangzeb et al. (2014) demonstrate how energy
consumption and GHG emissions vary with the increase in RAP content, assuming a 100%
performance level. The results are presented in Figure 6.2, indicating a nonlinear relationship
between the increase in RAP content and energy consumption, as well as GHG emissions. With
the increase in RAP content from 0% RAP (control) to 30%, 40%, and 50% RAP, there is a
reduction of approximately 7%, 10%, and 12% in energy consumption/GHG emissions,
respectively. As per the findings, the highest energy consumption and corresponding GHG
emissions were obtained for the material production phase, whereas the construction phase
exhibits the lowest (6-8%). Taking into account the impacts and sources involved in the
production of RAP-inclusive asphalt pavement (Table 6.1), the production of asphalt binder
marks the highest contribution in terms of energy use and emissions (Yang et al. 2014). The
listed amount is significantly higher than the other impacts, including HMA plant operations and
aggregate production, with the lower amount attributed to the production of RAP and RAS,
highlighting the improvement in sustainability through the recycling process.
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Figure 6.2. Variation of energy consumption and GHG emissions with RAP content
(Aurangzeb et al. 2014)
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Table 6.1. Energy and emissions associated with asphalt pavement production (Yang et al.
2014)

Energy Usage (MJ/short | Greenhouse Gas emissions
Task/Process ® tO%l) ( (kg CO;e/short ton)
Asphalt Binder Production 4,633 294
RAP/ RAS Production 17.4 1.3
Coarse Aggregate Production | 29.8 2.1
Natural Aggregate Production | 51 3.2
Asphalt Plant Operation 400.4 23.8

6.2 PROBLEM STATEMENT

It is important to note that the above-mentioned estimate may change with the adoption of other
economic and environmental burden indicators, such as life cycle inventory, geographic location,
life cycle span, material source, RAP content, additive used, etc. Overall, the application of RAP
material in asphalt pavements can provide significant benefits in terms of both cost and
environmental impact. The addition of rejuvenators and warm mix additives also supports the
use of a high percentage of RAP, as observed in previous chapters. Nevertheless, every scenario
depends on the RAP source, RAP percentage, neat asphalt binder content and grade, and additive
(if any). In addition, the use of RAP in large volumes necessitates the addition of additives, such
as rejuvenators or WMA, leading to the highest initial investment (Zaumanis et al. 2014a). Thus,
a more comprehensive LCA (in terms of economic and environmental burdens) of RAP mixtures
is required to cover the economic and environmental benefits, at least considering different RAP
percentages, binder contents, binder types, and strategic techniques. This can provide an
estimation of average potential savings with the use of higher RAP percentages before their
implementation in Oregon. The analysis may also help identify the most influential parameters
and the most effective strategic technique for enhancing sustainability.

6.3 RESEARCH METHODOLOGY

6.3.1 Life Cycle Assessment

According to the International Organization for Standardization (ISO) (ISO 2006), the LCA was
determined following a common approach of defining the goal and scope, selecting life cycle
inventory, assessing the life cycle impact, and interpreting the final outcomes to understand the
effect of different influential factors on the environmental burdens. These approaches are
detailed below:

a) Goal and Scope: This section comprises the objectives and establishment of system
boundaries. The goal and scope of the present study are to understand how the environmental
impacts vary with different influential factors, including binder type, RAP content, and
binder content. In addition, the research team investigates how the impact of these techniques
varies with the adoption of different strategic approaches, such as increasing binder content,
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adjusting binder grade, using rejuvenators, and employing warm mix asphalt technologies, to
improve the RAP content in asphalt mixture production.

The pavement LCA demonstrated in this study was determined based on 1 short ton declared
unit of an asphalt mixture. This LCA covers cradle-to-gate analysis representing the impact
across the raw material supply, its transportation, and production. These are often categorized
as Material phase (A1), Transport (A2), Production (A3), and the combination of all these
phases represents the total cradle-to-gate pavement LCA, as illustrated in Figure 6.3. The
impact during the construction, use, rehabilitation, and end of in-service life is not considered
in the present analysis.

In particular, the material phase of the present study includes the extraction of raw material
and its processing. For example: aggregate quarry operation, binder refining, etc. The
transport phase represents the transportation of these raw materials to the asphalt plant, more
specifically, in terms of transportation distance, vehicle type, and fuel. On the other hand, the
production phase involves the plant operation for the production of asphalt mixtures. These
include the use of electricity, temperature, etc, whose details are mostly plant-specific.
Among these phases, the material production is the most crucial phase, contributing to the
environmental burdens (Pratico et al. 2020). In the current scenario, state transportation
agencies are increasingly prioritizing the use of high RAP contents in asphalt mixtures to
minimize raw material extraction and refining, thereby reducing carbon emissions and
enhancing overall sustainability.

Cradle-to-Gate
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P !

@ Transportation
Raw Material Production m Manufacturing

Pavement Life
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End of Life Pavement Construction
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Maintenance and Repairs Use Phase

Figure 6.3. Different phases of pavement life cycle assessment
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b) Life Cycle Inventory: This section presents the details of the input and output data, where
inputs include factors such as the type of fossil fuel, energy consumption, vehicles used, and
water requirements, while outputs primarily consist of the type and quantity of emissions
generated during the operation. For the present analysis, Table 6.2 illustrates the asphalt plant
input data used for the LCA. Since the present study involves the use of WMA technologies
in selected asphalt mixtures, where the production temperatures were reduced by 25°C, the
corresponding energy consumption and fuel use were adjusted accordingly. Based on the
previous studies in this direction (NASEM 2014; Williams et al. 2024), reducing production
temperatures by this amount decreases fuel consumption by approximately 20% compared to
conventional hot mix asphalt (HMA). This was calculated by considering a reduction factor
i.e., 1,000-1,100 British thermal unit (Btu)/°F/ton. Such adjustments are applied to the burner
fuel section, which accounts for fuel used in both primary and secondary burners as well as
ancillary combustion equipment. Additionally, adjustments are required for the oil heater
used to fire the asphalt tank heaters; if a plant does not separately meter the oil heater fuel, it
is acceptable to include this value under the burner fuel field. The adjusted values for WMA
mixtures are also provided in Table 6.2.

Along with the plant data, the mix-related input data are also required: the percentage of

virgin aggregates, RAP, and asphalt binder by total mass, with their corresponding values
detailed in the subsequent sections.

Table 6.2. Data inventory for annual asphalt production

Declared data Total annual amount for Total annual amount for
HMA WMA

Asphalt mix production 100,000 U.S. Short Tons 100,000 U.S. Short Tons
Total water requirement 1,500,000 Gallons 1,500,000 Gallons
Electricity (Grid power) 332,000 KWh 332,000 KWh
Burner Fuel (Natural gas) 25,000 mcf/yr 20,000 mcf/yr

Oil heater (Natural gas) 3,465 mct/yr 2,772 mct/yr

Equipment oil (Diesel) 8,730 gallons/yr 8,730 gallons/yr

The output data will be compiled in terms of environmental impacts categorized as Global
warming potential (GWP), Ozone depletion potential (OD), Eutrophication potential (EP),
Acidification potential (AP), and Photochemical ozone depletion potential (POCP).

¢) Life Cycle Impact Assessment: The impact assessment was carried out using the Emerald
Eco-Label tool following the TRACI v2.1 impact assessment methodology (Miller et al.
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2024). All of these impact categories have different levels of significance for the
environment due to their distinct key pollutants, as summarized in Table 6.3.

Table 6.3. Details on the impact category, their units, domain and associated key pollutants

Impact Category Unit Impact Domain Key Pollutants
Global Warming Potential
(GWP) kg COz-equivalents | Climate change CO2, CH4, N2O

Ozone Depletion Potential
(ODP)

kg CFC-11-
equivalents

Stratospheric ozone

CFCs, halogens

Eutrophication Potential
(EP)

kg N-equivalents

Waterbody

N, P compounds,
NH;

Acidification Potential

(AP) kg SO2-equivalents | Acid rain, soil pH SOz, NOx, NH3
Photochemical Ozone
Creation Potential (POCP) | kg Oz-equivalents | Smog formation VOCs + NOX

d) Interpretation: This section includes the interpretation of the results and formation of
conclusions, along with recommendations. Parametric analysis and graphical representation
were two of the simplest methods for interpreting the results. In this section, the complete
data set is compiled and compared with each alternative to identify the most significant

influential parameters and to determine the best suitable solution for increasing the RAP
utilization in asphalt pavements.

6.3.2 Pavement Cost Analysis

RAP can be considered a sustainable material if, in addition to reducing emissions, it also
contributes to lowering material costs. In this study, a cost analysis was performed using a tool
developed by Coleri et al. (2018a), which enables comparison of different mix alternatives based
on cost savings. This tool has been applied in several previous studies to quantify the cost of
asphalt mixtures with varying binder grades, binder contents, and RAP contents (Coleri et al.
2017; Kumar et al. 2021, 2022). The tool estimates total cost by incorporating a hypothesized
pavement geometry (length, lane width, number of lanes, and compacted layer thickness),
material costs, and mix design properties such as compacted density, target binder content, RAP
content, and RAP binder content. The outputs include section volume, tonnage, and

corresponding mix cost.

Since the present study involves the use of WMA technologies, the tool was modified to account
for the cost of additives and the reduction in burner fuel consumption, with WMA assumed to
reduce fuel use by 20% for every 25°C decrease in temperature. The modified tool, therefore,
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provides the total material cost, including burner fuel. This adjustment reflects current mix
design practices, where different additives are routinely incorporated to enable high RAP
utilization. The enhanced version of the tool can be used to compare multiple projects based on
both material costs and total costs (including fuel savings). Results are summarized in terms of
maximum and minimum costs, as well as cost differences between alternatives, as shown in the
screenshot of the modified tool and summary page, as an example in Figure 6.4.

In the current analysis, the costs of materials (aggregates, RAP, and asphalt binders) were
obtained from the Oregon Department of Transportation, while the costs of additives were
provided by the manufacturers. These are illustrated in Table 6.4 and the same has been used
throughout the analysis to avoid any bias. The segment properties were hypothesized for the
analysis, where the geometry was considered to be straight with a single lane length of 1.0 miles,
a lane width of 12 feet, and a compacted layer thickness of 2.0 inches. The compacted density of
the mix was assumed to be 145 Ib/ft’.

] | A B & D E
1 RAP & RAS Cost Calculator
2 Mix Design
3 Inputs:
4 Product Cost Unit Source Type
5 Binder Type | & 500.00 |ton ODOT  PG64-22
6 RAP| S 17.50 |ton oDoT
7 RAS| S - |ton oDOoT
8 Aggregate| S 17.50 |ton oDoT
9 Additive| S  2,205.00 |ton Manufacturer
10

11 Segment Property Measure Unit Source

12 Geometry Straight|- Assumption
13 Length 1.0/mi Assumption
14 Lane Width 12.0|ft Assumption
15 Number of Lanes 1.0|each Assumption
16 Compacted Layer Thickness 2.0/in Assumption
17

18 Mix Property Measure Unit Source

19 Compacted Density’ 145.0(Ib/ft"3 NAPA website
20 Target Binder Content 6.12%| by weight Estimate

21 RAP Content 40.0% | by weight Estimate

22 RAS Content 0.0% |by weight Estimate

23 Aggregate Content % | by weight Calculation
24 Binder Content (RAP material) 4.97%| by weight Estimate

25 Binder Content (RAS material) 0.0%|by weight Estimate

26 Virgin Binder Added by weight Calculation
27 Virgin AC less Additive % 5| by weight Calculation
28 Total Additive 2.22% |by weight of Virgin AC Estimate

29 Total Additive Quantity % |by weight of mix Calculation
30

31 Outputs: Measure Unit

32 Section Volume ft~3 (all lanes) Calculation
33 Section Tonneage tons (all lanes) Calculation
34 Mix Cost| § 29,592.74 |segment Calculation
35

36 Burner Fuel + Oil Heater! 0.3|Natural Gas mcf/ton Estimate

37 Price| S 5.50 |mcf Estimate

38 Fuel Cost| §  1,263.24 [segment |Ca|cu|atiun
39

40 Total C05t| $ 30,855.98 Isegment |Ca|cu|aticn

Figure 6.4a. Asphalt mix cost calculator interface (a) Example calculation page and (b)
Example summary page
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A B c D E F G H 1
1 RAP Cost Calculator
2 Summary Page
3
4 Materials Costs: Binder Type RAP Content Total Costs: Percent Change,% Plant Burner Cost
5 Control Mix 30,039.2 PG 64-22 30% Control Mix 31,302.5 $ 1,263.24
6 Increased Binder Content| S g PG 64-22 40% Increased Binder Content 40.6¢ -148 $ 1,263.24
7 \WMA1L 29 9 PG 64-22 40% WMA1L S 30,788.5 -164 S 1,010.59
8 \WMA2 $ 29,441.6 PG 64-22 40% WMA2 452.26 -272 $ 101058
9 REJ1 ) PG 64-22 40% REJ1 975.49 -104 $ 1,263.24
10 REJ2 29,592.74 | PG 64-22 40% REJ2 S 30,855 -143 $ 1,263.24
11
12 |Summary: Summary:
13 | Minimum Cost wmA2 Minimum Cost wMA2
14 |Maximum Cost Control Mix Maximum Cost Control Mix
15
Cost Differences: M Cost Differences: M
.6 O[Ztll)l'l - D[!tl()"
Control Mix to Increased Control Mix to Increased
17 Binder Content $ 461.85 |Increased Binder Content Binder Content $ 461.85 |Increased Binder Content
18 |Control Mix to WMA2 $ 597.61 [WMA2 Control Mix to WMA2 S 850.26 [WMA2
19 Control Mix to WMA1 $ 261.30 [WMAL Control Mix to WMA1 $ 513.95 [WMA1
20 |Control Mix to REJ2 $ 446.53 |REJ2 Control Mix to REJ2 $ 446.53 |REJ2
21 |Control Mix to REJ1 $ 327.02 |REJ1 Control Mix to REJ1 s 327.02 |REJL
22
23
o $31,500 - $31,303
2 -3.0 4 3 70, ] 5
= 2:7% — $30841 530780 $30975 520,856
27 e\aﬁ-l: . 1 s1.263 ’—O—‘ $30.452 ’—O—‘
28 | & 30,500 A
20 | 5204 1.6% 3 s1263  SLo1 P s1a63
30|85 -15% 1.4% $30000 1 — ’
a1 | 215 - Z 000 7 $1,011
3| & -1.0% 9 oo ]
3-1.0 S $20500 1
33 || A 7z ] 2
ol IELE D & 529,000 ] § E E s 8 2
4 k3 L, =
o B $28.500 ] 8 é 2 & 3
57 Increased WMA1 WMA2 REJ1 REJ2 > ]
38 Binder ]
39 Content Strategic Measures- Level 3 Mix $28,000 T T T T T
40 Control Increased WNMAI WMA2 REJ1 REJ2
a1 Mix Binder
a2 Content  Strategic Measures- Level 3 Mix
43 OPlant Burner Cost O Materials Cost © Total Cost
a4

Figure 6.5b. Asphalt mix cost calculator interface (a) Example calculation page and (b)
Example summary page

Table 6.4. Unit price of the material used for the cost analysis
Material Used Price Unit

Asphalt Binder (PG64-22) $ 500.00 per ton
Asphalt Binder (PG70-22ER) $590.00 per ton

Natural Aggregates $ 17.50 per ton
RAP $ 30.00 per ton
WMAL1 $ 275 per 1b
WMA2 3.00 per lb
REJ1 1.00 per lb
REJ2 1.00 per lb

L | LA A

Burner Fuel (Natural Gas) 5.50 per mcf
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6.4 RESULTS AND DISCUSSION

6.4.1 Preliminary Analysis for Environmental Burdens

In this study, a pavement LCA was conducted by considering two different binder grades, three
RAP contents, and three binder contents to evaluate how changes in these mix attributes
influence environmental burdens. Table 6.5 lists these chosen variables for the preliminary
analysis. The purpose of this analysis was to identify the most influential factor in altering
pavement LCA outcomes, so that greater emphasis can be placed on managing or reducing its
associated impacts. The subsequent section reflects the observation based on the total impact
(A1+A2+A3), considering materials production (A1), transportation (A2), and production (A3)
stages.

Table 6.5. Selected factors for the preliminary analysis of pavement LCA

Factor Values
RAP Content 20%, 30%, 40%
Binder Content 5.5%, 6.0%, 6.5%
Binder Type PG64-22, PG70-22ER

GWP is primarily driven by the accumulation of greenhouse gases in the atmosphere, which
directly contributes to climate change. The key pollutants responsible for GWP are carbon
dioxide (CO2), methane (CHj4), and nitrous oxide (N20). Figure 6.5 illustrates the effect of these
variables on GWP, which ranged from 59.23 kg CO;-equivalent to 74.53 kg CO,-equivalent,
with a mean of 66.59 kg CO»-equivalent, depending on the selected mix attributes. A general
trend was observed in which higher binder content (varied from 5.5% to 6.5% in 0.5%
increments) or polymer modification of the asphalt binder (PG70-22ER) led to increased GWP,
while higher RAP content reduced it. For better comparison, the variation in GWP, due to the
influential factors such as binder content, RAP content, and binder grade, is presented in Figure
6.6. This trend is further supported by the Pearson correlation coefficients (represented by ‘r’),
which show a stronger influence of binder content (r = 0.787), followed by binder grade (r =
0.584), while RAP content exhibits a negative correlation (r = —0.192), indicating its potential to
reduce the overall GWP impact. The increase in GWP with binder content is attributed to the
larger proportion of carbon-intensive asphalt binder, whose production requires high energy and
pressure, resulting in higher GHG emissions.

Similarly, polymer modification raises GWP due to the additional energy required for chemical
synthesis and processing of polymers compared to the PG64-22 binder. Conversely,
incorporating RAP (varied from 20% to 40% in 10% increments) reduced the demand for virgin
aggregates and asphalt binder, thereby lowering GWP. However, the relative difference in GWP
remained less significant when the effects of the binder content and binder grade were
considered, which can be attributed to the limited change in the proportions of virgin asphalt
binder and aggregate relative to each other (20%, 30%, and 40% RAP).
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Figure 6.6. Influence of mix attributes on GWP (in kg CO:-equivalents)
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Figure 6.7. Complete dataset representing the variation in GWP

ODP quantifies the contribution of materials toward the depletion of the stratospheric ozone
layer. The primary contributors are chlorofluorocarbons (CFCs) and other halogenated
compounds containing chlorine and bromine, which are not typically associated with asphalt
binder or aggregate production. Considering variations across all mix variables, the mean ODP
was calculated to be 6.41E-08 kg CFC-11-equivalent, ranging from 5.72E-08 kg CFC-11-
equivalent to 7.10E-08 kg CFC-11-equivalent. As shown in Figure 6.7, the effects of increased
binder content and change in binder grade were negligible (r= 0.007 for binder content and r=
0.024 for binder type), which can be attributed to the absence of 0ozone-depleting substances
(e.g., CFCs) in their production processes. By contrast, an increase in RAP content resulted in a
noticeable reduction in ODP, representing a very strong negative correlation with a Pearson
coefficient of -1.00. Although RAP itself does not contain halogenated compounds, this
reduction is primarily attributed to the decreased transportation demand for virgin materials
(binder and aggregates) from plants or quarries, which involves fuel use and auxiliary processes
linked to ODP emissions. Since RAP is typically processed and reused on-site, higher RAP
contents reduce the reliance on virgin materials, lowering both the number of transport trips and
truckloads required. Consequently, ODP decreases with increasing RAP content.
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Figure 6.8. Influence of mix attributes on ODP (in kg CFC-11-equivalents)

EP represents the tendency of emissions to cause nutrient enrichment in water bodies and soils,
primarily driven by nitrogen oxides (NOx) and phosphates (PO4*"). In this study, the calculated
EP values ranged from 0.013 to 0.020 kg N-equivalent, depending on the mix attributes, as

8.0E-08 1 8.0E-08 -
7.5E-08 1 7.5E-08 1
= ] =
2 | — ° ]
g = 7.0E-08 ] g = 7.0E-08
SE ] SE
8 5 6.5E-08] — 8 5 6.5E-08;
s ] s e
S 6.0E-08 ] S 6.0E-08 ]
O ] ——— O
5.5E-08 - 5.5E-08 -
50E-08 ——MM—————— 5.0E-08 —
20 30 40 5.5 6 6.5
RAP Content,% Binder Content,%
(a) (b)
8.0E-08 -
7.5E-08 1
= ]
S ]
g~ 7.0E-08 ]
£t :
a 5 6.5E-08 ]
2 & |
S 6.0E-08 -
5 " -
5.5E-08 -
5.0E-08 - - | : |
PG64-22 PG70-22ER
Binder Type
(c)

shown in Figure 6.8. The variation was mainly associated with binder grade (r= 0.940), where

mixtures prepared with PG64-22 exhibited lower EP compared to those with polymer-modified

PG70-22ER, due to the higher energy requirements and chemical processing of polymers, which

can involve nitrogen-based compounds. An increase in binder content (from 5.5% to 6.5% in
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0.5% increments) also led to slightly higher EP values, primarily due to greater energy
consumption during binder production and associated NOx emissions; however, the effect

remained modest, with a Pearson coefficient of 0.324. In contrast, incorporating RAP (20-40% in

10% increments) generally reduced EP by decreasing the demand for virgin binder and

aggregates, and lowering fuel consumption from long-distance material transport. However, the

relative reduction was not very significant (r= -0.082), since the incremental change in RAP
content was limited. Despite the overall low absolute EP values, these impacts are
environmentally critical because of their potential to deteriorate water quality.
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Figure 6.9. Influence of mix attributes on EP (in kg N-equivalents)
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AP indicates the potential for emissions to contribute to acid rain as a result of chemical releases
into the atmosphere, which can affect ecosystems and infrastructure. Sulfur oxides (SO2),
Nitrogen oxides (NOx), and Ammonia (NH3) are the major sources of AP. In the analysis
presented in Figure 6.9, changing the binder grade, binder content and RAP content resulted in
AP value ranging from 0.166 kg SO2-equivalents to 0.211 kg SO2-equivalents, with an average
value of 0.187 kg SO»-equivalents. Similar to the trends observed for EP, a higher amount of
binder content and polymer modification leads to the emission of sulphur-based compounds
along with nitrogen (as observed in EP impact), thereby increasing AP and consequently
affecting ecosystem and pavement infrastructure. As per the Pearson correlation coefficient, the
effect of binder type is more prominent (r= 0.752) compared to binder content (r= 0.582). On the
other hand, the use of higher RAP offered a benefit by lowering the AP value, mainly due to the
lower sulphur-related emissions across the cradle-to-gate process. The corresponding Pearson
correlation reveals a moderate negative correlation with an r value of -0.305.
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Figure 6.10. Influence of mix attributes on AP (in kg SO:-equivalents)
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POCEP is a potential that provides insights into the formation of ozone through the emitted
substances due to the photochemical reaction in the presence of sunlight. These emitted
substances generally include volatile organic compounds (VOC) and nitrogen oxides (NOx),
both of which are harmful to human health, the ecosystem, and the climate. In general, a
significant amount of VOC and NOx are released during the production of asphalt mixtures,
making the assessment of POCP a critical aspect of pavement LCA. Since these emissions are
closely linked to mix production, higher binder contents and the use of polymer-modified asphalt
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mixtures generally result in higher POCP values, as additional energy input and processing lead
to increased VOC and NOx emissions. This increases the amount of emissions released from the
burners, leading to higher smog. However, their impact can be lowered with the use of higher
RAP content in the production of asphalt mixtures, as it reduces the quantity of raw material
production and its use. Unlike other impact categories, the correlation analysis (Figure 6.10)
shows that POCP is influenced by multiple factors rather than dominated by a single one. The
calculated Pearson correlation coefficients of 0.704 (binder type), 0.559 (binder content), and —
0.434 (RAP content) confirm that binder characteristics and content tend to increase POCP,
while higher RAP levels exhibit a moderate negative correlation, indicating a mitigating effect
on smog-related impacts.
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Figure 6.11. Influence of mix attributes on POCP (in kg O3z-equivalents)

Based on the analysis, all the investigated mix parameters influence the overall GHG emissions,
although the magnitude of their impact varies depending on the specific environmental potential.
The above analysis was based on the total emissions, and it is evident that all factors have a
significant influence on each phase of the cradle-to-gate system, namely the raw material
production (A1), transportation (A2), and manufacturing (A3) stages. Across most categories,
the raw material production phase (A1) contributed the largest share of emissions (49-72%),
followed by the manufacturing phase (16-32%) and transportation (10-22%) within the cradle-to-
gate system boundary, as demonstrated in Figure 6.11. However, this trend was not consistent for
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ODP, where the majority of emissions (61%) originated from the transportation of materials.
This deviation is attributed to the fact that pavement materials such as asphalt binder and
aggregates do not inherently contain halogenated compounds, whereas the fuel consumed during
material transport contributes to ODP-related emissions. Excluding ODP, the dominance of the
material production phase highlights the critical role of material selection in reducing GHG
emissions, underscoring the need for careful evaluation of binder type, binder content, and RAP
incorporation in sustainable pavement mix design.
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Figure 6.12. Contribution of different cradle-to-gate phases on the total GHG emissions

Among the different environmental potentials discussed above, the higher absolute values of
emissions were obtained for GWP, which is dominated by the large amount of CO2, CH4, and
N20 during the cradle-to-gate process of pavement LCA. These greenhouse gases are released at
a massive and unavoidable scale compared to other harmful emissions (Moretti et al. 2017).
While the absolute value of GWP is far higher than the other environmental potentials, their
impact and understanding are environmentally important as they directly influence the water
bodies, ecosystem, infrastructure durability, soil condition, human health, urban smog, climate
change, and overall atmosphere. Considering that GWP exhibits the most significant impact
during asphalt pavement construction, the comparative evaluation of RAP-incorporated mixtures
in the subsequent section was therefore carried out primarily on the basis of GWP values. This
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focus is justified as GWP reflects the effect of mix design factors on global warming, with key
pollutants (CO2, CH4, N2O) contributing to the overall environmental burden.

6.4.2 Impact of Different Strategic Techniques on Pavement LCA

Given that there is a noticeable effect of RAP content, binder content, and binder type on the
cradle-to-gate-pavement LCA, it is crucial to determine how these impacts are further affected
by the adoption of different strategic techniques aimed at enhancing RAP utilization. These
strategic techniques include changes in mix design attributes (binder content and binder grade
bumping), use of rejuvenators (REJ1 and REJ2), and the application of warm mix asphalt
technologies (WMA1 and WMA2). The qualitative and quantitative characteristics of the
selected rejuvenators and WMA technologies can be found in Chapter 3.0. To assess their
effects, mixtures with high RAP contents (40% in Level 3 and 30% in Level 4) were analyzed
and compared with reference mixtures in each design level (30% RAP with PG64-22 in Level 3
and 20% RAP with PG70-22ER in Level 4). Notably, the effect of binder grade bumping was
only examined for Level 4 mixtures, where the binder grade was bumped by one grade from
PG70-22ER to PG64-22 to assess the effect of using a softer grade.

6.4.2.1 Integration of Balanced Mix Design

To ensure comparability across all mixtures at the same boundary level, the LCA was
conducted using the balanced mix design (BMD) binder contents determined for each
asphalt mixture as part of another project sponsored by the Federal Highway
Administration (FHWA) through the Accelerated Implementation and Deployment of
Pavement Technologies (AID-PT) program. It should be noted that the BMD binder
content was determined using the critical thresholds of CT Index and rut depths
developed for Oregon (Chitnis et al. 2025). These thresholds were estimated based on
statistical analysis of the data set obtained from testing various plant-produced asphalt
mixtures (Chitnis et al. 2025). Different thresholds were established depending on the
mix design levels. These thresholds were also validated in the laboratory by testing
several laboratory-mixed and laboratory-compacted (LMLC) specimens, as well as
constructing field pilot sections. Figure 6.12 illustrates the value of optimum binder
contents and the adopted critical thresholds for all combinations of RAP-inclusive asphalt
mixtures.
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At the same boundary level (expecting identical performance), the results showed that
increasing the binder content just by 0.39% in the Level 3 control mix (30% RAP mix)
and 0.26% in Level 4 control mixes (20% RAP mix) leads to an improvement in the
allowance limit of RAP content by 10%. Unlike the increased binder content strategy, the
difference in binder content for one grade lower asphalt mixtures was calculated to be
minimal, with a maximum difference of 0.06% between mix combinations having 40%
RAP with PG64-22 binder and 30% RAP with PG70-22ER binder. This suggests that
high RAP mixtures (10% higher than the current limits) can be prepared by simply
increasing the asphalt binder grade without altering the amount of design binder content,
potentially leading to a further reduction in cost compared to the increased binder content
strategy.

Similarly, the use of additional additives, such as rejuvenators and WMA, also enables
10% higher RAP incorporation with only a minimal difference in their optimal binder
content determined through BMD, as perceived in Figure 6.12. This outcome is attributed
to the fact that several high-RAP mixtures demonstrated improved performance, and
when evaluated against the critical thresholds, the BMD binder contents for high-RAP
mixtures were found to be comparable to those of the reference mixtures within each mix
design level. It is expected that the additional additives will improve the blending of RAP
binder with the virgin binder, thereby compensating for the total binder demand and
enhancing performance. As a result, even with increased RAP incorporation, the required
binder content remained unchanged when assessed based on the BMD performance
criteria.

6.4.2.2 Discussion on the variation in GHG Emissions for different strategic techniques

As stated previously, WMA mixtures were produced at 25°C lower temperatures than
HMA, resulting in reduced energy consumption and fuel usage. According to previous
studies (NASEM 2014; Williams et al. 2024), the use of WMA technologies is expected
to achieve energy savings of approximately 1000—1100 Btu/°F/ton. In the present data
inventory, natural gas was identified as the primary fuel for asphalt mixture production in
Oregon. Accordingly, when the production temperature was reduced by 25 °C, the
consumption of natural gas in both the burner and oil heater was assumed to decrease by
20%. The adjusted energy and fuel consumption values for WMA mixtures are provided
in Table 6.2.

For the evaluation of GHG emissions, a few assumptions were made and kept constant
throughout the analysis in order to avoid any bias. These assumptions include that RAP is
processed and stored onsite, and the materials (aggregates and asphalt binder) are
transferred using a truck from a distance of 50 miles (one-way). The quantities of RAP
and asphalt binder, shown in Figure 6.12, were used, and the amounts of natural
aggregates were adjusted accordingly for the present LCA.

Figure 6.13 represents the influence of strategic techniques on the GWP. It was found
that these strategic techniques either lower the GWP values or at least maintain them at
levels comparable to those of reference mixtures, especially due to the increased RAP
content. Consistent with the Figure 6.11, the majority of emissions originated from the
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material production phase, followed by the manufacturing and transportation phases.
These trends were found to be consistent in both the mix design levels with all the
strategic techniques. In particular, a lower value of GWP in the manufacturing phase of
WMA mixtures is attributed to the lower production temperature (25°C less than HMA),
which decreases the consumption of burner fuel and oil heating, thereby significantly
reducing GHG emissions. Except for WMA, all the asphalt mixtures exhibit a similar
range of GHG emissions during the manufacturing phase, as the same production
temperatures and fuel consumption were required for both control and rejuvenator-based
mixtures.

Comparison of the transportation phase (50 miles one way using truck) reveals that the
highest emissions were associated with the movement of virgin materials (aggregates and
asphalt binder), with a value ranging from 6.5 kgCO2e for the Level 3 mix (30% RAP
mix with 6.1% binder content) and 7.4 kgCO2e for the Level 4 mix (20% RAP mix with
5.7% binder content). All the other mixtures within their respective design levels
exhibited similar transportation emissions, as RAP contents were held constant across
those groups. The higher values in the reference mixtures are explained by the greater
demand for virgin binder and aggregates, which required longer transportation distances,
whereas RAP was processed within the plant itself. Considering the most dominant
influence of the material phase, which provides the clearest insights into the suitability of
these strategic techniques, the observed differences can be attributed to variations in
BMD binder content and RAP incorporation across mixtures relative to their reference
counterparts.

This finding aligns with the preliminary analysis conducted in this study, which identified
binder content as the most influential parameter, compared to RAP content and binder
type. Even small variations in BMD binder content can substantially affect GWP and,
consequently, total GHG emissions. This highlights the necessity of exploring alternative
binders, using additives to increase RAP content, and reducing reliance on carbon-
intensive virgin binders in asphalt mixture production. This is clearly observed in the case
of increased binder content, where, despite having a higher RAP content than the control
mixtures, the strategic technique resulted in higher GWP due to the increased binder
content (by as little as 0.39% in Level 3 and 0.26% in Level 4). This outcome
underscores the rationale for conducting the preliminary analysis, which provides a
foundation for understanding the relative significance of each influential parameter and
how they alter GHG emission trends.
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Figure 6.14. Variation in GWP with the use of different strategic techniques (a) Level 3 mix
design and (b) Level 4 mix design
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Figure 6.14 presents the percent change in the GWP values associated with the use of
strategic techniques for increasing the allowable RAP content. In Level 3 mixtures,
greater savings were observed in WMA mixtures since they reflect the dual benefits by
both reducing the production temperatures and allowing for increased RAP incorporation
compared to the reference mix. Depending on the WMA technology, the reduction in
GWP ranged from 7-8%. This was followed by the use of rejuvenators, where the
benefits are less than 1%. The limited improvement in this case is explained by the slight
increase (up to 0.1% from the control samples) in BMD binder content for rejuvenator-
modified mixtures, where the additional binder contributed GHG emissions equivalent to
the reductions gained from higher RAP utilization.

On the other hand, in Level 4 mixtures, binder grade bumping proved to be the most
effective technique, reducing GWP by around 12% compared to the reference mix. This
is attributed to the effect of the polymer-modified binder in Level 4 mix, which involves
additional energy for chemical synthesis and processing of polymers compared to the
PG64-22 binder. The next most effective strategy was the use of WMA, which reduced
GWP by about 7%, followed by rejuvenators, which offered only marginal benefits
(<0.5%). Notably, the present analysis does not account for the GWP of the additives
themselves; however, their production does result in some emissions. This suggests that
binder grade bumping is comparatively more efficient than these commercial
technologies.

In both the mix design levels, an increase in binder content facilitated the incorporation
of higher RAP; however, the environmental burden associated with asphalt binder offset
this benefit, resulting in a slight increase in carbon emissions (1-2%). This outcome stems
from the fact that higher binder contents necessitate additional quantities of carbon-
intensive asphalt binder, resulting in increased energy consumption during refining and
production, which indirectly enhances the environmental impact. Overall, these
observations align with the preliminary analysis, reaffirming that the careful selection of
binder type, binder content, and RAP content is critical for producing sustainable asphalt
mixtures. Although there is limited improvement in GHG emissions, it is advisable to
quantify the material costs to select the most effective strategic techniques at both mix
design levels, considering both economic and environmental aspects.
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Figure 6.15. Percentage change in the total GWP with the use of different strategic
techniques

Although the above discussion revealed the change in GWP with the adoption of strategic
techniques, improvements were also observed in other impact categories, including ODP,
AP, EP, and POCP. Their corresponding percentage change relative to the control
mixtures (30% RAP in Level 3 and 20% RAP in Level 4) is summarized in Table 6.6.
Consistent with the trends observed in GWP, the use of strategic techniques facilitated
10% higher RAP incorporation while generally reducing environmental burdens.
However, the magnitude of reduction is a function of both the strategic techniques and
the specific impact category. Interestingly, even though the increased binder content
technique showed higher emissions in terms of GWP, it achieved approximately 10%
savings in ODP across both mix design levels. This improvement is primarily linked to
the reduced transportation demand for virgin materials, as high-RAP mixtures with
increased binder content required about 10% less virgin material, thereby lowering ODP-
related emissions. The overall analysis indicated that each strategic technique exerts a
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different influence across environmental categories, and thus, their selection should be
made carefully.

Table 6.6. Percentage change in emission relative to reference mixtures in each design level

Mix

BMD

Design cl;ﬁfn | Binder Tsetcrl?;elﬁ‘lfe ODP | EP | AP POCP
Level Content
Level3 | 40% | 640 | mereasedBinder | ool 500 | 0.7% -0.2%
Content
Level3 | 40% | 6.1% WMAI 10.8% | 2.9% | -4.5% -5.9%
Level3 | 40% | 6.0% WMA2 10.8% | -4.2% | -5.6% -6.8%
Level3 | 40% | 6.2% REJ1 10.5% | -0.6% | -1.5% 2.2%
Level3 | 40% | 6.1% REJ2 10.5% | 0.9% | -2.1% 2.4%
Leveld | 30% | 6.0v | mereasedBinder o 0 5300 | 0.2% -0.6%
Content
Binder Grade
Level4 | 30% | 57% | Bumping(One | -9.9% |-25.1% | -11.3% -9.9%
grade)
Level4 | 30% | 5.7% WMAI 9.7% | 2.7% | -5.1% -6.3%
Level4 | 30% | 5.7% WMA2 9.7% | 2.7% | -5.1% -6.3%
Level4 | 30% | 5.8% REJ1 94% | 0.1% | -1.4% 2.0%
Level4 | 30% | 5.8% REJ2 94% | 0.1% | -1.4% -1.8%

Note: Negative value indicates a reduction in emissions, and a positive value (in Italics) denotes an increase

in emissions.

6.4.2.3 Discussion on the variation in material cost with different strategic techniques

The cost of RAP mixtures is generally lower than that of asphalt mixtures prepared
exclusively with virgin materials such as natural aggregates and asphalt binder, largely
due to the higher cost of these virgin resources (Sukhija and Coleri 2025¢). Recognizing

this, ODOT began exploring strategies to reduce material costs by incorporating

sustainable alternatives and refining mix design practices. Previous efforts of ODOT, in
collaboration with the Oregon State University (OSU), demonstrated that costs can be
reduced through the use of sustainable materials or by adopting balanced mix design
(BMD) approaches, which allow higher RAP proportions in asphalt mixtures while
maintaining adequate performance and improving sustainability (Coleri et al. 2018a,
2020; Kumar et al. 2021). More recently, research conducted by the OSU-AMaP research
group highlighted that reducing pavement roughness levels can further lower user costs
and enhance sustainability, with additional benefits expected when sustainable materials

are integrated into the mix design (Coleri et al. 2025). In line with this perspective,

ODOT initiated studies to identify strategic techniques for increasing allowable RAP
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content without compromising performance. These strategies include increasing binder
content, binder grade bumping, the use of rejuvenators, and WMA technologies (Sukhija
and Coleri 2025c¢).

In this study, a comprehensive evaluation was carried out by incorporating these
strategies to enable 10% higher RAP content in Level 3 and Level 4 mixtures relative to
their current allowable limits (30% RAP in Level 3 and 20% RAP in Level 4).
Performance evaluations presented in earlier chapters demonstrated that all the strategic
techniques supported higher RAP incorporation while maintaining performance
comparable to, or in some cases, better than that of the respective reference mixtures at
both mix design levels. Furthermore, the preceding section established that these
strategies are environmentally sustainable but warrant further investigation from an
economic perspective. Cost analysis is particularly important to assess whether the
expense of additives can be offset by the cost savings achieved through increased RAP
utilization. Since the difference between the reference RAP contents and high-RAP
mixtures is only 10%, the expected savings are not as substantial as when comparing
against mixtures containing no RAP. Additionally, this study incorporated the effect of
burner fuel savings associated with WMA technologies, which lower energy
consumption by reducing production temperatures.

For cost comparison between different alternatives, the assumption on the section
geometry is kept constant. The section length, lane width, number of lanes, and
compacted layer thickness were assumed as 1 mile, 12 feet, single lane, and 2 inches,
respectively. Based on this geometry, section tonnage was calculated to be 765.6 tons.

Figure 6.15 presents the cost calculation for various asphalt mixtures along with their
corresponding percentage change in the Level 3 and Level 4 categories. In the Level 3
category, none of the strategic techniques provided cost savings; however, the application
of WMAZ2 for high-RAP mixtures resulted in costs comparable to those of the control
mixture. The adoption of other strategies resulted in a slight increase in cost, ranging
from 1.3% to 1.8%, as demonstrated in Figure 6.16. Among the strategies, WMA
technologies were the most effective, followed by the increased binder content strategy
and the use of rejuvenators in the Level 3 category. The increased costs are primarily
attributed to the higher price of additives, which cannot be fully offset by increasing the
RAP content from 30% to 40%.

In the Level 4 category, the lowest cost was observed for mixtures prepared using a softer
binder grade (binder grade bumping strategy). In this case, the total cost was reduced
from $37,156 to $32,918, representing a significant reduction of approximately 11.4%.
Although the burner fuel costs were the same as those in the control mixtures (Figure
6.15), the cost savings are linked to the use of PG64-22 binder ($500/ton) in place of the
more expensive PG70-22ER binder ($590/ton). This outcome highlights that binder grade
is a major contributor to total cost. In addition, the application of other strategic
techniques resulted in costs that were approximately similar to those of the control
mixtures, with less than 1% variation. Although RAP content was increased by 10%
through the use of rejuvenators, this strategy was the least effective compared to binder
grade bumping, WMA technologies, and increased binder content, largely due to slightly
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higher BMD binder contents in rejuvenator mixes combined with the relatively high cost
of rejuvenators. Additionally, the plant burner cost in the rejuvenator mixtures is
comparable to that of the control samples due to similar production temperatures and fuel
consumption. This explains the minimal difference in total cost and highlights how
production temperature and fuel use influence overall cost- one of the key advantages of
WMA mixtures. In fact, the adoption of WMA technologies provided dual benefits: a 7-
8% reduction in GHG emissions and the conservation of natural resources with almost
the same cost as control mixtures. From a cost perspective, the primary difference
observed with WMA mixtures, regardless of the specific technology, stemmed from the
lower plant burner fuel requirements associated with their reduced production
temperatures.
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Figure 6.16. Cost calculation for RAP mixtures with different strategic techniques (a) Level
3 and (b) Level 4 (Note: RAP cost is $30 per ton)
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Figure 6.17. Percent change in the total cost relative to control mixtures (a) Level 3 and (b)
Level 4 (Note: RAP cost is $30 per ton)

In addition to the cost of binder and additives, the cost of RAP selected for this analysis
was relatively high ($30 per ton) compared to natural aggregates ($17.5 per ton), which
may partly explain the limited cost-effectiveness of high-RAP mixtures. Although RAP
content was increased by 10%, the elevated unit price of RAP may not have been
sufficient to offset the additional costs associated with the strategic techniques. Since the
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RAP cost is dependent on several factors, including processing requirements, material
condition, and hauling distance between the plant and milling site, an additional
assessment was carried out to evaluate total cost variations for high-RAP mixtures under
the assumption that RAP is priced equivalently to natural aggregates ($17.5 per ton). This
analysis provides further insight into the extent to which RAP cost influences overall
project cost when strategic techniques are employed for high-RAP mixtures. If the results
are favorable, particular emphasis should be placed on reducing RAP processing costs in
conjunction with other material costs to improve the economic feasibility of sustainable
asphalt mixtures.

Figure 6.17 presents the cost calculation under the assumption that RAP is priced the
same as natural aggregates ($17.5 per ton). Under this scenario, unlike the earlier
discussion, the application of any strategic technique was found to be cost-effective,
yielding savings for high-RAP mixtures. In the Level 3 category, the use of WMA
technologies was most cost-effective (WMA2 > WMA), whereas in the Level 4
category, binder grade bumping proved most profitable, resulting in a reduction of
approximately 14.7% in total costs. Across both design levels, the total cost of Level 4
mixtures remained higher than that of Level 3 mixtures, largely due to the relatively
higher cost of asphalt binder and the lower RAP content in Level 4 mixtures. The
comparison between rejuvenators and WMA technologies revealed consistent trends:
WMA mixtures were more cost-effective than rejuvenator-based mixtures, primarily due
to their lower production temperatures and reduced burner fuel requirements. As shown
in Figure 6.18, the corresponding reductions achieved with WMA1, WMAZ2, REJ1, and
REJ2 ranged from 1.6-3.7%, 2.7-3.3%, 1.0-2.1%, and 1.4-1.8%, respectively, depending
on the mix design level. Similarly, increasing asphalt binder content by 0.39% in Level 3
and 0.26% in Level 4 to accommodate 10% higher RAP resulted in cost reductions of
1.5% and 3.0%, respectively.
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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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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.

. 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 (Montafiez 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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large variability relative to low RAP mixtures (Valdés et al. 2011). From this perspective, an
appropriate RAP management scheme should be followed to minimize the variability and ensure
consistent performance, even with high RAP proportions (Sukhija and Coleri 2025b; Zhou et al.
2010).

Although the properties of asphalt mixtures varied with the change in RAP characteristics, the
complexity increases when additives such as rejuvenators or warm mix asphalt (WMA)
technologies are introduced (Behnood 2019; Guo et al. 2020a). These additives are typically
included for the production of RAP mixtures to either increase the allowable RAP proportion or
enhance mixture performance and durability (Albayati et al. 2023; Jain and Chandrappa 2025;
Wang et al. 2025a; Zaumanis et al. 2015). Given that cracking is a critical concern in RAP-
inclusive asphalt pavements, these additives either rejuvenate the oxidized RAP binder (using
rejuvenators) or reduce the secondary ageing of RAP due to lower production temperature (with
WMA), resulting in a lower likelihood of cracking with adequate rutting resistance (Sukhija and
Coleri 2025c; West et al. 2013). However, in the presence of these additives, it is inevitably
important to understand how these interact and perform with different binder grades and RAP
sources. Despite their widespread use, there is very limited research in this direction,
representing a potential research gap that needs to be addressed to support large-scale
implementation of RAP-inclusive asphalt pavements. As most high RAP projects employ such
strategic additives, this gap forms motivation for the present research.

This study addresses the concerns outlined above by investigating whether the performance of
asphalt mixtures varies based on the source of RAP, while maintaining constant total binder
content, aggregate gradation, and binder grade. Additionally, the effect of RAP sampling
location within the stockpile was also determined to identify if it is one of the causes of
performance variability in RAP mixtures. Considering the use of rejuvenators and WMA as a
global initiative to improve sustainability, the performance interaction of modified asphalt
mixtures with different mix combination (binder grade and RAP source) was also explored.

7.2 RESEARCH OBJECTIVES AND SCOPE

This part of the research work is conducted in two phases with distinct objectives as follows:

Phase I- Incorporate and evaluate the effect of different binder grades along with plant (between
plant RAP material source variability) and stockpile (within the asphalt plant variability)
variability as a part of the RAP management scheme in the production of RAP mixtures.

Phase II- Assess the influence of different strategic measures, including rejuvenators and warm
mix additives (WMA), along with RAP material variability in terms of rutting and cracking
performance.

The scope of the present work is to evaluate the performance of asphalt mixtures incorporating
RAP materials sourced from different asphalt plants (between-plant variability) as well as from
varying locations within the same RAP stockpile (within-plant variability). These variations are
included in this study to understand the change in performance of recycled asphalt mixtures with
the change in RAP material sampling. Also, it demonstrates the practicality of the RAP
management scheme in improving asphalt recycling. Along with the RAP source, two different
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performance-graded asphalt binders were incorporated to understand the cause of variability in
RAP mixtures. Furthermore, additives such as WMA technologies and rejuvenators were
incorporated to investigate whether performance trends observed with different RAP sources
persist in the presence of these modifiers. The complete study involved statistical assessment of
the experimental dataset through analysis of variance (ANOVA), Pearson correlation matrix, and
Tukey’s pairwise post-hoc analysis. This research approach not only identifies the underlying
causes of performance variation in RAP-containing mixtures but also highlights the mix
attributes contributing most to variability. The findings can support engineers in managing this
variability more effectively, ultimately contributing to improved pavement durability and service
life.

7.3 MATERIAL SECTION

A single aggregate source of /% inch nominal maximum aggregate size (NMAS) was employed
to produce asphalt mixtures, designed based on the aggregate gradation specified for Level 3 and
Level 4 mixes in Oregon (ODOT 2019, 2021). Level 3 mixes are designed for the locations
where the anticipated equivalent single axle load (ESAL) is 1 million-3 million, whereas for
ESAL greater than 3 million, Level 4 mixes are recommended (ODOT 2019). Figure 7.1
presents the aggregate gradation of Level 3 and Level 4 mixes used for executing both phases of
the study.

Two base asphalt binders, namely PG64-22 and PG70-22ER, were used in the experimental
work. As per the Oregon Department of Transportation (ODOT) (ODOT 2019, 2021), PG64-22
is used for Level 3 mixes, while PG70-22ER is used for Level 4 mixes, and the same standard
practice has been adopted in the present study. However, as is evident from Figure 7.1, 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 the mix level (Level 3
and Level 4). A similar approach has been followed in a previously published research work by
OSU-AMaP (Sukhija and Coleri 2025a).
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Figure 7.1. Aggregate gradations for Phase I and Phase II

RAP material from distinct sources (RAP1 and RAP2), defined based on the RAP binder content
and true failure temperature, was also incorporated. Additionally, the RAP material was sampled
from two different locations (L1 and L2) within the same stockpile to understand the cause of
variability in the performance of RAP-inclusive asphalt mixtures. Figure 7.2 shows the
representation of these RAP materials, categorized based on the RAP sources and RAP sampling
location. For example, RAPILI refers to RAP source 1 sampled from location 1, and likewise,
the other combinations were defined. Here, RAP2 appears to be more blackish while RAP1 is
more brownish, confirming that RAP2 consists of slightly more binder content. This observation
was validated by determining the binder content using a centrifuge extractor. RAP1 consists of
4.97% of RAP binder, having a true failure temperature of 93.7°C (following the high PG
grading process), while RAP2 exhibits 5.52% RAP binder content and a true failure temperature
of 90.8°C.

All asphalt mixtures were prepared with 30% RAP content and a total binder content of 6% to
maintain consistency and remove variability associated with changes in RAP or binder content,
which falls outside the scope of this component of the study.
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Figure 7.2. Representation of the RAP material used in the present study

7.4 MIX DESIGN AND METHODOLOGY

To produce asphalt mixtures, the asphalt binder is preheated in the draft oven at the mixing
temperature for 2 hours. At the same time, the aggregates are also heated at 10°C higher
temperature than the mixing temperature, while the RAP material is subjected to heating at
121°C (Sukhija and Coleri 2025a). Following the heating process, the preheated materials are
mixed thoroughly using a portable bucket mixer to produce a loose asphalt mixture. Since the
performance testing has to be executed on these samples, the loose asphalt mixtures are exposed
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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 LTA samples.

STA of hot mix asphalt (HMA) samples was carried out by placing the loose mixtures in an oven
for 2 hours at 135°C, following 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. A Superpave
gyratory compactor was used to compact the asphalt mixtures to a thickness of 62 mm, 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.

The Indirect Tensile Cracking tolerance test (IDT-CT) was conducted to assess the cracking
potential, while the Hamburg wheel rut test (HWTT) was employed to study the rutting
characteristics of the asphalt mixtures. The complete experimental matrix of the present study is
illustrated in Table 7.1, whereas the methodology adopted for performance testing is described in
Section 3.4.2 and Section 3.4.3. Notably, four replicates were tested for each mix combination,
and the error bars (one error bar indicates one standard deviation) have been marked in the
figures to reflect the variability within the mix.
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Table 7.1. Experimental Matrix

Study Test RAP B];l(::lzgr RAP SallflAf;n Binder Additives Total
Phase | Method Sources p. 8 Grade Tests
Content Location
Fatigue
Cracking RAPI PG64-
Ph -IDT-CT 22
ase T 30% | 6% and | LlandL2 | 2289 | No Additive | 64
1 and RAP? PG70-
Rutting- 22ER
HWTT
Fatigue .
R t
Cracking RAPI PG64- ejuv.ezn ators
Ph -IDT-CT 22 ’
I;‘se - dc 1 30% | 6% and L1 . Gz;r(l)d Warm Mix | 128
RAP2 | Asphalt: 2
Rutting- 22ER Spiia
HWTT

Note 1: 4 replicates were made for each test method.

Note 2: IDT-CT and HWTT in test methods refer to the Indirect tensile cracking tolerance test and
the Hamburg wheel tracking test, respectively. The performance results of control samples
(without an additive) from Phase I are used for comparison in Phase I1.

7.5 RESULTS AND DISCUSSIONS
PHASE I

7.5.1 Individual Effect of Influential Variables on the Mix Performance

This section provides insight into the effects of binder grade, RAP source, and RAP sampling
location on the cracking and rutting resistance of asphalt mixtures, as represented by the CT
Index and rut depth, respectively. The dataset used for the interpretation was visualized as bar
charts for each binder grade, as shown in Figure 7.3 and Figure 7.4. The average values are
shown with error bars representing one standard deviation. The results were interpreted and
compared across different combinations. For example, when evaluating the effect of binder
grade, the dataset was separated by binder grade, and interpretations were made accordingly.
This approach was consistently applied throughout the discussion, except for the RAP sampling
location, where the dataset was divided based on RAP sources, resulting in four distinct
combinations. The combinations for comparison in RAP1 are RAP1L1 and RAP1L2, while for
RAP2, the combinations are RAP2L1 and RAP2L2. These combinations and their comparative
results will be elaborated in the next sections.
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Figure 7.3. Variation in cracking resistance of asphalt mixtures (a) Mix with PG64-22
binder and (b) Mix with PG70-22ER binder

70 PG64-22 7.0 PG70-22ER
6.0 oLl OL2 I T 6.0 _ OL1 OL2
E 5.0 - LT T 5.0
£ E I £ ] T
~ 4.0 1 1 S 4.0 A T
= ; I <= ] T L
2 3.0 3 = 2, 3.0 - 11
D > ] L
2 2.0 /2.0 1
= E = E
2103 |zl ol g 109 12|18 “ e
0.0 - 0.0 -
RAP1 RAP2 RAP1 RAP2
RAP Source RAP Source
(a) (b)

Figure 7.4. Variation in rutting resistance of asphalt mixtures (a) Mix with PG64-22 binder
and (b) Mix with PG70-22ER binder

Along with the discussion on performance variations, a one-way ANOVA followed by Tukey’s
pairwise post-hoc analysis was carried out to identify the individual differences between the
selected influential parameters. For example, the one-way ANOVA provides whether the
performance differs significantly between the two binder grades without adjusting for other
variables. A similar analysis was conducted for RAP sources and their sampling locations.
Unlike the three-way ANOVA, which accounts for the influence of other factors, one-way
ANOVA assesses the effect of each parameter in isolation. Statistical analysis was conducted at
a 95% confidence level, with the null hypothesis stating that all group means are equal.
Subsequently, Tukey’s post-hoc analysis was used to group the parameters using alphabetical
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symbols. Groups sharing the same letter are statistically similar, whereas groups assigned
different letters indicate statistically significant differences in performance.

7.5.1.1 Effect of Binder Grade

The binder grade plays a critical role in the performance of RAP mixtures due to the
complex interaction and blending required between the virgin and RAP binders. As
illustrated in Figure 7.3 and Figure 7.4, asphalt mixtures prepared with PG64-22 binder
exhibit superior cracking resistance compared to those prepared with PG70-22ER.
Specifically, the reduction in CT Index for PG70-22ER mixtures ranged from 13% to
31%, with RAP2L1 showing the least reduction and RAP2L2 showing the highest. For
RAPI, the use of the stiffer binder resulted in approximately 22% lower CT Index.

Conversely, the trend reversed in terms of rutting performance. Mixtures containing
PG70-22ER demonstrated significantly improved rutting resistance. For instance, PG70-
22ER binder improved rutting resistance by 12%-36% on average, depending on the RAP
combinations (i.e., 12%, 35%, 32%, and 36% for RAP1L1, RAP1L2, RAP2L1, and
RAP2L2, respectively). Even though the variation seems to be more between the binder
grades, the resulting rut depths are far lower than the commonly accepted threshold of
12.5 mm rut depth recommended by various DOTs.

The overall behavior of the asphalt mixtures is clearly represented in the box plots in
Figure 7.5, which summarizes the influence of binder grade on CT Index and rut depth.
The average CT Index drops from 74 for PG64-22 mixes to 58 for PG70-22ER mixes; on
the other hand, the rut depth changed from 4.7 mm to 3.3 mm, respectively. Further
confirmation is provided by the one-way ANOVA and Tukey’s pairwise grouping
presented in Table 7.2. The analysis was conducted without adjusting for any additional
variables, such as RAP source or RAP sampling location, using a 95% confidence level.
The corresponding confidence intervals (CI) are also presented in Table 7.2. A p-value
lower than 0.05 corresponding to both performance parameters suggests that both binders
result in statistically different performance and are therefore categorized into distinct
groups. Here, mixtures with PG70-22ER binder received a ‘B’ ranking due to reduced
cracking resistance. However, in terms of rutting, the ranking shifted to ‘A’ due to their
lower rutting values, which is desirable for a rut-resistant asphalt mix. This effect is
attributed to the stiffer nature of the PG70-22ER binder, which contains a polymeric
network that enhances the matrix stiffness, thereby improving rutting resistance. Similar
trends reported in a previous study emphasize the critical role of selecting an appropriate
virgin binder grade to achieve a durable and high-performing asphalt mixture (Chitnis et
al. 2025; Sukhija and Coleri 2025a).
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Figure 7.5. Effect of binder grade (a) CT Index and (b) Rut depth

Table 7.2. One-way ANOVA and Tukey’s pairwise comparison for the effect of binder
grades on the performance

Rut Rut
. CT CT CT CT Rut Rut
]2::(;: Index | Index Index | Index l();]:;l)l l();]:;l)l Depth Depth
o - -
Mean | 95% CI | Group | P-value Mean | 95% CI Group | P-value
(63.25, (4.28,
PG64-22 81 A .041 4.74 B 0.00
a6 738 84.37) 0.0 5.20)
(48.05, (2.85,
PG70-22ER . B .041 3.29 A 0.00
G70 58.36 68.68) 0.0 3.73)

7.5.1.2 Effect of RAP Source

Note: In terms of alphabetical ranking and performance, A is superior to B.

As evident from Figure 7.3 and Figure 7.4, the mixtures comprising RAP2 delivered
superior cracking resistance and a comparatively higher likelihood of rutting, resulting
from higher CT Index and rut depth. This behavior is consistent for the RAP obtained
from different locations within the stockpile. For instance, the CT Index of RAP2 mixes
was found to be 1.42-1.75 times better than RAP1 mixes, where the virgin binder is
PG64-22. The improvement range changed for the mixes produced using PG70-22ER
binder, indicating 1.35-1.82 times enhancement in CT Index with RAP2. On the other

hand, the rut depth in the mixes consisting of RAP2 ranged from 1.3-1.7 times and 1.2-
1.4 times higher than RAP1 mixes prepared with PG64-22 and PG70-22ER binders,
respectively.

The variation in the range implies the coupling behavior of virgin binder grade and RAP
source, suggesting that RAP source, which is defined based on the available RAP binder
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and RAP binder grade, plays a crucial role in affecting the performance of asphalt
mixtures. Here, the measured binder content for RAP1 is 4.97% and RAP2 is 5.52%,
while the true failure temperature of RAP1 is 93.7°C, which is comparatively stiffer than
the RAP2 binder (90.8°C). Assuming 100% blending and given that the total binder
content in both RAP mixes remains constant with adjustments made to account for the
available RAP binder, the observed variation in the mix behavior may be attributed to the
higher stiffness of the RAP binder. This implies that a softer RAP binder improves the
lubrication (here, RAP2 binder), leading to improved resistance to cracking. The same
behavior was observed in a previous ODOT-funded research study (Obaid et al. 2019)
where different RAP sources were used, and the mix with RAP containing softer RAP
binder improved the flexibility in the mixes, leading to higher cracking resistance.

The impact of softness in the RAP binder is clearly evident through the box plots in
Figure 7.6, where the average CT Index of the asphalt mixtures containing RAP2 is
higher than that of RAP1, and an opposite trend was observed for rut resistance (rut depth
in RAP1 mix < rut depth in RAP2 mix). Similar to the effect of binder grades,
statistically different performance was noted for both the RAP sources, as indicated by
the P-value (0.00) in Table 7.3. Regardless of any other variable, the average CT Index
shifted from 54 (for RAP1 mixes) to 84, whereas the rut depth increased from 3.3 mm
(for RAP1 mixes) to 4.7 mm when the asphalt mixtures were produced with RAP2,
highlighting the influence of RAP source on the performance of asphalt mixtures. Based
on their average performance values, RAP2 was grouped as ‘A’ for superior cracking
resistance, while RAP1 outperformed in terms of rutting resistance and was grouped ‘A’
under rut depth. Since the rut depth was significantly lower than 12.5 mm for both cases,
there is more room for improvement in the cracking resistance by increasing the virgin
binder content. In addition, with such minimal variation in rut depth for different RAP
sources, it can be stated that the RAP source is a key factor influencing cracking
resistance, aligning with previous studies (Saq et al. 2022; Singh and Girimath 2016).
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Figure 7.6. Effect of RAP source (a) CT Index and (b) Rut depth
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Table 7.3. One-way ANOVA and Tukey’s pairwise comparison for the effect of RAP
sources on the performance

cr | cr | cr | cr | RY 0 Rue | Rut
RAP Source | Index | Index | Index | Index (Ifll:n) (Ifll:n) Depth | Depth
o - -
Mean | 95% CI | Group | P-value Mean | 95% CI Group | P-value
(45.87, (2.87,
RAP1 81 B . . A .
53.8 61.75) 0.00 3.33 3.79) 0.00
(74.60, (4.23,
RAP2 4.41 A . 4. B .
8 94.23) 0.00 70 5.17) 0.00

Note: In terms of alphabetical ranking and performance, A is superior to B.
7.5.1.3 Effect of RAP Sampling Location in a Stockpile — Within-Plant Variability

High variability in the RAP material inevitably affects the pavement durability. As per
the review of the literature (Tarsi et al. 2020; West 2015), along with the RAP source, the
location from where the sampling is done also governs the final performance of the
asphalt mixtures containing RAP. From this perspective, the test results were analyzed to
see the effect of RAP sampling location. As can be seen in Figure 7.3 and Figure 7.4, the
RAP sampling location does not follow a consistent trend; rather, the behaviour depends
on the RAP source and its interaction with the virgin asphalt binder. Since two different
virgin binders are considered, the unmodified binder (PG64-22) and the polymer-
modified binder (PG70-22ER), variations in blending mechanisms are expected, resulting
in differing interactions and contributing to the observed inconsistencies.

Box plots with variation in the CT Index and rut depth for different RAP sources and
binder grades are presented in Figure 7.7. With the change in sampling location, the
difference in CT Index ranged from 7 to 11, while it was less than 1 mm in the case of rut
depth. Given the marginal differences in performance parameters across RAP mixes from
different locations within the same stockpile, the influence of RAP sampling location
appears to be less significant compared to the effects of binder grade and RAP source.
This attribution is confirmed through the ANOVA results, which indicate a statistically
insignificant impact of RAP sampling location (P-value > 0.05) for both RAP sources. As
shown in Table 7.4, the P-values for CT Index are 0.397 for RAP1 and 0.761 for RAP2,
while in the case of rut depth, the P-values are 0.588 and 0.669 for RAP1 and RAP2,
respectively. These values suggest the acceptance of the null hypothesis, highlighting that
the performance of the asphalt mixture does not vary significantly with RAP sampling
location within the same RAP stockpile. Consequently, both L1 and L2 are grouped as
‘A’ across all the test scenarios, as demonstrated in Table 7.4. This result proves that
proper RAP management and periodic blending of the RAP materials at the plant using
excavators can significantly reduce within-plant RAP variability. A previous study also
reported consistent properties of RAP material within the stockpiles; however, they
identified noticeable differences in the properties of RAP material obtained from
different sources within a state (Duarte et al. 2025).
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Notably, the effect of RAP source and binder grade remains consistent, irrespective of the
sampling location. For example, PG64-22 binder grade and RAP2 mix result in higher
CT Index and rut depth. However, care should be taken when sampling the RAP, which
is free from undesirable materials and pollutants, including underneath soil, excessive
moisture, and deleterious materials. Additionally, RAP should be stockpiled under
shelters to avoid exposure to direct sunlight and protect the RAP material from heavy
rainfall. These RAP management practices and potential recommendations are critically
reviewed and detailed in a recent review article by OSU-AMaP (Sukhija and Coleri

2025b).
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Figure 7.7. Effect of RAP sampling location (a) CT Index for RAP1 and (b) CT Index for
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Table 7.4. One-way ANOVA and Tukey’s pairwise comparison for the effect of RAP
sampling location on the performance

RAP cr | cr | cr | cr |1 MW Rt | Rut
Sampling Index | Index | Index | Index (ml:n) (ml:n) Depth | Depth
. ° ) ]
Location Mean | 95% CI | Group | P-value Mean | 95% CI Group | P-value

(45.97, (2.67,

RAPI L1 4 A . 23 A 0.588
>7.43 68.94) 0.397 3 3.77)
(41.29, (2.91,

RAPI1 L2 1.1 A 397 3.42 A 0.588
S1L13 60.97) 03 3.94)
(68.87, (3.96,

RAP2 L1 2 A 761 4.83 A 0.669
86.25 103.63) 07 5.69)
(66.39, (3.71,

RAP2 L2 2. A 761 4.57 A 0.669
82.78 99.17) 0.76 5.44)

Note: Means that share the same alphabet are significantly similar.

7.5.2 Statistical and Correlation Analysis

Statistical analysis, using a three-way analysis of variance (ANOVA), was carried out to
evaluate the statistical significance of the selected variables, i.e., binder grade, RAP
source, and RAP sampling location, on the performance of asphalt mixtures. Initially, the
performance tests were conducted, and a dataset was prepared corresponding to each
combination of mixture variables. Thereafter, ANOVA was performed at a 95%
confidence level to test the null hypothesis that all group means are equal. A P-value
below 0.05 indicates that the null hypothesis is rejected, suggesting a statistically
significant effect of the tested variable on performance. Conversely, a P-value above 0.05
suggests insufficient evidence to reject the null hypothesis, indicating no statistically
significant difference among the group means.

According to Table 7.5, the ANOVA results indicate that both binder grade and RAP
source have a statistically significant impact, as evidenced by P-values less than 0.05.
Given that all mixtures had the same total binder content, these findings highlight the
importance of binder stiffness (from both virgin and RAP sources) and their blending
behavior. In contrast, variations in RAP sampling location within the same stockpile did
not produce a significant effect, with P-values of 0.451 and 0.928 for CT Index and rut
depth, respectively. This suggests that RAP can be sampled from any location within a
well-maintained stockpile without substantially affecting performance. However, these
attributions are based on a limited set of mix combinations and should be validated
further using a larger and more diverse dataset.

Along with the ANOVA results in Table 7.5, the Pearson correlation coefficients were
also determined and presented to understand how variations in performance parameters
relate to changes in the identified influential factors (binder grade, RAP source, and RAP
sampling location). A moderate negative correlation was observed between binder grade
and CT Index, with a Pearson correlation of -0.313, implying that cracking resistance
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tends to decrease as binder grade or binder stiffness increases. Nevertheless, a moderate
to strong negative correlation was observed between binder grade and rut depth (Pearson
correlation = -0.642), suggesting that higher binder grades, typically stiffer or polymer-
modified, contribute to improved rutting resistance. On the other hand, the RAP source
shows a positive correlation with both the CT Index (0.61) and rut depth (0.61). While
the increase in the CT Index suggests improved cracking resistance, the corresponding
increase in rut depth is undesirable for rut-resistant asphalt mixtures, highlighting a trade-
off in performance. These changes associated with the RAP source are mostly due to
differences in RAP binder stiffness and its interaction with virgin asphalt binder.
According to the current dataset, the RAP sampling location has a minor impact on both
rutting and cracking behavior, which is consistent with the ANOVA results.

Findings from both the ANOVA and Pearson correlation matrix also highlighted that the
CT Index is primarily affected by changes in RAP source, followed by binder grade,
which emerges as the most influential factor affecting variations in rut depth. These
conclusions are derived based on the higher F-statistics as well as strong Pearson
correlation factors among their counterparts. Apart from the correlation between the
performance parameters and selected influential parameters, there exists very little
interdependency between the selected influential variables, with correlation coefficients
ranging from -0.046 to 0.029. This underscores the importance of isolating their
individual effect in the present study.

Table 7.5. Statistical analysis for the complete dataset, including different binder grades,
RAP source, and RAP sampling location

Source of CT CT CT Index Rut Rut Rut Depth
z:'liaction Index Index Pearson Depth Depth Pearson
v F-Value | P-Value | Correlation | F-Value | P-Value | Correlation
Binder Grade 8.47 0.006 -0.313 64.44 0.000 -0.642
RAP Source 26.75 0.000 0.608 56.75 0.000 0.605
RAP Sampling | ¢ 0.451 20.132 0.01 0.928 20.027
Location
Phase 11

Since the first phase of the study highlights the significance of binder grade and RAP
source on the asphalt mixture performance, it is viable to further understand how
different additives interact with changes in binder grade and RAP source. The effect of
RAP sampling location was excluded from this phase, as its influence on performance
was found to be minimal. This phase of the study focuses on evaluating two warm mix
additives (WMA1 and WMA?2) and two rejuvenators (REJ1 and REJ2). The details on
the chemical characteristics of these additives, and corresponding dosages, are presented
in Table 7.6. Although dosages were adapted from the manufacturers, these were verified
initially, and the results are shown in Chapter 5.0 of the present study. The dosages
supplied by the manufacturer were based on the total binder (virgin + RAP binder), but
added to the virgin binder for blending; hence, for RAP mixtures, these dosages were
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adjusted accordingly to accommodate the effect of the RAP binder using Equation 7.1. If
the additive dosage is not adjusted, it may lead to underestimation because the RAP
binder was not considered in the total binder calculation. A similar process was
recommended by the manufacturer and also used in a previous study for producing
additive-inclusive RAP mixtures (Kumar et al. 2022).

Initially, the asphalt binder was placed in an oven at a specified temperature range (130-
140°C for PG64-22 and 145-155°C for PG70-22ER) for 30 minutes to liquefy it.
Thereafter, the preheated binders (without any additive) were stirred using a countertop
mixer at a speed of 950-1050 RPM for 5 minutes to remove entrapped air and ensure
uniform consistency. Following the stirring of the neat binder, the additives were added,
and the blending process continued for an additional 10 minutes to produce WMA and
rejuvenator-modified asphalt binders.

Adjusted additive dosage (%)
_ Target additive dosage (%) x Total binder content (%)

Total binder content (%) — Binder from RAP (%)

(Equation 7.1)

Both the WMA are chemical-based WMA technologies that allow the production of
asphalt mixtures at lower mixing and compaction temperatures through enhanced coating
and workability. In the present study, WMA mixtures were produced at temperatures
25°C lower than their respective conventional HMA mixtures, while the control and
rejuvenator-inclusive asphalt mixtures were produced at HMA production temperatures,
following the mix design process discussed in an earlier section. The mix design
attributes, including the aggregate gradation, RAP sources, RAP content, binder content,
base binder sources, used for Phase I, were kept consistent for Phase II to avoid any
extraneous variability. As per NCHRP 9-52 (Newcomb et al. 2015), the STA temperature
for WMA mixtures was reduced to 116 °C instead of 135 °C (recommended for HMA
mixtures) to incorporate the effect of reduced ageing; however, the LTA was carried out
in the same way as that of HMA.
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Table 7.6. Qualitative and Quantitative characteristics of selected rejuvenators (REJ1 and
REJ2) and WMA additives (WMA1 and WMA2)

Characteristics REJ1 REJ2 WMAI1 WMA2
. Modified tall Esters,
) Corn oil, fatty : ) phosphoric
. . Tall oil fatty : ) oil, fatty acid, :
Chemical composition ) .. acid residues, ) acid, and non-
acid derivative and alkyl acid
and methyl ester hazardous
phosphate . .
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 0.97 0.92 0.99 0.92-0.96
temperature (g/cm’)
Viscosity, dynamic at
room temperature >118 > 150 487 <250
(centipoise)
Flash point (°C) > 232 > 150 > 181 > 150
lightl
Solubility in water NA NA Insoluble Slightly
soluble
pH value 8.3 53 2.3 2.5
Additi
dditive dosage by 1.5% (2 % for | 1.5% (2 % for 0.5% (0.67
weight of total asphalt 0.5% (0.67 for
. ] RAP1 and RAP1 and for RAP1 and
binder (Adjusted RAPI1 and 0.69
dosage as per 2.07% for 2.07% for for RAP2) 0.69 for
geasp RAP2) RAP2) RA RAP2)
Equation 7.1

7.5.3 Interaction of Additives, Binder, and RAP Source on Cracking Behavior

Figure 7.8 presents the CT index values of asphalt mixtures prepared using different types of
additives and RAP sources with PG64-22 and PG70-22ER binder, respectively. The
incorporation of WMA additives and rejuvenators resulted in varying CT Index values, with the
magnitude of variation influenced by the type of base asphalt binder and RAP source. However,
the difference within the group is marginal, suggesting a significant interaction effect between
the additives, base binder, and RAP source. For instance, in a mixture containing PG64-22
binder and RAP1, the CT Index values for WMA1, WMAZ2, REJ1, and REJ2 were found to be
0.81, 0.91, 1.16, and 1.02 times that of the control mixture (without additives). On the other
hand, for the mix with the same binder but different RAP source (RAP2), the corresponding
ratios increased to 1.03, 1.13, 1.36, and 1.55, respectively. A similar trend was observed for
PG70-22ER binder. For the PG70-22ER (RAP1) case, the control mixture exhibited CT Index
values of 0.70, 0.82, 0.65, and 0.67 times those of WMA1, WMAZ2, REJ1, and REJ2,
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respectively. With PG70-22ER (RAP2), the ratios were 1.03, 0.89, 1.35, and 1.09, respectively,
again highlighting the influence of RAP source and additive interactions. On average, the
addition of WMA yields similar cracking performance to the control mixture, despite a lower
production temperature, while rejuvenator-based RAP mixtures exhibit improved cracking
resistance with a higher CT Index.

The above-mentioned findings warrant further statistical analysis to identify whether these
differences are statistically significant at a 95% confidence level and to classify the groups
accordingly using Tukey’s pairwise post-hoc analysis. The analysis revealed that the CT Index
was influenced by the interaction between the RAP source and base asphalt binder. Within mix
combinations (PG64-22 (RAP1), PG64-22 (RAP2), PG70-22ER (RAP1), PG70-22ER (RAP2)),
the P-value was found to be different, indicating either statistically significant or insignificant
differences in the CT Index values. For instance, P-values of 0.204 for PG64-22 (RAP1) and
0.628 for PG70-22ER (RAP2) exceed the 0.05 threshold, supporting the null hypothesis and
suggesting no significant difference in average CT Index with the incorporation of WMA
additives and rejuvenators. Tukey’s pairwise comparison further confirmed this, as shown in
Figure 7.8, grouping all samples under the same category ‘A’.

On the other hand, with 30% RAP in all the asphalt mixtures as mentioned in the experimental
plan (Table 7.1), the difference in the cracking performance with different additives was
statistically significant for the mix combinations PG64-22 (RAP2) (P-value = 0.027) and PG70-
22ER (RAP1) (P-value = 0.030), as their P-values are less than 0.05. The individual statistical
pairwise comparisons and 95% confidence intervals for CT Index values within mix
combinations are illustrated in Table 7.7. Specifically, in PG64-22 (RAP2), a significant
difference was observed between REJ2 and the control mix (no additive), with a P-value of
0.043. Similarly, in PG70-22ER (RAP1), comparisons of REJ1 and REJ2 with the control mix
yielded P-values of 0.044 and 0.048, respectively. Although these rejuvenator-modified mixes
showed statistically significant differences from the control, they yielded higher CT Index
values, demonstrating improved cracking resistance. Consequently, Tukey’s pairwise
comparison grouped these rejuvenator mixes under the superior category ‘A’.
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Figure 7.8. Cracking behavior of different asphalt mix combinations (a) PG64-22
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Table 7.7. Tukey’s pairwise post-hoc analysis for cracking behavior (CT Index) of WMA and rejuvenator mixtures for both

the RAP sources

Difference of PG64-22 PG64-22 | PG64-22 P(2;§4- PG70-22ER I;g;gg_ PG70-22ER I;g;gg_
| mAs | mAn) | @) Gy | AT | iy | R ke
P-Value P-Value P-Value
WMAL - Control | (-40.38, 15.54) 0.678 | (-46.7,52.0) | 1.000 (-7.47, 50.79) 0.213 | (-58.7,53.9) | 1.000
WMA?2 - Control | (-34.08, 21.84) 0.964 | (-35.2,58.4) | 0.938 | (-15.70, 38.95) 0.715 | (-46.2,66.3) | 0.979
REJ1 - Control | (-17.81, 38.11) 0.812 | (-16.0,82.7) | 0.280 (0.52, 55.17) 0.044 | (-81.6,40.0) | 0.820
REJ2 - Control | (-26.72, 29.20) 1.000 (1.3,100.0) | 0.043 (0.17, 50.37) 0.048 | (-63.1,49.5) | 0.995
WMA2 - WMAL | (-21.66, 34.26) 0.960 | (-37.8,55.8) | 0.975 (-40.3, 20.2) 0.859 | (-43.8,68.7) | 0.955
REJ1 - WMA1 (-5.39, 50.52) 0.152 | (-18.7,80.0) | 0.355 (-24.1, 36.5) 0.973 | (-79.2,42.4) | 0.875
REJ2 - WMA1 | (-14.30, 41.62) 0.598 (-1.4,97.3) 0.059 | (-24.67,31.89) 0.995 | (-60.7,51.8) | 0.999
REJ1 - WMA2 | (-11.69, 44.23) 0.433 (-25.1,68.5) | 0.625 (-12.32, 44.76) 0.461 (-91.6,29.9) | 0.531
REJ2 - WMA2 | (-20.60, 35.32) 0.931 (-7.8, 85.8) 0.128 | (-12.77,40.07) 0.552 | (-73.1,39.4) | 0.879
REJ2 - REJ1 (-36.87, 19.05) 0.872 | (-32.0,66.7) | 0.817 | (-29.00, 23.85) 0.998 | (-46.8,74.8) | 0.949
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To further investigate the improved statistical variation in CT Index values with the addition of
rejuvenators, interaction plots between fracture energy and post-peak behavior (expressed as the
L75/m75 ratio) were developed for PG64-22 (RAP2) and PG70-22ER (RAP1). Here, m75 and
L75 indicate the slope (N/m) and displacement (mm) at the 75% peak load of the post-peak stage
of the load-displacement curve obtained from the IDT-CT test. The results are illustrated in
Figure 7.9, where each color and shape indicates a different mix. According to the figures, since
the CT Index is a function of fracture energy and post-peak behavior, the rejuvenated mixes,
despite exhibiting fracture energy comparable to that of the control mixtures, demonstrated a
higher CT Index. This improvement is attributed to the enhanced ductility, as reflected in the
higher L75/m75 ratio of the rejuvenated mixes compared to the control samples. The L75/m75
ratio, commonly referred to as the Asphalt Flexibility Ratio (AFR), characterizes the ability of a
mixture to sustain deformation beyond crack initiation. Higher AFR values observed in the
rejuvenated mixes indicate a lower post-peak stiffness (gentler slope), enabling the material to
resist crack propagation under repeated loading. This trend is consistent across both mix
combinations (Figure 7.9), suggesting that rejuvenators restore the aged binder’s flexibility and
enhance the mixture’s resilience to cracking. Notably, the increase in AFR with little to no
change in fracture energy implies that after crack initiation, rejuvenated mixes can accommodate
more deformation prior to complete failure, thereby improving overall cracking resistance.

Conversely, the asphalt mixtures with two alphabetic groupings (i.e., ‘AB’) indicate that the mix
is categorized into two groups based on their average CT Index at a 95% confidence level. For
example: mixes such as, REJ1, WMAL1, and WMA?2 in PG64-22 (RAP2) and WMAI1 and
WMAZ2 in PG70-22ER (RAP1) fall under group ‘AB’, suggesting that these mixes perform
statistically similar to both the control mix (group ‘B’) and the rejuvenator-based mixes (group
‘A’), with no significant differences between them. In WMA mixtures, the combined influence
of fracture energy and AFR appeared to balance each other out, resulting in cracking
performance comparable to that of the control asphalt mixtures.
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In general, WMA additives tend to reduce the secondary oxidation of RAP binder at high
temperatures by lowering the mix production temperatures, thereby maintaining the cracking
resistance of asphalt mixtures even at lower production temperatures. Conversely, the addition of
rejuvenators helps improve the blending efficiency between the RAP binder and virgin asphalt
binder and improves the interfacial bonding within the mix composite (Sukhija and Coleri
2025b; c). In addition, rejuvenators enhance the chemical balance of RAP binders by adjusting
the asphaltene-to-maltene ratio and increasing aromatic content (Garcia et al. 2010). This
rejuvenation process softens the aged RAP binder, reducing the overall viscosity of the total
binder, particularly due to the presence of oily composition in the rejuvenators. Consequently,
while rejuvenators improve cracking resistance, the increased binder softness and lower binder
viscosity could impact the rutting characteristics of the asphalt mixtures, which are discussed
next.

7.5.4 Interaction of Additives, Binder, and RAP Source on Rutting Behaviour

Like the variation in CT Index, the rut depth of the mixes also varied considerably with the
inclusion of WMA and rejuvenators. The effect of different additives on the rutting behaviour of
asphalt mixtures with different binder-RAP combinations is shown in Figure 7.10. Across all
mixtures, rut depths ranged between 3.40-4.51 mm for PG64-22 (RAP1), 5.61-6.97 mm for
PG64-22 (RAP2), 3.04-3.77 mm for PG70-22ER (RAP1), and 3.95-6.00 mm for PG70-22ER
(RAP2). These results align with earlier findings, which showed that the mix with RAP2 and
PG64-22 binder exhibited a higher rut depth compared to its counterparts. In addition, the mix
produced with PG70-22ER binder resulted in higher rutting resistance than the mix with PG64-
22 binder, even in the presence of WMA additives or rejuvenators. Notably, the inclusion of
WMA or rejuvenators did not alter the overall trends between RAP sources, reaffirming that
RAPI1 mixtures consistently outperformed RAP2 in rutting resistance.

In most cases, the higher rut depth was observed for the WMA mixtures, followed by the
rejuvenators and control mixtures. The lower rutting resistance in WMA mixtures can be
attributed to reduced binder ageing from lower production temperatures (25°C lower than HMA
or control sample), which results in lower stiffness and load-bearing capacity. Similar
observations were reported in a previous study by Barraj et al. (2022), which found that a
chemical-based WMA agent either exhibited similar rutting resistance or slightly increased rut
depth, depending on the type of asphalt binder, aggregate, and RAP material. With improved
blending efficiency due to the addition of rejuvenators, the difference in the rutting resistance of
rejuvenator-based and control mixtures remains marginal. This observation is consistent with
prior studies (Arafat et al. 2023; Guduru et al. 2021), which demonstrated that rejuvenators
(depending on their type) enhance cracking resistance without significantly compromising
rutting characteristics. However, throughout the test results, the value of rut depth is considerably
lower than the 12.5 mm critical rutting threshold adopted by various state DOTs, and thus, all the
mixtures are classified as rut-resistant mixtures (Chitnis et al. 2025). This highlights the
importance of these additives from the cracking perspective.

Similar to the cracking behaviour, statistically significant variations were observed in several
mix combinations, indicating that the addition of WMA additives and rejuvenators has a
significant influence on rutting resistance. Depending on the type of additive used, the rut depths
were found to be lower, similar, or higher than those of the control mixtures within each mix
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combination set (PG64-22 (RAP1), PG64-22 (RAP2), PG70-22ER (RAP1), and PG70-22ER
(RAP2)). Notably, for PG64-22 (RAP2), the influence of additives on rutting resistance was
statistically insignificant (P-value = 0.131), and all the asphalt mixtures were grouped under a
single category i.e., ‘A’, as presented in Figure 7.10.

In contrast, for the remaining mix combinations, P-values were < 0.05, confirming a statistically
significant effect of WMA additives and rejuvenators on rutting performance. The P-values were
0.023, 0.017, and 0.009 corresponding to the mix combination PG64-22 (RAP1), PG70-22ER
(RAPI1), and PG70-22ER (RAP2), respectively. Based on Tukey’s pairwise comparison, as
shown in Table 7.8, WMA2 in PG64-22 (RAP1) and PG70-22ER (RAP1), as well as WMAI1 in
PG70-22ER (RAP2), exhibited significant differences in rut depth compared to the control
mixture. This is the reason for the distinct group classifications for these mixes (‘B’), as shown
in Figure 7.10.

In particular, WMA allows the production of asphalt mixtures at lower temperatures, resulting in
lower relative stiffness of the mixtures compared to conventional HMA, and can slightly reduce
the rutting resistance. Nevertheless, as already observed, rut depths across all the asphalt
mixtures remained well below the standard threshold of 12.5 mm, confirming their overall high
rutting resistance. Rejuvenator-based asphalt mixtures (REJ1 and REJ2) exhibited statistically
similar rut depths as the control asphalt mixtures across most mix combinations, supporting the
earlier findings that the addition of rejuvenator enhances cracking resistance with a marginal
influence on rutting. In the PG70-22ER (RAP1) combination, REJ1 was found to be significantly
different from WMA2 (P-value = 0.04), placing it in a separate group (Figure 7.10c), however, it
exhibited performance comparable to the control mixture.

228



5.0 PG64-22 (RAP1) 5.0 PG64-22 (RAP2)
. E . E A A
7.0 3 701 4 AJF
~ 6.0 ~ 6.0 { """ 17 Iler """ -
£ 50 R 1 .2
= 4.0 3 || 5 40 3
g; 3.0 § - g 3.0 A
2.0 1 2.0 3
Z 1.0 3 E 1.0 3 = 2N J o &
=7 0°0 -2 0’0 ] |»w o NS v N
> D DN > D DN O
SR R S M-S SRS S M)
SFTFEE SFFTES
(a) (b)
PG70-22ER (RAP1)
8.0 3 8.0 ;
7.0 3 7.0 3
~ 6.0 3 ~ 6.0 3
g 5.0 3 E 501 4
=403 4 AB = 40 3
2 3.0 3 2 3.0 3
2209 8 2.0 :
= 12 5 EES
0.0 1 0.0 -
> D DN O > DD N O
U (A S MY U (S MY
S FTFEE S FTF &
(c) (d)

Figure 7.10. Rutting behavior of different asphalt mix combinations (a) PG64-22 (RAP1),
(b) PG64-22 (RAP2), (¢) PG70-22ER (RAP1), and (d) PG70-22ER (RAP2)

Note: The dotted line represents the upper and lower bounds of the control samples.
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Table 7.8. Tukey’s pairwise post-hoc analysis for rutting behaviour (Rut Depth) of WMA and rejuvenator mixtures for both
the RAP sources
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7.5.5 Discussion on Phase I and Phase 11

The results of both phases of the study underscore the importance of mix variables, including the
binder grade, RAP source, and RAP sampling location, on the cracking and rutting behavior of
asphalt mixtures. It also highlights the variability introduced by WMA additives and
rejuvenators, showing how their performance depends on interactions with these mix variables.
In the above sections, the experimental results and the comparison of cracking and rutting
potential were based on the average values obtained in the present study. Considering the
variability within the results (as shown by the error bars) for each mix combination, it can be
stated that the addition of WMA and rejuvenators either performed similarly or resulted in
improved performance compared to control asphalt mixtures. For almost all combinations, the
CT Index and rut depths fall within the upper and lower bounds of the control mixtures (Figure
7.8 and Figure 7.10).

Although there is a significant impact of binder grade and RAP sources, the present study
indicated that these variations remain consistent with the inclusion of additives such as WMA
and rejuvenators. Figure 7.11 shows the complete performance results derived in the present
study. For instance, irrespective of the additive, the mix with RAP2 and PG64-22 binder offered
improved cracking resistance, but the lowest rutting resistance compared to its counterparts. This
is due to the softer binder grade of RAP binder (compared to RAP1) as well as virgin binder
(compared to PG70-22ER).
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Figure 7.11. Complete performance dataset and the corresponding ranking between
different asphalt mixtures based on the performance parameters (a) CT Index and (b)
Rut Depth
Note: Numbers on the bars indicate the ranking of the asphalt mixtures within their group.
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Apart from the suitability of additives and their interaction with mix variables, it was found that
the improvement in cracking resistance was primarily due to the increase in the AFR. Table 7.9
shows an example from the current dataset, wherein both the mixes exhibit almost similar
fracture energy but differ in CT Index values, and consequently, the cracking resistance,
particularly due to the variations in AFR value. In other words, the CT Index showed greater
sensitivity to AFR values compared to fracture energy. Similar variations were observed in other
mix combinations, but they are not presented here for brevity.

Table 7.9. Sensitivity of CT Index to fracture energy and AFR

Mix Combination CT Index Fracture Energy (J/m?) AFR
PG70-22ER (RAP1)- Control 51.39 9713.63 0.79
PG70-22ER (RAP1)- REJ1 79.23 9725.86 1.22

To support this attribution, Figure 7.12 presents the relationship between these test parameters.
As perceived, different mix combinations exhibit varying AFR and CT Index values, while
fracture energy remains relatively consistent across all asphalt mixtures. The correlation analysis
revealed an R? value of 0.5 and a negative Pearson coefficient (-0.66) between CT Index and
fracture energy, indicating an unexpected trend where higher fracture energy corresponds to
lower CT Index. These findings align with a couple of previous studies (Kaseer et al. 2018; Li et
al. 2024; Sukhija et al. 2024), wherein fracture energy showed poor correlations with other
cracking test parameters, suggesting that fracture energy alone is not suitable for reflecting the
cracking performance of asphalt mixtures. On the other hand, the correlation between CT Index
and AFR yielded an R? of 0.97 and a Pearson coefficient of 0.98, offering a strong positive
relationship. This suggests that CT Index values and cracking resistance are relatively more
dependent on the AFR, with higher AFR values leading to improved cracking performance.
These findings align with previous studies (Leavitt et al. 2024; Yadav and Saboo 2025),
supporting AFR as a reliable indicator for quantifying the cracking resistance of asphalt
mixtures.
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Figure 7.12. Correlation between cracking test parameters (a) Fracture energy and CT
Index, and (b) Asphalt flexibility ratio and CT Index
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7.6

CONCLUSIONS

The key findings of the study are as follows:

1.

Statistical analysis indicated significant variation in the performance of asphalt mixtures with
the change in binder grade (P-value = 0.006 for CT Index and 0.00 for rut depth) and RAP
source (P-value = 0.00 for both CT Index and rut depth), while RAP sampling location
(within-plant variability) had no statistically significant effect (P-value exceeds 0.05).

Mixes prepared with PG64-22 and RAP2 consistently demonstrate superior cracking
resistance but lower rutting resistance, regardless of the RAP sampling location. In contrast,
PG70-22ER reduced CT Index by approximately 13—31% and enhanced rutting resistance by
12-36%, depending on the RAP source and sample location.

Attributable to the softer RAP binder in RAP2, CT Index values were 1.35-1.85 times
higher, while rut depths were 1.2—1.7 times greater compared to RAP1 mixtures. These
differences led to the statistical grouping of RAP1 and RAP2 into distinct categories, as
confirmed by Tukey’s pairwise post-hoc analysis.

Although CT Index and rut depths varied with the addition of WMA additives and
Rejuvenators, the overall trends between RAP sources remained unaltered, reaffirming that
RAP1 (the source with the stiffer RAP binder) mixtures demonstrated better rutting
resistance but lower cracking resistance than RAP2 mixtures. This result emphasized the
importance of RAP binder stiffness on the overall performance of the mixture.

Rejuvenator-modified mixtures exhibited statistically significant improvements in CT Index
compared to the control, reflecting enhanced cracking resistance (P-value < 0.05). However,
their impact on rutting was marginal, as evidenced by small differences in rut depth and
confirmed by statistical analysis (P-value > 0.05).

Due to reduced oxidative ageing at lower production temperatures, WMA mixtures exhibited
similar or higher rut depths than the control, depending on the interaction with the base
binder and RAP source. Despite this variation, their CT Index values belonged to the same
statistical group as the control mixtures, indicating no significant difference in cracking
resistance.

The variability in CT Index values with the inclusion of WMA additives or rejuvenators is
strongly governed by changes in the AFR (L75/m75) parameter. This underscores the critical
role of post-peak behavior in the IDT-CT load-displacement curve. A strong correlation (R?
= 0.97; Pearson coefficient = 0.98) confirms that the CT Index is more sensitive to AFR than
to fracture energy.
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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.
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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
. . Mix Design .
Highways Region Base Binder RAP Content
Level
US-97 North Oregon Level 3 PG64-22 40%
OR-140 South Oregon Level 3 PG64-22 40%
1-84 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°C than the conventional HMA

mixtures.

Note 2: Strategic techniques include Control, WMAI, WMA2, REJI, 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.

0&‘

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 WMAI1 WMA2
Com oil, fatty | Modified tall oil, | P
. . Tall oil fatty acid | acid residues, fatty acid, and Phosp
Chemical composition . . acid, and non-
derivative and methyl alkyl acid
ester hosphate hazardous
Phosp 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 0.97 0.92 0.99 0.92-0.96
temperature (g/cm’)
Viscosity, dynamic at
room temperature >118 > 150 487 <250
(centipoise)
Flash point (°C) > 232 > 150 > 181 > 150
Solubility in water NA NA Insoluble Slightly
soluble
pH value 8.3 53 2.3 2.5
Supplier-recommended
dosage by weight of 1.5% 1.5% 0.5% 0.5%
total asphalt binder

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.

Adjusted additive dosage (%)
_ Target additive dosage (%) x Total binder content (%)

Total binder content (%) — Binder from RAP (%)

(Equation 8.1)
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8.2

PROPOSED TEST PLAN

. 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.

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 WMA?2) and
rejuvenators (REJ1 and REJ2).

. 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.

. Field Coring and Laboratory Testing: Perform coring of field-constructed sections and

subject the samples to laboratory testing to evaluate in-field performance.

. Performance Monitoring: Conduct periodic monitoring of the constructed sections to

track performance over time, with emphasis on rutting, cracking, roughness, and other
surface distresses.

. 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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9.0 SUMMARY, CONCLUSIONS, AND FUTURE DIRECTIONS

During the past decade, concerns about potential premature pavement failures, including issues
related to long-term performance, material consistency, binder stiffening, blending efficiency,
compatibility, and environmental impacts from higher production temperatures, have slowed the
adoption of higher RAP contents in asphalt mixtures across the U.S. Since then, the lower
amount of RAP content, ranging from 10-30% has been adapted for recycling purposes in most
of the states. However, the pressure from the environmental aspects, coupled with the increased
price of natural aggregates and asphalt binders, urges the asphalt industries and agencies to
utilize higher RAP contents. Thus, researchers found various strategic techniques and RAP
management schemes that can be adapted to incorporate the RAP material in high proportions
with desirable performance. The comprehensive review of the research studies in the literature,
which showed the benefits of these measures, has been compiled and summarized in Chapter 2.0
of the present study. The adequate performance at high RAP content tends to instill confidence in
engineers to use high RAP (preferably > 25%) in pavement material production. This recent
momentum for increased RAP recycling could be a major step toward achieving carbon
neutrality for the paving industry and its agencies, thereby enhancing sustainability in terms of
pavement longevity, as well as environmental and economic benefits.

Given the growing emphasis on recycling and sustainability in Oregon, several objectives of this
study were outlined in Chapter 1.0. These include evaluating mixture performance in terms of
rutting and cracking, as well as assessing the associated economic and environmental impacts.
This study also considers the effects of material variability, including RAP source differences
and in-plant variability arising from stockpile location within a single RAP stockpile. In addition,
this research study investigated how strategic techniques, such as rejuvenators and warm mix
asphalt (WMA) additives, interact with these factors. Collectively, these evaluations provide
valuable insights into effective RAP management strategies for producing high-RAP mixtures.

The present study aims to implement strategic measures to enhance RAP utilization, focusing on
both mix design modifications, such as increased binder content and binder grade bumping, and
the use of additives, including rejuvenators and WMA technologies. The objective is to increase
the allowable RAP content in Oregon from the current limits of 30% in Level 3 and 20% in
Level 4 to 40% in Level 3 and 30% in Level 4, while ensuring satisfactory performance. Key
challenges, including the selection of appropriate additives and their dosages, determining
reliable production temperatures, and other associated factors, were carefully considered.

Two asphalt binders were utilized throughout the study: PG64-22 for Level 3 mixtures and
PG70-22ER for Level 4 mixtures. In addition, two rejuvenators (REJ1 and REJ2) and two WMA
additives (WMA1 and WMA2) from two different producers were incorporated as strategic
techniques to facilitate higher RAP utilization. A series of experiments was conducted, including
the Indirect Tensile Cracking Tolerance Test (IDT-CT) to evaluate cracking resistance, the
Hamburg Wheel Tracking Test (HWTT) to assess rutting performance, and Superpave Gyratory
Compactor (SGC) testing to evaluate mixture workability, while statistical analyses were
performed to understand the significance of the influencing variables. The in-depth details on the
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materials used and the test methodology are presented in Chapter 3.0. This chapter also includes
a discussion on the characterization of asphalt binders with and without WMA and rejuvenators.

This study highlights the impact of key factors, including binder content, RAP content, and
binder grade, on the performance of RAP mixtures. As demonstrated in Chapter 4.0, adjustments
in binder content and binder grade were shown to be effective in producing durable high-RAP
mixtures with RAP levels beyond the current allowable limits in Oregon (20—30%).

Based on these findings, Chapter 5.0 examines additional strategic measures, including the use of
rejuvenators and WMA additives. Several concerns related to their application, such as the
selection of optimal dosages and the identification of reliable production temperatures for WMA
mixtures, were addressed through workability assessments using the SGC. Once these variables
were established, the feasibility of incorporating rejuvenators and WMA additives was evaluated
through performance testing, with the goal of enabling a 10% increase in RAP content in ODOT
mixtures.

Following the performance evaluation, Chapter 6.0 presents a cradle-to-gate life cycle
assessment (LCA) and cost-effectiveness analysis to quantify the economic and environmental
implications of higher RAP utilization and the adoption of strategic measures.

Finally, Chapter 7.0 explores the impact of RAP variability (within-plant and between-plants) on
mixture performance. Two binder grades, two RAP sources, and two RAP sampling locations
within the same stockpile were considered to broaden the applicability of the findings. Strategic
techniques, including rejuvenators and WMA technologies, were also evaluated to determine
how their effectiveness varied with RAP source and binder grade. A tentative plan for the field
pilot section construction and performance assessment is also provided in Chapter 8.0.

9.1 KEY CONCLUSIONS

The conclusions derived from this comprehensive research study are as follows:
9.1.1 Material Characterization

e Fourier Transform Infrared Spectroscopy (FTIR) of the additives confirmed the presence of
esters in rejuvenators, which aids in restoring the maltene content of RAP binder and thereby
enhancing the rejuvenation effect. On the other hand, WMA comprises ether-related peaks in

FTIR, underscoring their benefits on the interfacial bond between aggregate and asphalt
binder.

e The warm-mix asphalt binders mainly showed physical mixing with the additives, while the
rejuvenator binders showed signs of chemical reactions. One binder with added polymer
(PG70-22ER) showed clear structural changes from the polymer’s effect.

e Rheological characterization revealed that the WMA behaves similarly to the base asphalt
binders, while the application of rejuvenators imparts softness in both the binders, leading to
a lower value of softening temperature in the Binder Fast Characterization Test (BTSV). The
high-temperature performance grade, indicating the deformation resistance, of the base
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asphalt binders was also found to be affected by the addition of the rejuvenators. These
characteristics are expected to improve the condition of highly oxidized RAP binder for its
utilization in the production of asphalt pavements.

9.1.2 Adjustment in mix design attributes

Preliminary analysis indicates that the performance of RAP mixtures depends on binder
content, RAP content, and binder grade, and among all the factors, binder content is the most
influential contributor, representing 58% of the contribution in the case of the CT Index and
76% for varying the rutting characteristics.

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. However, it is worth noting that none of the
mixes evaluated in this study exhibited a tendency to fail due to rutting, even at high additive
or binder content levels. Thus, the benefits created in terms of improved cracking resistance
should be considered more critical.

Performance test results reflect that correct adjustment in the mix design attributes, including
the binder content and grade, can be used as strategic techniques to improve RAP utilization
by 10%. Based on the findings, increasing the binder content by 0.5% or bumping the binder
by one grade increases the CT Index (cracking resistance) and rut depth (rutting
susceptibility). Tukey's analysis shows that a further increase in RAP content (say, 20% from
the current allowable limits) does not enhance cracking resistance, though it does improve
the rutting resistance. This necessitates further adjustment in the binder content or the binder
grade accordingly.

9.1.3 Temperature Sensitivity, Dosage Optimization, and Performance

Evaluation

Even when the production temperature was lowered by 25 °C, the WMA mixtures with 30%
recycled material still worked well, similar to those made at normal hot-mix temperatures
without any additives. Lowering the temperature further reduced workability slightly, but the
effect depended on the type of additive used and the level of reduction in the temperature.
Adding a small amount of WMA additives (0.5% by weight of total binder) made it possible
to include about 10% more recycled material without losing workability, even at lower
production temperatures. Similarly, using rejuvenators (1.5 % by weight of total binder)
helped soften the aged binder in the recycled material, improving mix workability even with
higher RAP content than normally allowed.

The optimum dosages determined in this study, 0.5% for WMA (at 25 °C reduced
temperatures) and 1.5% for rejuvenators, aligned with manufacturer recommendations. Both
additives enhanced workability, though rejuvenator-modified mixtures consistently showed
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higher WEI values than WMA-modified ones at equivalent RAP levels. Nevertheless, all
modified mixtures were statistically comparable (P > 0.05) to their respective reference
mixtures at current RAP limits. The optimized dosage and production temperatures for
different mixes are presented in Table 9.1.

Table 9.1. Optimized additive dosages and production temperatures of the asphalt
mixtures for performance evaluation

Test Additive Temperatur Mix Level 3 | Level 3 | Level 4 | Level 4
Samples Dosages Peratir | nraterial MT CT MT CT
e Condition
gz;‘et:e";ce No HMA Asphalt 153- 140- 165- 152-
Additive Binder 160°C | 145°C | 171°C | 157°C
Samples
Control
No 163- 140- 175- 152-
Reference Additive HMA Aggregate | o000 | 450c | 181°C | 157°C
Samples
1.5% by
Rejuvenator | weight of HMA Asphalt 153- 140- 165- 152-
Samples the total Binder 160°C | 145°C | 171°C | 157°C
binder
1.5% by
Rejuvenator | weight of 163- 140- 175- 152-
Samples the total HMA | Aggregate | 17000 | 1450c | 181°C | 157°C
binder
0.5% by
WMA weight of WMA Asphalt 128- 115- 140- 127-
Samples the total | (HMA-25°C) | Binder 135°C | 120°C | 146°C | 132°C
binder
0.5% by
WMA weight of WMA A 138- 115- 150- 127-
Samples the total | (HMA-25°C) | B8 | 1450 | 120°C | 156°C | 132°C
binder

Note: In all the mixtures, RAP was heated to 121°C 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).

e At optimum dosages, both rejuvenators and WMA additives enabled a 10% increase in RAP
content while maintaining satisfactory cracking and rutting performance. These changes can
be attributed to modifications in the asphaltene-to-maltene ratio and enhanced binder
flexibility with rejuvenators, or to reduced production temperatures and mitigated ageing
effects with WMA.

e Statistical analysis indicated that nearly all high RAP mixtures performed comparably to or
better than the control mixtures, with the sole exception of WMA2 at 6% binder content in
Level 4 mixtures, which showed a slight reduction in both cracking and rutting performance.
These findings confirm that RAP contents can be increased by about 10% beyond current
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allowable limits through the use of rejuvenators or WMA technologies, with the rate and
extent of improvement influenced by mix design level, binder content, and binder grade.
With a little adjustment in the mix design attributes and additives dosages, RAP proportions
could be increased even more than the current expectations (say, 50% in Level 3 and 40% in
Level 4). However, those additives generally do not provide significant improvements in
cracking resistance when the binder content is low at around 5.5% or lower. For this reason,
the thresholds for the recently proposed BMD approach should be modified to achieve a
binder content of at least 6% for both Level 3 and Level 4 mixtures.

Among the evaluated strategies, rejuvenators consistently outperformed WMA additives,
with the ranking order: REJ1 > REJ2 > WMA1 > WMAZ2. REJ1 provided the best balance
of cracking resistance and rutting performance, followed by REJ2, while WMA performed
better than WMAZ2. This can be clearly depicted in the ranking table shown below (Table
9.2).

Table 9.2. Average ranking of the strategic techniques for high RAP mixtures

Strategic Level 4 Level 4 Level 3 Level 3 Average Rank
Techniques CT Index | Rut Depth | CT Index | Rut Depth
WMA1 3 3 2 3 3
WMA2 4 4 4 4 4
REJ1 1 1 1 1 1
REJ2 2 2 3 2 2

9.1.4 Economic and Environmental Burdens

Preliminary analysis showed that all key mix design attributes, binder type, binder content,
and RAP content, affect greenhouse gas (GHG) emissions, though their relative influence
varies by emission category. For instance, in the case of global warming potential (GWP),
binder content was the most significant factor, while RAP content had the greatest impact on
Ozone depletion potential (ODP).

Within the cradle-to-gate system boundary, the material production stage contributed the
largest share of emissions (49—72%), followed by the mix production stage (16—32%) and
transportation (10-22%). In contrast, for ODP, transportation accounted for the majority of
emissions (61%). The contributions of different phases are shown in Figure 9.1.
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Figure 9.1. Contribution of different cradle-to-gate phases to the total GHG emissions

In Level 3 mixtures, WMA technologies lowered total GWP by 7-8% compared to control
mixtures, primarily due to reduced burner fuel and oil heating from lower production
temperatures. In Level 4 mixtures, the most environmentally favourable strategy was binder
grade bumping, which achieved about a 12% GWP reduction by replacing polymer-modified
PG70-22ER with unmodified PG64-22, thereby avoiding the higher emissions associated
with polymer modification. This was followed in effectiveness by WMA, rejuvenators, and
increased binder content.

RAP pricing significantly influenced overall cost and the cost-effectiveness of different
strategies, as illustrated in Table 9.3. At $30/ton, only binder grade bumping and WMA
technologies were cost-effective in Level 4 mixtures, while no strategies were economical in
Level 3. However, reducing the RAP price to $17.5/ton resulted in cost savings for all
strategies (improvements ranging from 1% to 14.7%), depending on mix design level and
selected strategy, underscoring the importance of carefully evaluating RAP material costs
during decision-making.
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Table 9.3. Percent change in total cost relative to control mixtures based on the cost of RAP

material
Mix Design Level | Strategic Techniques | RAP Cost 30$/ton | RAP Cost 17.5%/ton
Level 3 Increased Binder Content 1.40% -1.50%
Level 3 WMAI1 1.30% -1.60%
Level 3 WMA2 0.30% -2.70%
Level 3 REJI 1.80% -1.00%
Level 3 REJ2 1.50% -1.40%
Level 4 Increased Binder Content -0.30% -3.00%
Level 4 Binder Grade Bumping -11.40% -14.70%
Level 4 WMAI -0.90% -3.70%
Level 4 WMA2 -0.60% -3.30%
Level 4 REJ1 0.60% -2.10%
Level 4 REJ2 0.90% -1.80%

Note: Positive value indicates an increase in cost, while a negative value indicates a reduction in cost.

9.1.5 RAP Management Strategy: Effect of RAP Source and In-plant

Variability

Findings demonstrated significant influence of binder grade and RAP source on the
performance of asphalt mixtures, whereas RAP sampling location (within-plant variability)
showed no significant impact, as performance metrics across locations largely overlapped.

Despite varying significance levels, rejuvenator and WMA mixtures showed consistent
trends. Specifically, the combination of PG64-22 binder and RAP Source 2 produced the
most favorable performance outcomes in terms of both cracking and rutting. Due to the softer
binder in RAP2, CT Index values were 1.35—1.85 times higher, whereas rut depths were 1.2-
1.7 times greater compared to RAP1 mixtures. This result highlights the importance of RAP
binder properties in achieving a high-performance mix.

While the measured CT Index and rut depths varied with the use of WMA additives and
rejuvenators, the relative trends between RAP sources remained consistent. RAP1 mixtures
showed better rutting resistance but lower cracking resistance than RAP2. Rejuvenators
significantly improved the CT Index, enhancing cracking resistance with minimal effect on
rutting. In contrast, WMA mixtures, influenced by reduced oxidative ageing at lower
production temperatures, exhibited similar or slightly higher rut depths than the control,
while their CT Index values remained statistically comparable. These additives enhanced the
ductility and flexibility of the asphalt mixtures, contributing to better cracking resistance with
acceptable rutting levels (< 12.5 mm).

Variability in CT Index with WMA or rejuvenator inclusion was strongly governed by the
Asphalt Flexibility Ratio (AFR) (L75/m75) parameter, highlighting the importance of post-
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peak behavior (the behavior after crack initiation) in the IDT-CT load—displacement curve.
An example showing the sensitivity of the CT Index is presented in Table 9.4. A strong
correlation (R? = 0.97; Pearson = 0.98) confirmed that the CT Index is more sensitive to AFR
than to fracture energy.

Table 9.4. Example of the sensitivity of the CT Index to fracture energy and AFR

Mix Combination CT Index Fracture Energy (J/m?) AFR
PG70-22ER (RAP1)- Control 51.39 9713.63 0.79
PG70-22ER (RAP1)- REJ1 79.23 9725.86 1.22

9.2

CONTRIBUTIONS OF THE STUDY

The key contributions of the research work are as follows:

The study provides insights into adjustments in mix design attributes and their suitability for
high RAP incorporation. A comprehensive evaluation demonstrated how strategic
techniques, such as rejuvenators and WMA additives, interact with asphalt binders and
aggregates under varying conditions of binder grade, binder content, and RAP source.
Figure 9.2 presents the comparison of the performance of all the high RAP mixtures
prepared using different strategic techniques adopted in the present study. As per the results,
the use of these strategic techniques enables 10% higher RAP material than the current
allowable limit in Oregon, with REJ1 showing the superior balanced performance in terms
of cracking and rutting. These findings were validated through rigorous statistical analyses.
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Figure 9.2. Comparison of performance of high RAP mixtures prepared using different
strategic techniques adopted in the present study (a) CT Index and (b) Rut depth
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e A promising methodology was recommended for optimizing the dosage of WMA additives
and rejuvenators, as well as identifying reliable WMA production temperatures using a
workability-based approach.

e Findings revealed that the application of WMA technologies can reduce the production
temperatures by 25 °C, ensuring satisfactory performance as that of conventional hot mix
asphalt, despite higher RAP proportions. Their use was also found to be cost-effective and
environmentally friendly.

e A cradle-to-gate life cycle assessment (LCA) was conducted to evaluate the environmental
implications of increased RAP usage and strategic measures. The cost-effectiveness analysis
revealed that RAP cost significantly influences the overall material costs for all strategies,
underscoring the need for careful consideration by decision-makers.

e The research determined the influence of RAP source and in-plant variability, highlighting
how these factors affect mixture performance, particularly when WMA additives and
rejuvenators are integrated. The stiffness of the RAP binder (which varies from source to
source) significantly affects the cracking performance of the produced asphalt mixtures.

9.3 FUTURE DIRECTIONS

Comprehensive testing confirmed the feasibility of increasing RAP and suggested the possibility
of achieving a higher RAP percentage, but further exploration is required. Some of the future
directions include:

e Determine the impact and consequences of very high RAP mixtures (say, 50% in Level 3
and 40% in Level 4) using the strategic techniques discussed in this study. This would
provide more clarification on the effectiveness of the strategic techniques and their
capability of improving RAP utilization in asphalt mixtures with desirable performance.

e Conduct detailed evaluations of WMA- and rejuvenator-modified binders to better
understand the interaction mechanisms among virgin binder, RAP binder, aggregates, and
additives, thereby clarifying their influence on mixture performance trends.

e Although the benefits of strategic measures were identified across binder contents in this
study, future work should integrate the BMD framework to more comprehensively assess
mix performance attributes.

e Since RAP mixture performance depends on RAP source, binder grade, and binder content,
it is recommended to include multiple material sources and aggregate gradations in the
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experimental design. This will improve the insights and validate the conclusions of the
present study. It is expected that the stiffness of the RAP binder is highly influential on the
long-term cracking resistance of the asphalt mixtures.

Construct and monitor field trial sections incorporating the promising strategies identified in
this work. Long-term performance monitoring will be crucial for validating laboratory
findings under real-world conditions. As a part of the present research work, a tentative
conceptual pilot section construction and performance monitoring plan is also provided in
Chapter 8.0.

Plant-level investigations are crucial for understanding RAP blending and the interactions
between asphalt binder, aggregates, and potential additives. These studies provide valuable
insights into their effectiveness and help clarify the underlying mechanisms of their
performance. Future research should focus on expanding plant-level evaluations to optimize
these interactions and to better understand how they influence the workability and long-term
performance of asphalt mixtures

While this study focused on Oregon mixes, the framework and statistical analysis approach

can be applied by other DOTs and agencies to evaluate the suitability of strategic techniques
for high-RAP mixture production.

251



252



10.0 REFERENCES

AASHTO M 323.2022. AASHTO M323-22: Standard Specification for Superpave Volumetric
Mix Design. American Association of State and Highway Transportation.

AASHTO R59. 2022. “Standard Specification for Recovery of Asphalt Binder from Solution by
Abson Method.” American Association of State and Highway Transportation Officials,
1-5.

AASHTO T 324. 2023. “Standard Method of Test for Hamburg Wheel-Track Testing of
Compacted Asphalt Mixtures.” American Association of State Highway and
Transportation Officials.

AASHTO T164. 2014. AASHTO T 164 : Standard Method of Test for Quantitative Extraction of
Asphalt Binder from Hot Mix Asphalt (HMA). AASHTO T 164.

AASHTO T308. 2022. “Standard Method of Test for Determining the Asphalt Binder Content of
Asphalt Mixtures by the Ignition Method.” American Association of State Highway and
Transportation Officials.

AASHTO T315. 2020. “Standard method of test for determining the rheological properties of
asphalt binder using a dynamic shear rheometer (DSR).” AASHTO, 1-32.

AASHTO T319. 2022. Standard Method of Test for Quantitative Extraction and Recovery of
Asphalt Binder from Asphalt Mixtures. American Association of State and Highway
Transportation Officials.

AASHTO T53. 2022. AASHTO T53: Standard Method of Test for Softening Point of Bitumen
(Ring-and-Ball Apparatus).

Abdalla, A., A. F. Faheem, and E. Walters. 2022. “Life cycle assessment of eco-friendly asphalt
pavement involving multi-recycled materials: A comparative study.” Journal of Cleaner
Production, 362 (June): 132471. Elsevier Ltd.
https://doi.org/10.1016/j.jclepro.2022.132471.

Abed, A., N. Thom, and J. Grenfell. 2019. “A novel approach for rational determination of warm
mix asphalt production temperatures.” Construction and Building Materials, 200: 80-93.
Elsevier. https://doi.org/10.1016/J. CONBUILDMAT.2018.12.082.

Abreu, L. P. Fr. asphalt mixtures produced with high percentage of different waste materials, J.
R. M. Oliveira, H. M. R. D. Silva, and P. V Fonseca. 2015. “Recycled asphalt mixtures
produced with high percentage of different waste materials.” Construction and Building
Materials, 84: 230-238. Elsevier Ltd. https://doi.org/10.1016/j.conbuildmat.2015.03.063.

253



Aeron, P., N. Saboo, and P. Aggarwal. 2024. “Effect of optimum rejuvenator dosage on the
performance of 100% recycled asphalt binder.” Mechanics of Time-Dependent Materials,
28 (4): 2451-2470. Springer Nature. https://doi.org/10.1007/S11043-023-09638-
4/METRICS.

AGPTO04B. 2014. Guide to Pavement Technology. Part 4b Asphalt. Sydney, Australia.

Ahmed, R. B., and K. Hossain. 2020. “Waste cooking oil as an asphalt rejuvenator: A state-of-
the-art review.” Construction and Building Materials, 230: 116985. Elsevier Ltd.
https://doi.org/10.1016/j.conbuildmat.2019.116985.

Ailing, Y., H. Fangyuan, H. Runshu, and W. Leiting. 2019. “Application of RAP Variability
Control in Plant-Mixed Hot Regeneration of Asphalt Pavement.” IOP Conference Series:
Earth and Environmental Science, 371 (3): 1-7. https://doi.org/10.1088/1755-
1315/371/3/032055.

Albayati, A. H., A. M. Mohammed, M. J. Al-Kheetan, A. F. Al-ani, N. K. Oukaili, M. M.
Moudhafar, M. Sukhija, Y. S. Jweihan, and S. H. Ghaffar. 2025. “Performance
enhancement of natural asphalt using waste-derived modifiers: Sugarcane molasses and
waste engine oil.” Cleaner Waste Systems, 11: 100261. Elsevier.
https://doi.org/10.1016/J.CLWAS.2025.100261.

Albayati, A., H. A.- Mosawe, and M. Sukhija. 2023. “Appraising the synergistic use of recycled
asphalt pavement and recycled concrete aggregate for the production of sustainable
asphalt concrete.” Case Studies in Construction Materials, 19 (€02237). Elsevier Ltd.
https://doi.org/10.1016/j.cscm.2023.e02237.

Albayati, A., and M. Sukhija. 2024. “Univariate and Multivariate Exploration of Resilient
Modulus for Warm Mix Asphalt Mixtures.” Journal of Testing and Evaluation, ASTM.
https://doi.org/10.1520/JTE20230426.

Ali, A., A. Abbas, M. Nazzal, A. Alhasan, A. Roy, and D. Powers. 2014. “Workability
Evaluation of Foamed Warm-Mix Asphalt.” Journal of Materials in Civil Engineering,
26 (6): 04014011. American Society of Civil Engineers (ASCE).
https://doi.org/10.1061/(ASCE)MT.1943-5533.0000904/ASSET/20901608-BE28-46ES8-
A87F-43461010D66B/ASSETS/IMAGES/LARGE/FIGUREG6.JPG.

Ali, H. A., L. Mohammad, M. Mohammadafzali, F. Haddadi, M. Akentuna, G. Sholar, H.
Moseley, W. Rilko, and C. Allen. 2021. “Investigating the Effect of Degree of Blending
on Performance of High RAP Content Mixtures.” Journal of Materials in Civil
Engineering, 33 (4). https://doi.org/10.1061/(asce)mt.1943-5533.0003621.

Alisov, A., C. Riccardi, J. Schrader, A. Cannone Falchetto, and M. P. Wistuba. 2020. “A novel
method to characterise asphalt binder at high temperature.” Road Materials and
Pavement Design, 21 (1): 143—155. Taylor & Francis.
https://doi.org/10.1080/14680629.2018.1483258.

254



Alizadeh, M., P. Hajikarimi, and F. Moghadas Nejad. 2025. “Advancing asphalt mixture
sustainability: A review of WMA-RAP integration.” Results in Engineering, 25: 103678.
Elsevier. https://doi.org/10.1016/J.RINENG.2024.103678.

Alsalihi, M., and A. Faheem. 2020. “Compaction and Performance of Warm-Mix Asphalt with
High-Reclaimed Asphalt Pavement.” Journal of Materials in Civil Engineering, 32 (4):
1-11. https://doi.org/10.1061/(ASCE)MT.1943-5533.0003099.

Ameri, M., A. Mansourkhaki, and D. Daryaee. 2018. “Evaluation of fatigue behavior of high
reclaimed asphalt binder mixes modified with rejuvenator and softer bitumen.”
Construction and Building Materials, 191: 702—712. Elsevier Ltd.
https://doi.org/10.1016/j.conbuildmat.2018.09.182.

Antunes, V., A. C. Freire, and J. Neves. 2019. “A review on the effect of RAP recycling on
bituminous mixtures properties and the viability of multi-recycling.” Construction and
Building Materials, 211: 453—469. Elsevier Ltd.
https://doi.org/10.1016/j.conbuildmat.2019.03.258.

Arafat, S., N. M. Wasiuddin, and L. N. Mohammad. 2023. “Evaluation of bio-based and
petroleum-based rejuvenator based on cracking susceptibility of hot mix asphalt with
high RAP content.” Construction and Building Materials, 371: 130725. Elsevier.
https://doi.org/10.1016/J. CONBUILDMAT.2023.130725.

Aratjo, J. P. C., J. R. M. Oliveira, and H. M. R. D. Silva. 2014. “The importance of the use
phase on the LCA of environmentally friendly solutions for asphalt road pavements.”

Transportation Research Part D: Transport and Environment, 32: 97-110. Elsevier Ltd.
https://doi.org/10.1016/j.trd.2014.07.006.

Arshad, A. K., F. A. M. Kridan, N. A. Kamaluddin, and E. Shafie. 2015. “Evaluation of warm
mix asphalt performance with high RAP content.” Jurnal Teknologi, 73 (4): 51-54.
https://doi.org/10.11113/jt.v73.4287.

Arshad, M., and M. F. Ahmed. 2017. “Potential use of reclaimed asphalt pavement and recycled
concrete aggregate in base/subbase layers of flexible pavements.” Construction and
Building Materials, 151: 83-97. Elsevier Ltd.
https://doi.org/10.1016/j.conbuildmat.2017.06.028.

Arshadi, M., H. Taherkhani, and S. Zamani. 2024. “Laboratory investigation on the properties of
asphalt concrete containing reclaimed asphalt pavement (RAP) and waste polyethylene
terephthalate (PET).” International Journal of Pavement Engineering, 25 (1): 1-21.
https://doi.org/10.1080/10298436.2024.2371438.

Asemani, M., and A. R. Rabbani. 2020. “Detailed FTIR spectroscopy characterization of crude
oil extracted asphaltenes: Curve resolve of overlapping bands.” Journal of Petroleum
Science and Engineering, 185. Elsevier B.V.
https://doi.org/10.1016/J.PETROL.2019.106618.

255



ASTM. 2016. ASTM D2493 / D2493M - 16 Standard Practice for Viscosity-Temperature Chart
for Asphalt Binders. West Conshohocken, PA.

ASTM D 36. 2014. “Test Method for Softening Point of Bitumen (Ring-and-Ball Apparatus).”
Annual Book of American Society for Testing materiasl ASTM Standards. West
Conshohocken, PA: ASTM International.

ASTM D1856. 2015. “Standard Test Method for Recovery of Asphalt From Solution by Abson
Method.” ASTM International, D1856-09 (Reapproved 2015): 1-5.
https://doi.org/10.1520/D1856-09R15.2.

ASTM D2172. 2011. “Standard Test Methods for Quantitative Extraction of Bitumen From
Bituminous Paving Mixtures.” American Society for Testing and Materials, 1-13.

ASTM D5404. 2011. “Standard Practice for Recovery of Asphalt from Solution Using the
Rotary Evaporator.” ASTM Standards.

ASTM D6307. 2019. “Standard Test Method for Asphalt Content of Asphalt Mixture by Ignition
Method.” American Society for Testing Materials, 1-5.

ASTM D8225. 2019. “Standard Test Method for Determination of Cracking Tolerance Index of
Asphalt Mixture Using the Indirect Tensile Cracking Test at Intermediate Temperatures.”
Astm, D8825, (April): 1-6. https://doi.org/10.1520/D8225-19.Copyright.

Aurangzeb, Q., I. Al-Qadi, I. Abuawad, W. Pine, and J. Trepanier. 2012. “Achieving desired
volumetrics and performance for mixtures with high percentage of reclaimed asphalt
pavement.” Transportation Research Record, (2294): 34-42.
https://doi.org/10.3141/2294-04.

Aurangzeb, Q., I. L. Al-Qadi, H. Ozer, and R. Yang. 2014. “Hybrid life cycle assessment for
asphalt mixtures with high RAP content.” Resources, Conservation and Recycling, 83:
77-86. Elsevier B.V. https://doi.org/10.1016/j.resconrec.2013.12.004.

Austerman, A. J., W. S. Mogawer, and K. D. Stuart. 2020. “Variability of Reclaimed Asphalt
Pavement (RAP) Properties within a State and Its Effects on RAP Specifications.”
Transportation Research Record, 2674 (6): 73—84. SAGE Publications Ltd.
https://doi.org/10.1177/0361198120917679/ASSET/IMAGES/LARGE/10.1177 036119
8120917679-FIG2.JPEG.

Ayazi, M. J., A. Moniri, and P. Barghabany. 2017. “Moisture susceptibility of warm mixed-
reclaimed asphalt pavement containing Sasobit and Zycotherm additives.” Petroleum
Science and Technology, 35 (9): 890-895. Taylor & Francis.
https://doi.org/10.1080/10916466.2017.1290655.

AzariJafari, H., F. Guo, J. Gregory, and R. Kirchain. 2023. “Solutions to achieve carbon-neutral

mixtures for the U.S. pavement network.” International Journal of Life Cycle
Assessment, 28 (7): 877-890. Springer Science and Business Media Deutschland GmbH.
https://doi.org/10.1007/s11367-022-02121-1.

256



Babazadeh, A., and H. Taherkhani. 2024. “A review of the performance of warm mix asphalts
containing reclaimed asphalt pavements.” Journal of Transportation Research, 21 (4):
43-60. https://doi.org/10.22034/TR1.2023.357985.3079.

Bagersad, M., and H. Ali. 2019. “Rheological and chemical characteristics of asphalt binders
recycled using different recycling agents.” Construction and Building Materials, 228:
116738. Elsevier Ltd. https://doi.org/10.1016/j.conbuildmat.2019.116738.

Bagersad, M., and H. Ali. 2021. “Recycling of RAP using nanoclay modified asphalt binder.”
International Journal of Pavement Research and Technology, 14 (6): 778-788.
https://doi.org/10.1007/s42947-021-0112-x.

Baran, S., M. Sukhija, and E. Coleri. 2025a. FHWA-OR-RD-25-01: Development of Procedures
and Technologies for Chip Seal Construction Quality Control in Oregon. Oregon
Department of Transportation.

Baran, S., M. Sukhija, and E. Coleri. 2025b. “Aggregate Retention Performance and Bleeding
Susceptibility of Reclaimed Asphalt Pavement Modified Chip Seals: A Laboratory
Investigation.” Transportation Research Record: Journal of the Transportation Research
Board. https://doi.org/10.1177/03611981251355536.

Barraj, F., and A. Elkordi. 2022. “Investigating the effect of using unclassified fractionated
reclaimed asphalt pavement materials on the properties of hot mix asphalt.” Construction
and Building Materials, 353: 129099. Elsevier.
https://doi.org/10.1016/J. CONBUILDMAT.2022.129099.

Barraj, F., J. Khatib, A. Castro, and A. Elkordi. 2022. “Effect of Chemical Warm Mix Additive
on the Properties and Mechanical Performance of Recycled Asphalt Mixtures.”
Buildings, 12 (7): 1-21. https://doi.org/10.3390/buildings12070874.

Basant, B., W. Shenghua, B. Basant, and W. Shenghua. 2025. “A comprehensive state-of-art
review on the use of rejuvenators in asphalt pavement.” Journal of Road Engineering,
2025, Vol. 5, Issue 1, Pages: 1-20, 5 (1): 1-20. Journal of Road Engineering.
https://doi.org/10.1016/J.JRENG.2024.10.001.

Bayoumi, M. S., S. Y. Mahfouz, and M. Elbheiri. 2024. “Effect of rap aging and its proporations
on the performance of asphalt mixtures.” Innovative Infrastructure Solutions, 9 (6): 1-19.
Springer Science and Business Media Deutschland GmbH.
https://doi.org/10.1007/S41062-024-01525-2/METRICS.

Behbahani, H., M. J. Ayazi, and A. Moniri. 2017. “Laboratory investigation of rutting
performance of warm mix asphalt containing high content of reclaimed asphalt
pavement.” Petroleum Science and Technology, 35 (15): 1556—-1561. Taylor & Francis.
https://doi.org/10.1080/10916466.2017.1316738.

Behnood, A. 2019. “Application of rejuvenators to improve the rheological and mechanical
properties of asphalt binders and mixtures: A review.” Journal of Cleaner Production.
Elsevier Ltd.

257



Ben, M., H. David, B. Matthias, F. Cyril, W. Van den bergh, and A. Amaryllis. 2022. “On the
road again! An economic and environmental break-even and hotspot analysis of

reclaimed asphalt pavement and rejuvenators.” Resources, Conservation and Recycling,
177 (June 2021): 106014. Elsevier B.V. https://doi.org/10.1016/j.resconrec.2021.106014.

Bi, Y., S. Wu, J. Pei, Y. Wen, and R. Li. 2020. “Correlation analysis between aging behavior and
rheological indices of asphalt binder.” Construction and Building Materials, 264:
120176. Elsevier Ltd. https://doi.org/10.1016/j.conbuildmat.2020.120176.

Bilema, M., and C. W. Yuen. 2025. “Viability of using high reclaimed asphalt pavement (RAP)
contents incorporating waste materials for eco-friendly paving applications: a systematic
review.” Environmental Science and Pollution Research 2025 32:26, 32 (26): 15493—
15517. Springer. https://doi.org/10.1007/S11356-025-36614-X.

Brantley, A. S., and T. G. Townsend. 1999. “Leaching of pollutants from reclaimed asphalt
pavement.” Environmental Engineering Science, 16 (2): 105-116.
https://doi.org/10.1089/ees.1999.16.105.

Bressi, S., J. Santos, M. Oreskovi¢, and M. Losa. 2021. “A comparative environmental impact
analysis of asphalt mixtures containing crumb rubber and reclaimed asphalt pavement

using life cycle assessment.” International Journal of Pavement Engineering, 22 (4):
524-538. Taylor & Francis. https://doi.org/10.1080/10298436.2019.1623404.

Cadar, R. D., R. M. Boitor, and M. L. Dragomir. 2022. “An Analysis of Reclaimed Asphalt
Pavement from a Single Source—Case Study: A Secondary Road in Romania.”
Sustainability (Switzerland), 14 (12). https://doi.org/10.3390/su14127057.

Calabi-Floody, A. T., G. A. Valdés-Vidal, E. Sanchez-Alonso, and L. A. Mardones-Parra. 2020.
“Evaluation of gas emissions, energy consumption and production costs of Warm Mix
Asphalt (WMA) involving natural zeolite and Reclaimed Asphalt Pavement (RAP).”
Sustainability (Switzerland), 12 (16). https://doi.org/10.3390/SU12166410.

Caputo, P., A. A. Abe, V. Loise, M. Porto, P. Calandra, R. Angelico, and C. O. Rossi. 2020.
“The role of additives in warm mix asphalt technology: An insight into their mechanisms
of improving an emerging technology.” Nanomaterials, 10 (6): 1-17.
https://doi.org/10.3390/nano10061202.

Cavalli, M. C., M. Zaumanis, E. Mazza, M. N. Partl, and L. D. Poulikakos. 2018. “Effect of
ageing on the mechanical and chemical properties of binder from RAP treated with bio-
based rejuvenators.” Composites Part B: Engineering, 141 (November 2017): 174—181.
Elsevier. https://doi.org/10.1016/j.compositesb.2017.12.060.

Celauro, C., C. Bernardo, and B. Gabriele. 2010. “Production of innovative, recycled and high-
performance asphalt for road pavements.” Resources, Conservation and Recycling, 54
(6): 337-347. https://doi.org/10.1016/j.resconrec.2009.08.009.

Chen, A., Y. Qiu, X. Wang, Y. Li, S. Wu, Q. Liu, F. Wu, J. Feng, and Z. Lin. 2022. “Mechanism
and Performance of Bituminous Mixture Using 100% Content RAP with Bio-

258



Rejuvenated Additive (BRA).” Materials, 15 (3): 1-15.
https://doi.org/10.3390/mal15030723.

Chen, J.-S., S. Chen, M. Liao, and S. W. Huang. 2015. “Laboratory Evaluation of Asphalt
Blends of Recycling Agents Mixed with Aged Binders.” Journal of Materials in Civil
Engineering, 27 (4): 2—7. https://doi.org/10.1061/(asce)mt.1943-5533.0001081.

Chitnis, V., M. Sukhija, and E. Coleri. 2025. “Benchmarking the performance of asphalt
mixtures for the implementation of Balanced Mix Design (BMD) in Oregon.”
International Journal of Pavement Engineering, 26 (1). Taylor and Francis Ltd.

https://doi.org/10.1080/10298436.2025.2489760;CTYPE:STRING:JOURNAL.

Chiu, C. Te, T. H. Hsu, and W. F. Yang. 2008. “Life cycle assessment on using recycled
materials for rehabilitating asphalt pavements.” Resources, Conservation and Recycling,
52 (3): 545-556. Elsevier. https://doi.org/10.1016/J. RESCONREC.2007.07.001.

Colbert, B., and Z. You. 2012. “The determination of mechanical performance of laboratory
produced hot mix asphalt mixtures using controlled RAP and virgin aggregate size
fractions.” Construction and Building Materials, 26 (1): 655-662. Elsevier Ltd.
https://doi.org/10.1016/j.conbuildmat.2011.06.068.

Coleri, E., S. Gibson, S. Baran, and M. Sukhija. 2025. The Impact of Declining Roadway
Conditions on Road User Costs and Greenhouse Gas Emissions.

Coleri, E., S. S. Haddadi, S. Sreedhar, S. Lewis, Y. Zhang, and B. Wruck. 2018a. FHWA-OR-
18-05: Binder-Grade Bumping and High Binder Content to Improve Performance of
RAP-RAS Mixtures.

Coleri, E., V. Kumar, I. A. Obaid, V. Chitnis, and Z. A. Newton. 2023. FHWA-OR-RD-23-08:
Implementation of Laboratory Conditioning and Testing Protocol to Evaluate Moisture
Susceptibility of Asphalt Mixtures. Salem, Oregon.

Coleri, E., S. Sreedhar, S. Haddadi, and B. Wruck. 2017. FHWA-OR-18-06: Adjusting Asphalt
Mixes for Increased Durability and Implementation of a Performance Tester to Evaluate
Fatigue Cracking of Asphalt Concrete.

Coleri, E., S. Sreedhar, and I. A. Obaid. 2020. SPR 801: Development of a balanced mix design
method in Oregon. Oregon Department of Transportation (ODOT).

Coleri, E., Y. Zhang, and B. M. Wruck. 2018b. “Mechanistic-Empirical Simulations and Life-
Cycle Cost Analysis to Determine the Cost and Performance Effectiveness of Asphalt
Mixtures Containing Recycled Materials.” Transportation Research Record, 2672 (40):
143—-154. SAGE PublicationsSage CA: Los Angeles, CA.
https://doi.org/10.1177/0361198118776479.

Copeland, A. 2011. “Reclaimed Asphalt Pavement in Asphalt Mixtures: State of the Practice.”
Report No. FHWA-HRT-11-021, (FHWA): McLean, Virginia.

259



da Costa, L. F., L. P. T. Mendes, O. de Medeiros Melo Neto, L. C. de Figueiredo Lopes Lucena,
and L. de Figueiredo Lopes Lucena. 2025. “Economic and environmental benefits of
recycled asphalt mixtures: impact of reclaimed asphalt pavement and additives
throughout the life cycle.” Environmental Science and Pollution Research, 32 (17):

11269-11291. Springer. https://doi.org/10.1007/S11356-025-36362-Y/FIGURES/6.

Cui, Y., K. Geng, Q. Zhou, and S. Zhang. 2024. “Research on the adhesion between warm mix
recycled asphalt and aggregates at macro and micro scales.” Construction and Building
Materials, 455 (September): 139076. Elsevier Ltd.
https://doi.org/10.1016/j.conbuildmat.2024.139076.

Daniel, J. S., and A. Lachance. 2005. “Mechanistic and volumetric properties of asphalt mixtures
with recycled asphalt pavement.” Transportation Research Record, (1929): 28-36.
https://doi.org/10.3141/1929-04.

Daniel, J. S., J. L. Pochily, and D. M. Boisvert. 2010. “Can More Reclaimed Asphalt Pavement
be Added?” Transportation Research Record: Journal of the Transportation Research
Board, 2180 (1): 19-29. SAGE PublicationsSage CA: Los Angeles, CA.
https://doi.org/10.3141/2180-03.

Darshan, N., and A. V. Kataware. 2025. “Exploring different approaches to understand effect of
WMA modification on mixing and compaction temperatures of asphalt binders: A
laboratory study.” Construction and Building Materials, 458: 139562. Elsevier.
https://doi.org/10.1016/J. CONBUILDMAT.2024.139562.

Daryaee, D., M. Habibpour, and Y. Norouzi. 2025. “Chemical properties and mechanical
performance of bitumen and asphalt Mixtures with Reclaimed Asphalt Pavement (RAP)
under varying temperature conditions.” Construction and Building Materials, 489:
142343. Elsevier. https://doi.org/10.1016/J.CONBUILDMAT.2025.142343.

Debbarma, S., G. D. Ransinchung, S. Singh, and S. K. Sahdeo. 2020. “Utilization of industrial
and agricultural wastes for productions of sustainable roller compacted concrete
pavement mixes containing reclaimed asphalt pavement aggregates.” Resources,
Conservation and Recycling, 152. Elsevier B.V.
https://doi.org/10.1016/j.resconrec.2019.104504.

Dessouky, S. 2015. “Laboratory and field evaluation of asphalt concrete mixture workability and
compactability.” Airfield and Highway Pavements 2015: Innovative and Cost-Effective
Pavements for a Sustainable Future - Proceedings of the 2015 International Airfield and
Highway Pavements Conference, 97—106. https://doi.org/10.1061/9780784479216.010.

Dessouky, S., and M. Diaz. 2015. “Evaluation of asphalt mixes workability and compactability
using laboratory and accelerated field testing.” Proceedings of the TMS Middle East -
Mediterranean Materials Congress on Energy and Infrastructure Systems, MEMA 2015,

(Mema): 77-86. https://doi.org/10.1007/978-3-319-48766-3 8.

Dessouky, S., A. Pothuganti, L. F. Walubita, and D. Rand. 2013. “Laboratory Evaluation of the
Workability and Compactability of Asphaltic Materials prior to Road Construction.”

260



Journal of Materials in Civil Engineering, 25 (6): 810—818.
https://doi.org/10.1061/(asce)mt.1943-5533.0000551.

Devulapalli, L., S. K. Kothandaraman, and G. Sarang. 2019. “A review on the mechanisms
involved in reclaimed asphalt pavement.” International Journal of Pavement Research
and Technology, 12 (2): 185—196. Springer. https://doi.org/10.1007/s42947-019-0024-1.

Diouri, K., R. Bousselham, A. De, A. Hera, T. El-Korchi, and R. B. Mallick. 2020. “A Study on
the Effect of Milling on Stress Distributions in Asphalt Pavements.” Lecture Notes in
Civil Engineering, 76: 953-964. Springer. https://doi.org/10.1007/978-3-030-48679-
2 89/COVER.

Dony, A., J. Colin, D. Bruneau, 1. Drouadaine, and J. Navaro. 2013. “Reclaimed asphalt
concretes with high recycling rates: Changes in reclaimed binder properties according to
rejuvenating agent.” Construction and Building Materials, 41: 175-181.
https://doi.org/10.1016/j.conbuildmat.2012.11.031.

Duarte, G. M., W. Xie, and C. Castorena. 2025. “Variability of Plant-Produced High Recycled
Content Asphalt Mixtures Within a State.” Transportation Research Record, 2025 (6):
351-363. SAGE PublicationsSage CA: Los Angeles, CA.
https://doi.org/10.1177/03611981251315680.

Elahi, Z., F. M. Jakarni, R. Muniandy, S. Hassim, M. S. Ab Razak, A. H. Ansari, and M. M. Ben
Zair. 2021. “Waste Cooking Oil as a Sustainable Bio Modifier for Asphalt Modification:
A Review.” Sustainability 2021, Vol. 13, Page 11506, 13 (20): 11506. Multidisciplinary
Digital Publishing Institute. https://doi.org/10.3390/SU132011506.

Elnaml, I., L. N. Mohammad, G. L. Baumgardner, J. Liu, S. Cooper, and S. Cooper. 2024.
“Influence of Petroleum-Based and Bio-Derived Recycling Agents on High-RAP Asphalt
Mixtures Performance.” Buildings 2024, Vol. 14, Page 567, 14 (3): 567.
Multidisciplinary Digital Publishing Institute.
https://doi.org/10.3390/BUILDINGS14030567.

Eltwati, A., Z. Al-Saffar, A. Mohamed, M. Rosli Hainin, A. Elnihum, and M. Enieb. 2022a.
“Synergistic effect of SBS copolymers and aromatic oil on the characteristics of asphalt
binders and mixtures containing reclaimed asphalt pavement.” Construction and Building
Materials, 327 (November 2021): 127026. Elsevier Ltd.
https://doi.org/10.1016/j.conbuildmat.2022.127026.

Eltwati, A., A. Mohamed, M. Rosli, E. Jusli, and M. Enieb. 2022b. “Rejuvenation of aged
asphalt binders by waste engine oil and SBS blend : Physical , chemical , and rheological
properties of binders and mechanical evaluations of mixtures.” Construction and
Building Materials, 346 (July): 128441. Elsevier Ltd.
https://doi.org/10.1016/j.conbuildmat.2022.128441.

Eltwati, A. S., M. Enieb, Z. H. Al-Saffar, and A. Mohamed. 2022c. “Effect of glass fibers and
waste engine oil on the properties of RAP asphalt concretes.” International Journal of

261



Pavement Engineering, 23 (14): 5227-5238.
https://doi.org/10.1080/10298436.2021.2001815.

EN17643. 2022. EN17643: Bitumen and bituminous binders - Determination of equishear
modulus temperature and phase angle using a Dynamic Shear Rheometer (DSR) - BTSV
test.

Eskandarsefat, S., G. Dondi, and C. Sangiorgi. 2019. “Recycled and rubberized SMA modified
mixtures : A comparison between polymer modified bitumen and modified fibres.”
Construction and Building Materials, 202: 681-691. Elsevier Ltd.
https://doi.org/10.1016/j.conbuildmat.2019.01.045.

Estakhri, C., C. Spiegelman, B. Gajewski, G. Yang, and D. Little. 1999. “Recycled hot-mix
asphalt concrete in Florida: A variability study.” In: Int. Cent. Aggregates Res. Austin,
Texas.

Fakhri, M., and A. Ahmadi. 2017. “Recycling of RAP and steel slag aggregates into the warm
mix asphalt: A performance evaluation.” Construction and Building Materials, 147: 630—
638. Elsevier. https://doi.org/10.1016/J. CONBUILDMAT.2017.04.117.

Fakhri, M., and E. Amoosoltani. 2017. “The effect of Reclaimed Asphalt Pavement and crumb
rubber on mechanical properties of Roller Compacted Concrete Pavement.” Construction
and Building Materials, 137: 470-484. Elsevier Ltd.
https://doi.org/10.1016/j.conbuildmat.2017.01.136.

Farooq, M. A., and M. S. Mir. 2017. “Use of reclaimed asphalt pavement (RAP) in warm mix
asphalt (WMA) pavements: a review.” Innovative Infrastructure Solutions, 2 (1): 1-9.
Springer. https://doi.org/10.1007/S41062-017-0058-7/METRICS.

Ferreira, W. L. G., V. T. F. Castelo Branco, K. Vasconcelos, A. Bhasin, and A. Sreeram. 2021.
“The impact of aging heterogeneities within RAP binder on recycled asphalt mixture
design.” Construction and Building Materials, 300: 124260. Elsevier.
https://doi.org/10.1016/J. CONBUILDMAT.2021.124260.

Fiore, N., S. Bruno, G. Del Serrone, F. lacobini, G. Giorgi, A. Rinaldi, L. Moretti, G. M.
Duranti, P. Peluso, L. Vita, and A. D. Andrea. 2023. “Experimental Analysis of Hot-Mix
Asphalt ( HMA ) Mixtures with Reclaimed Asphalt Pavement ( RAP ) in Railway.”
Materials, MDPI, 16 (1335). https://doi.org/https://doi.org/10.3390/mal16041335.

Foroutan, A., S. Amid, I. Hoff, S. Dessouky, and C. Ho. 2019. “Performance evaluation of
asphalt mixtures containing high-RAP binder content and bio-oil rejuvenator.”
Construction and Building Materials, 227: 116465. The Authors.
https://doi.org/10.1016/j.conbuildmat.2019.07.191.

Foroutan Mirhosseini, A., A. Tahami, I. Hoff, S. Dessouky, A. Kavussi, L. Fuentes, and L. F.
Walubita. 2020. “Performance Characterization of Warm-Mix Asphalt Containing High

Reclaimed-Asphalt Pavement with Bio-Oil Rejuvenator.” Journal of Materials in Civil
Engineering, 32 (12): 1-12. https://doi.org/10.1061/(asce)mt.1943-5533.0003481.

262



Gao, J.,J. Yang, D. Yu, Y. Jiang, K. Ruan, W. Tao, C. Sun, and L. Luo. 2021. “Reducing the
variability of multi-source reclaimed asphalt pavement materials: A practice in China.”
Construction and Building Materials, 278.
https://doi.org/10.1016/j.conbuildmat.2021.1223809.

Garcia, A., E. Schlangen, M. van de Ven, and G. Sierra-Beltran. 2010. “Preparation of capsules
containing rejuvenators for their use in asphalt concrete.” Journal of Hazardous
Materials, 184 (1-3): 603—611. Elsevier.
https://doi.org/10.1016/J.JHAZMAT.2010.08.078.

Ghabchi, R., D. Singh, M. Zaman, and Z. Hossain. 2016. “Laboratory characterisation of asphalt
mixes containing RAP and RAS.” International Journal of Pavement Engineering, 17
(9): 829-846. Taylor & Francis. https://doi.org/10.1080/10298436.2015.1022778.

Giani, M. L., G. Dotelli, N. Brandini, and L. Zampori. 2015. “Comparative life cycle assessment
of asphalt pavements using reclaimed asphalt, warm mix technology and cold in-place
recycling.” Resources, Conservation and Recycling, 104: 224-238. Elsevier B.V.
https://doi.org/10.1016/j.resconrec.2015.08.006.

Gong, H., B. Huang, and X. Shu. 2018. “Field performance evaluation of asphalt mixtures
containing high percentage of RAP using LTPP data.” Construction and Building
Materials, 176: 118—128. https://doi.org/10.1016/j.conbuildmat.2018.05.007.

Guduru, G., C. Kumara, and B. Gottumukkala. 2021. “Effectiveness of Different Categories of
Rejuvenators in Recycled Asphalt Mixtures.” 147 (2): 1-12.
https://doi.org/10.1061/JPEODX.0000255.

Gungat, L., N. I. M. Yusoff, and M. O. Hamzah. 2016. “Effects of RH-WMA additive on
rheological properties of high amount reclaimed asphalt binders.” Construction and
Building Materials, 114: 665—672. https://doi.org/10.1016/j.conbuildmat.2016.03.182.

Guo, M., H. Liu, Y. Jiao, L. Mo, Y. Tan, D. Wang, and M. Liang. 2020a. Effect of WMA-RAP
technology on pavement performance of asphalt mixture: A state-of-the-art review.
Journal of Cleaner Production. Elsevier Ltd.

Guo, N., Z. You, Y. Tan, and Y. Zhao. 2017. “Performance evaluation of warm mix asphalt

containing reclaimed asphalt mixtures.” International Journal of Pavement Engineering,
18 (11): 981-989. https://doi.org/10.1080/10298436.2016.1138114.

Guo, N., Z. You, Y. Zhao, Y. Tan, and A. Diab. 2014. “Laboratory performance of warm mix
asphalt containing recycled asphalt mixtures.” Construction and Building Materials, 64:
141-149. Elsevier Ltd. https://doi.org/10.1016/j.conbuildmat.2014.04.002.

Guo, R., T. Nian, and F. zhou. 2020b. “Analysis of factors that influence anti-rutting

performance of asphalt pavement.” Construction and Building Materials, 254: 119237.
Elsevier. https://doi.org/10.1016/J.CONBUILDMAT.2020.119237.

263



Haddadi, S. S., E. Coleri, and S. Sreedhar. 2019. “Strategies to improve performance of
reclaimed asphalt pavement-recycled asphalt shingle mixtures.” International Journal of
Pavement Engineering, 0 (0): 1-12. Taylor & Francis.
https://doi.org/10.1080/10298436.2019.1593411.

Hajj, E. Y., P. E. Sebaaly, R. West, N. Morian, and L. Loria. 2012. “Recommendations for the
characterization of RAP aggregate properties using traditional testing and mixture
volumetrics.” Road Materials and Pavement Design, 13 (SUPPL. 1): 209-233.
https://doi.org/10.1080/14680629.2012.657072.

Han, S., X. Cheng, Y. Liu, and Y. Zhang. 2019. “Laboratory performance of hot mix asphalt
with high reclaimed asphalt pavement (RAP) and fine reclaimed asphalt pavement
(FRAP) content.” Materials, 12 (16). https://doi.org/10.3390/mal12162536.

Harvey, J. T., and B.-W. Tsai. 1996. “Effects of Asphalt Content and Air Void Content on Mix
Fatigue and Stiffness.” Transportation Research Record, 1543 (1): 38-45. SAGE
PublicationsSage CA: Los Angeles, CA. https://doi.org/10.1177/0361198196154300105.

Hatoum, A. A., J. M. Khatib, F. Barraj, and A. Elkordi. 2022. “Survival Analysis for Asphalt
Pavement Performance and Assessment of Various Factors Affecting Fatigue Cracking
Based on LTPP Data.” Sustainability (Switzerland), 14 (19): 12408. Multidisciplinary
Digital Publishing Institute. https://doi.org/10.3390/su141912408.

Hettiarachchi, C., X. Hou, J. Wang, and F. Xiao. 2019. “A comprehensive review on the
utilization of reclaimed asphalt material with warm mix asphalt technology.”
Construction and Building Materials, 227.
https://doi.org/10.1016/j.conbuildmat.2019.117096.

Hill, B., B. Behnia, W. G. Buttlar, and H. Reis. 2013. “Evaluation of warm mix asphalt mixtures
containing reclaimed asphalt pavement through mechanical performance tests and an
acoustic emission approach.” Journal of Materials in Civil Engineering, 25 (12): 1887—
1897. American Society of Civil Engineers (ASCE).
https://doi.org/10.1061/(ASCE)MT.1943-5533.0000757.

Hossain, Z., S. Roy, and F. Rashid. 2020. “Microscopic examination of rejuvenated binders with
high reclaimed asphalts.” Construction and Building Materials, 257: 119490. Elsevier.
https://doi.org/10.1016/J. CONBUILDMAT.2020.119490.

Hou, X., S. Lv, Z. Chen, and F. Xiao. 2018. “Applications of Fourier transform infrared
spectroscopy technologies on asphalt materials.” Measurement: Journal of the
International Measurement Confederation, 121 (March): 304-316. Elsevier B.V.
https://doi.org/10.1016/j.measurement.2018.03.001.

Hu, Q., D. Zhang, and P. Xu. 2025. “Molecular Dynamics Investigation of the Diffusion
Mechanisms and Thermodynamic Behaviors in Warm Mix Recycled Asphalt Binders
with and Without Rejuvenators.” Materials, 18 (3): 703. Multidisciplinary Digital
Publishing Institute (MDPI). https://doi.org/10.3390/MA18030703.

264



Intergovernmental Panel on Climate Change. 2014. Climate Change 2014: Synthesis Report.
Contribution of Working Groups I, II and III to the Fifth Assessment Report of the
Intergovernmental Panel on Climate Change. Geneva, Switzerland.

International Energy Agency. 2021. “Global Energy Review 2021: Assessing the effects of
economic recoveries on global energy demand and CO2 emissions in 2021.” Global
Energy Review 2021, 1-36.

INVIAS. 2022. General specifications for road construction 2022 (Bogota, DC - Colombia).
Central Point Business Complex (Bogoté, DC - Colombia).

ISO. 2006. “ISO 14040:2006 Environmental management — Life cycle assessment — Principles
and framework.”

Jacobs, G., A. Margaritis, D. Hernando, L. He, J. Blom, and W. Van den bergh. 2021. “Influence
of soft binder and rejuvenator on the mechanical and chemical properties of bituminous
binders.” Journal of Cleaner Production, 287: 125596. Elsevier Ltd.
https://doi.org/10.1016/j.jclepro.2020.125596.

Jahanbakhsh, H., M. M. Karimi, H. Naseri, and F. M. Nejad. 2020. “Sustainable asphalt concrete
containing high reclaimed asphalt pavements and recycling agents: Performance

assessment, cost analysis, and environmental impact.” Journal of Cleaner Production,
244. Elsevier B.V. https://doi.org/10.1016/j.jclepro.2019.118837.

Jain, S., S. M. Asce, and A. K. Chandrappa. 2025. “Performance of Asphalt Binders and
Mixtures Incorporating Reclaimed Asphalt Pavement with Waste Cooking Oil as
Rejuvenator.” Journal of Materials in Civil Engineering, 37 (3): 04025013. American
Society of Civil Engineers. https://doi.org/10.1061/JMCEE7.MTENG-18179.

Jain, S., and A. K. Chandrappa. 2023. “Investigation on blending characteristics in asphalt
mixtures with recycled asphalt and waste cooking oil as rejuvenator.” International
Journal of Pavement Engineering, 24 (1). Taylor and Francis Ltd.
https://doi.org/10.1080/10298436.2023.2253966;SUBPAGE:STRING:ACCESS.

Jain, S., and A. K. Chandrappa. 2025. “Optimising waste cooking oil as rejuvenator for recycled
mixtures: a laboratory-based approach.” Road Materials and Pavement Design, 26 (3):
559-575. Taylor and Francis Ltd.
https://doi.org/10.1080/14680629.2024.2373234;PAGE:STRING:ARTICLE/CHAPTER.

Jain, S., S. Dabbiru, and A. K. Chandrappa. 2023. “Effects of Waste Cooking Oil on the
Antiageing Ability of Bitumen.” Advances in Civil Engineering, 2023 (1): 5155407. John
Wiley & Sons, Ltd. https://doi.org/10.1155/2023/5155407.

Jiang, L. ;, J. ; Shen, W. Wang, L. Jiang, J. Shen, and W. Wang. 2024. “Performance of High-
Dose Reclaimed Asphalt Mixtures (RAPs) in Hot In-Place Recycling Based on Balanced
Design.” Materials, 17 (9): 2096. Multidisciplinary Digital Publishing Institute (MDPI).
https://doi.org/10.3390/MA17092096.

265



Kamali, Z., M. M. Karimi, E. Ahmadi Dehaghi, and H. Jahanbakhsh. 2022. “Using
electromagnetic radiation for producing reclaimed asphalt pavement (RAP) Mixtures:
Mechanical, induced heating, and sustainability assessments.” Construction and Building
Materials, 321 (November 2021): 126315. Elsevier Ltd.
https://doi.org/10.1016/j.conbuildmat.2022.126315.

Kamboozia, N., S. A. Saed, and S. M. Rad. 2021. “Rheological behavior of asphalt binders and
fatigue resistance of SMA mixtures modified with nano-silica containing RAP materials
under the effect of mixture conditioning.” Construction and Building Materials, 303
(July): 124433. Elsevier Ltd. https://doi.org/10.1016/j.conbuildmat.2021.124433.

Karlsson, R., and U. Isacsson. 2003. “Application of FTIR-ATR to characterization of bitumen
rejuvenator diffusion.” Journal of Materials in Civil Engineering, 15 (2): 157-165.
https://doi.org/10.1061/(ASCE)0899-1561(2003)15:2(157).

Kaseer, F., A. Bajaj, A. E. Martin, E. Arambula-Mercado, and E. Hajj. 2019a. “Strategies for
Producing Asphalt Mixtures with High RAP Content.” Journal of Materials in Civil
Engineering, 31 (11): 1-16. https://doi.org/10.1061/(ASCE)MT.1943-5533.0002910.

Kaseer, F., L. Garcia, E. Arambula-, A. Epps, and J. Epps. n.d. “Practical Tools for Optimizing
Recycled Materials Content and Recycling Agent Dosage for Improved Short- and Long-
Term Performance of Rejuvenated Binder Blends and Mixtures.”

Kaseer, F., A. E. Martin, and E. Ardmbula-Mercado. 2019b. “Use of recycling agents in asphalt
mixtures with high recycled materials contents in the United States: A literature review.”
Construction and Building Materials. Elsevier Ltd.

Kaseer, F., F. Yin, E. Ardmbula-mercado, A. Epps, J. Sias, and S. Salari. 2018. “Development of
an index to evaluate the cracking potential of asphalt mixtures using the semi-circular
bending test.” Construction and Building Materials, 167: 286-298. Elsevier Ltd.
https://doi.org/10.1016/j.conbuildmat.2018.02.014.

Katla, B., S. Raju, A. R. Waim, and V. A. Danam. 2022. “Utilization of Higher Percentages of
RAP for Improved Mixture Performance by Adopting the Process of Fractionation.”
International Journal of Pavement Research and Technology, 15 (2): 349-366. Springer
Singapore. https://doi.org/10.1007/s42947-021-00026-0.

Khosla, N. P., and S. S. Ramoju. 2017. FHWA/NC/2014-05: Characterization of Different RAP
Sources. North Carolina Department of Transportation. Research and Development Unit.

Kim, D., A. Norouzi, S. Kass, T. Liske, and Y. R. Kim. 2017. “Mechanistic performance
evaluation of pavement sections containing RAP and WMA additives in Manitoba.”
Construction and Building Materials, 133: 39-50. Elsevier Ltd.
https://doi.org/10.1016/j.conbuildmat.2016.12.035.

Kim, S., G. A. Sholar, T. Byron, and J. Kim. 2009. “Performance of polymer-modified asphalt
mixture with reclaimed asphalt pavement.” Transportation Research Record, (2126):
109-114. https://doi.org/10.3141/2126-13.

266



Kleiziene, R., M. Panasenkiene, and A. Vaitkus. 2019. “Effect of aging on chemical composition
and rheological properties of neat and modified bitumen.” Materials, 12 (24).
https://doi.org/10.3390/MA12244066.

Kocak, S., and M. Asce. 2024. “Combined Use of High RAP Asphalt Mixtures with Rubber and
Polymer Modifications for Pavement Maintenance Applications.” International
Conference on Transportation and Development 2024: Pavements and Infrastructure
Systems - Selected Papers from the International Conference on Transportation and
Development 2024, 257-269. American Society of Civil Engineers.
https://doi.org/10.1061/9780784485538.023.

Kocak, S., and M. E. Kutay. 2017. “Use of crumb rubber in lieu of binder grade bumping for
mixtures with high percentage of reclaimed asphalt pavement.” Road Materials and
Pavement Design, 18 (1): 116—129. https://doi.org/10.1080/14680629.2016.1142466.

Kumar, T. A., I. J. S. Sandeep, M. R. Nivitha, V. Chowdary, and J. M. Krishnan. 2019.
“Quantification of Aging Compounds in Evotherm-Modified Warm-Mix Asphalt Binder
Using Fourier Transform Infrared Spectroscopy.” Arabian Journal for Science and
Engineering, 44 (10): 8429-8437. Springer Berlin Heidelberg.
https://doi.org/10.1007/s13369-019-03965-w.

Kumar, V., P. Aggarwal, and S. Jain. 2024a. “Optimising waste cooking oil and waste engine oil

as rejuvenators: a comprehensive study on recycled mixtures.” International Journal of
Pavement Engineering, 25 (1): 1-18. https://doi.org/10.1080/10298436.2024.2389422.

Kumar, V., E. Coleri, and I. A. Obaid. 2021. FHWA-OR-RD-22-04: SPR 826 Constructing High
Performance Asphalt Pavements by Improving in Place Pavement Density. Oregon. Dept.
of Transportation. Research Section.

Kumar, V., E. Coleri, I. Obaid, A. L. Belc, and A. J. Sutherland. 2022. “Selection of Durable,
Environmentally Friendly, and Cost-Effective Asphalt Mixtures.” Materials, 15 (14).
https://doi.org/10.3390/mal5144873.

Kumar, V., E. Coleri, and M. Sukhija. 2024b. “Assessing the Suitability of Different Testing and
Specimen Preparation Approaches for Indirect Tensile Cracking Test (IDT-CT) Using a
Simple Ranking Framework.” Journal of Testing and Evaluation, 52 (5): 2761-2773.
ASTM International. https://doi.org/10.1520/JTE20230750.

Kusam, A., H. Malladi, A. A. Tayebali, and N. P. Khosla. 2017. “Laboratory evaluation of
workability and moisture susceptibility of warm-mix asphalt mixtures containing

recycled asphalt pavements.” Journal of Materials in Civil Engineering, 29 (5): 1-8.
https://doi.org/10.1061/(ASCE)MT.1943-5533.0001825.

Kvasnak, A., R. West, J. Michael, L. Loria, E. Y. Hajj, and N. Tran. 2010. “Bulk specific gravity
of reclaimed asphalt pavement aggregate: Evaluating the effect on voids in mineral
aggregate.” Transportation Research Record, (2180): 30-35.

https://doi.org/10.3141/2180-04.

267



Leavitt, A., A. Epps Martin, and E. Arambula. 2024. “Model for Evaluating Cracking
Performance of Asphalt Pavements with Field Aging Based on IDEAL-CT Parameters.”
Transportation Research Record, 2678 (10): 14-25. SAGE Publications Ltd.
https://doi.org/10.1177/03611981241231806.

Lee, S., T. Ho, M. Le, and Y. Kim. 2023. “Full-scale and laboratory investigations on the
performance of asphalt mixture containing recycled aggregate with low viscosity binder.”
Construction and Building Materials, 367 (November 2022): 130283. Elsevier Ltd.
https://doi.org/10.1016/j.conbuildmat.2022.130283.

Lee, S. Y., and T. H. Minh Le. 2025. “Sustainability and durability enhancement of RAP
mixtures with waste plastic aggregate using sewage sludge bio-oil as a rejuvenator.”
Construction and Building Materials, 462: 140008. Elsevier.
https://doi.org/10.1016/J. CONBUILDMAT.2025.140008.

Leodarta, H., A. S. El-Ashwah, P. Rath, M. Abdelrahman, and W. G. Buttlar. 2025. “Utilization
of FTIR-ATR for material characterization and forensic analysis.” Construction and
Building Materials, 482 (April): 141644. Elsevier Ltd.
https://doi.org/10.1016/j.conbuildmat.2025.141644.

Lewis, S., E. Coleri, M. Sukhija, and S. Sreedhar. 2024. “Blending of Virgin and RAP Binder for
Asphalt Mixes with High RAP Contents: A Pilot Study.” International Journal of
Pavement Research and Technology. Springer. https://doi.org/10.1007/S42947-023-
00405-9.

Li, A., W. Song, and L. Zhou. 2024. “Investigation of the fracture performance of reclaimed
asphalt mixture at the intermediate temperature using multi-parameters.” Construction
and Building Materials, 412: 134872. Elsevier.
https://doi.org/10.1016/J. CONBUILDMAT.2024.134872.

Li, M., J. Yuan, T. Jin, W. Wang, Y. Sun, and H. Cheng. 2025. “Investigation of performance
evolution in recycled asphalt mixtures: The impact of virgin and RAP binder blending.”
Construction and Building Materials, 469: 140519. Elsevier.
https://doi.org/10.1016/J. CONBUILDMAT.2025.140519.

Li, Q., G. Sun, Y. Lu, Y. Meng, S. Luo, and L. Gao. 2021. “Effects of warm-mix asphalt
technologies and modi fi ers on pavement performance of recycled asphalt binders.”
Journal of Cleaner Production, 282 (x): 125435. Elsevier Ltd.
https://doi.org/10.1016/j.jclepro.2020.125435.

Liang, F., L. Jian, W. Jianming, Z. Yuzhen, and W. Lin. 2014. “Viscoelastic characteristics of
asphalt binders at softening point temperature.” China Petroleum Processing and
Petrochemical Technology, 16 (3): 19-25.

Lim, C. S., D. S. Jang, S. M. Yu, and J. J. Lee. 2022. “Analysis of the Properties of Modified
Asphalt Binder by FTIR Method.” Materials, 15 (16): 5743. MDPI.
https://doi.org/10.3390/MA15165743.

268



Limon-Covarrubias, P., L. A. Ochoa-Ambriz, D. Avalos-Cueva, J. R. Galaviz-Gonzalez, M. de
la L. Pérez-Rea, and M. A. Gallardo-Sanchez. 2023. “Influence of Compaction Energy on
the Mechanical Performance of Hot Mix Asphalt with a Reclaimed Asphalt Pavement
(RAP) and Rejuvenating Additive.” Infrastructures 2023, Vol. 8, Page 166, 8 (12): 166.
Multidisciplinary Digital Publishing Institute.
https://doi.org/10.3390/INFRASTRUCTURES8120166.

De Lira, R. R., D. D. Cortes, and C. Pasten. 2015. “Reclaimed asphalt binder aging and its
implications in the management of RAP stockpiles.” Construction and Building
Materials, 101: 611-616. Elsevier Ltd.
https://doi.org/10.1016/j.conbuildmat.2015.10.125.

Liu, K., K. Zhang, and X. Shi. 2018. “Performance evaluation and modification mechanism
analysis of asphalt binders modified by graphene oxide.” Construction and Building
Materials, 163: 880—889. Elsevier.
https://doi.org/10.1016/J. CONBUILDMAT.2017.12.171.

Liu, S., A. Peng, S. Zhou, and H. Meng. 2019. “Effect of Foaming Water on Rheological and
Microscopic Properties of Foamed Warm-Mix Asphalt Binders.” Journal of
Transportation Engineering Part B: Pavements, 145 (3): 1-8.
https://doi.org/10.1061/JPEODX.0000118.

Lu, D. X., M. Saleh, and N. H. T. Nguyen. 2019. “Effect of rejuvenator and mixing methods on
behaviour of warm mix asphalt containing high RAP content.” Construction and Building
Materials, 197: 792—-802. Elsevier Ltd.
https://doi.org/10.1016/j.conbuildmat.2018.11.205.

Lu, X. D., and M. Saleh. 2016. “Evaluation of warm mix asphalt performance incorporating high
RAP content.” Canadian Journal of Civil Engineering, 43 (4): 343-350. NRC Research
Press. https://doi.org/10.1139/cjce-2015-0454.

Lushinga, N., L. Cao, Z. Dong, C. Yang, and C. O. Assogba. 2020. “Performance Evaluation of
Crumb Rubber Asphalt Modified with Silicone-Based Warm Mix Additives.” Advances
in Civil Engineering, 2020. Hindawi Limited. https://doi.org/10.1155/2020/4840825.

Ma, F., Y. Wang, Z. Fu, Y. Tang, J. Dai, C. Li, and W. Dong. 2022a. “Thermal ageing
mechanism of a natural rock-modified asphalt binder using Fourier Transform Infrared

Spectroscopy analysis.” Construction and Building Materials, 335: 127494. Elsevier.
https://doi.org/10.1016/J. CONBUILDMAT.2022.127494.

Ma, L., A. Varveri, R. Jing, and S. Erkens. 2023. “Chemical characterisation of bitumen type and
ageing state based on FTIR spectroscopy and discriminant analysis integrated with
variable selection methods.” Road Materials and Pavement Design, 24 (S1): 506-520.
Taylor & Francis. https://doi.org/10.1080/14680629.2023.2181008.

Ma, T., X. Huang, Y. Zhao, and Y. Zhang. 2015. “Evaluation of the diffusion and distribution of
the rejuvenator for hot asphalt recycling.” Construction and Building Materials, 98: 530—
536. Elsevier Ltd. https://doi.org/10.1016/j.conbuildmat.2015.08.135.

269



Ma, Y., K. Zheng, Y. Ding, P. Polaczyk, X. Jiang, and B. Huang. 2022b. “Binder availability and
blending efficiency of reclaimed asphalt: A state-of-the-art review.” Construction and
Building Materials, 357 (October): 129334. Elsevier Ltd.
https://doi.org/10.1016/j.conbuildmat.2022.129334.

Mariyappan, R., J. S. Palammal, and S. Balu. 2023. “Sustainable use of reclaimed asphalt
pavement (RAP) in pavement applications—a review.” Environmental Science and
Pollution Research, 30 (16): 45587—45606. Springer Science and Business Media
Deutschland GmbH. https://doi.org/10.1007/S11356-023-25847-3/METRICS.

Mascarenhas, Z. M. G., Z. Piao, K. L. Vasconcelos, L. D. Poulikakos, and L. L. B. Bernucci.
2023. “Comparative environmental performance of pavement structures considering
recycled materials and regional differences.” Science of the Total Environment, 858
(August 2022): 159862. Elsevier B.V. https://doi.org/10.1016/].scitotenv.2022.159862.

McDaniel, R., H. Soleymani, R. M. Anderson, P. Turner, R. Peterson, and E. T. Harrigan. 2001.
“Recommended Use of Reclaimed Asphalt Pavement in the Superpave Mix Design
Method : Technician’s Guidelines.” National Cooperative Highway Research Program
Research Results Digest, (253): 58.

Mehmood, R., F. Mohd Jakarni, R. Muniandy, S. Hassim, N. Norsyahariati, N. Daud, and H.
Ansari. 2024. “Waste engine oil as a sustainable approach for asphalt rejuvenation and
modification: A review.” Heliyon, 10 (23): e40737. Elsevier.
https://doi.org/10.1016/J.HELTYON.2024.E40737.

Mikhailenko, P., P. Ataeian, and H. Baaj. 2020. “Extraction and recovery of asphalt binder: a
literature review.” International Journal of Pavement Research and Technology, 13 (1):
20-31. https://doi.org/10.1007/s42947-019-0081-5.

Miller, L., B. Ciavola, and A. Mukherjee. 2024. EPD Benchmark for National Asphalt Pavement
Association.

Ministry of Transportation Ontario. 2001. “LS-312: Method for the Fractionation of Unextracted
Reclaimed Asphalt Pavement (RAO) for Testing and for Incorporating in Other Test
Samples.” Ministry of Transportation, Ontario.

Mogawer, W., A. Austerman, L. Mohammad, and M. E. Kutay. 2013. “Evaluation of high RAP-
WMA asphalt rubber mixtures.” Road Materials and Pavement Design, 14 (January
2015): 129-147. https://doi.org/10.1080/14680629.2013.812846.

Mogawer, W., T. Bennert, J. S. Daniel, R. Bonaquist, A. Austerman, and A. Booshehrian. 2012.
“Performance characteristics of plant produced high RAP mixtures.” Road Materials and
Pavement Design, 13 (SUPPL. 1): 183-208. Taylor & Francis .
https://doi.org/10.1080/14680629.2012.657070.

Mogawer, W. S., A. J. Austerman, R. Kluttz, and S. Puchalski. 2016. “Using polymer
modification and rejuvenators to improve the performance of high reclaimed asphalt

270



pavement mixtures.” Transportation Research Record, 2575: 10-18.
https://doi.org/10.3141/2575-02.

Moghadas Nejad, F., A. Azarhoosh, G. H. Hamedi, and H. Roshani. 2014. “Rutting performance
prediction of warm mix asphalt containing reclaimed asphalt pavements.” Road
Materials and Pavement Design, 15 (1): 207-219.
https://doi.org/10.1080/14680629.2013.868820.

Moghaddam, T. B., and H. Baaj. 2016. “The use of rejuvenating agents in production of recycled
hot mix asphalt : A systematic review.” CONSTRUCTION & BUILDING MATERIALS,
114: 805-816. Elsevier Ltd. https://doi.org/10.1016/j.conbuildmat.2016.04.015.

Mohamed, A. S., Z. Cao, X. Xu, F. Xiao, and T. Abdel-Wahed. 2022. “Bonding, rheological, and
physiochemical characteristics of reclaimed asphalt rejuvenated by crumb rubber
modified binder.” Journal of Cleaner Production, 373 (August): 133896. Elsevier Ltd.
https://doi.org/10.1016/j.jclepro.2022.133896.

Mohi Ud Din, I, F. S. Bhat, and M. S. Mir. 2023. “A study investigating the impact of waste
cooking oil and waste engine oil on the performance properties of RAP binders.” Road
Materials and Pavement Design, 24 (1): 295-309. Taylor & Francis.
https://doi.org/10.1080/14680629.2021.2002182.

Mollamohammadi, A., and S. Hesami. 2023. “Evaluation of the Effect of WCO/SBS-Modified
RAB and RAP and Stiffness Recovery Procedure on Fatigue Performance of HMA.”
Journal of Materials in Civil Engineering, 35 (2): 1-13.
https://doi.org/10.1061/(asce)mt.1943-5533.0004567.

Montafiez, J., S. Caro, D. Carrizosa, A. Calvo, and X. Sanchez. 2020. “Variability of the
mechanical properties of Reclaimed Asphalt Pavement (RAP) obtained from different
sources.” Construction and Building Materials, 230: 116968. Elsevier.

Monu, K., G. D. Ransinchung, and S. Singh. 2019. “Effect of long-term ageing on properties of
RAP inclusive WMA mixes.” Construction and Building Materials, 206: 483—493.
Elsevier Ltd. https://doi.org/10.1016/j.conbuildmat.2019.02.087.

Moretti, L., V. Mandrone, A. D’ Andrea, and S. Caro. 2017. “Comparative ‘from Cradle to Gate’
Life Cycle Assessments of Hot Mix Asphalt (HMA) Materials.” Sustainability 2017, Vol.
9, Page 400, 9 (3): 400. Multidisciplinary Digital Publishing Institute.
https://doi.org/10.3390/SU9030400.

Motevalizadeh, S. M., A. Kavussi, and K. Mollenhauer. 2022. “Predicting the fracture mechanics
responses of recycled asphalt mixes using machine learning-based algorithms:
Application of CART algorithm and neural networks.” Engineering Fracture Mechanics,

276: 108791. Pergamon. https://doi.org/10.1016/J.ENGFRACMECH.2022.108791.

Nabhar, S. N, J. Qiu, A. J. M. Schmets, E. Schlangen, M. Shirazi, M. F. C. Van De Ven, G.
Schitter, and A. Scarpas. 2014. “Turning back time: Rheological and microstructural

271



assessment of rejuvenated bitumen.” Transportation Research Record, 2444: 52—62.
https://doi.org/10.3141/2444-06.

Naji, M., and H. Taherkhani. 2024. “Investigating the Properties of Recycled Asphalt Concrete
Modified by Nano-Silica and Rejuvenated by Waste Cooking and Engine Oil.” Journal
of Transportation Research, 21 (3): 77-96.
https://doi.org/10.22034/TR1.2023.379417.3116.

NASEM. 2014. NCHRP 779: Field Performance of Warm Mix Asphalt Technologies. National
Academies of Sciences, Engineering, and Medicine. Transportation Research Board.

Newcomb, D. E., E. Ray Brown, and J. A. Epps. 2007. “Designing HMA mixtures with High
RAP content: A practical guide - NAPA, Quality Improvement Series 124.” National
Asphalt Pavement Association (NAPA), 41.

Newcomb, D., A. E. Martin, Fan yin, E. Arambula, E. S. Park, A. Chowdhury, R. Brown, C.
Rodezno, N. Tran, E. Coleri, D. Jones, J. T. Harvey, and J. M. Signore. 2015. NCHRP
Report 815: Short-term laboratory conditioning of asphalt mixtures. National
Cooperative Highway Research Program. Washington DC, United States.

Nguyen, L. N., V. Q. Truong, D. Van Dao, M. H. Nguyen, and T. Tran. 2024. “Effects of
rejuvenators and aging conditions on the properties of blended bitumen and the cracking
behavior of hot asphalt mixtures with a high RAP content.” Proceedings of the Institution
of Mechanical Engineers, Part L: Journal of Materials: Design and Applications, 238
(7): 1368—1390. SAGE PublicationsSage UK: London, England.
https://doi.org/10.1177/14644207241236901.

Nivitha, M. R., E. Prasad, and J. M. Krishnan. 2016. “Ageing in modified bitumen using FTIR
spectroscopy.” International Journal of Pavement Engineering, 17 (7): 565-577. Taylor
& Francis. https://doi.org/10.1080/10298436.2015.1007230.

Noferini, L., A. Simone, C. Sangiorgi, and F. Mazzotta. 2017. “Investigation on performances of
asphalt mixtures made with Reclaimed Asphalt Pavement: Effects of interaction between
virgin and RAP bitumen.” International Journal of Pavement Research and Technology,
10 (4): 322-332. No longer published by Elsevier.
https://doi.org/10.1016/J.1JPRT.2017.03.011.

Obaid, A., M. D. Nazzal, L. Abu Qtaish, S. S. Kim, A. Abbas, M. Arefin, and T. Quasem. 2019.
“Effect of RAP Source on Cracking Resistance of Asphalt Mixtures with High RAP
Contents.” Journal of Materials in Civil Engineering, 31 (10): 04019213.
https://doi.org/10.1061/(asce)mt.1943-5533.0002817.

Obaid, H. A., M. Enieb, A. Eltwati, and M. A. Al-Jumaili. 2024. “Prediction and Optimization of
Asphalt Mixtures Performance Containing Reclaimed Asphalt Pavement Materials and
Warm Mix Agents Using Response Surface Methodology.” International Journal of
Pavement Research and Technology, 1-17. Springer. https://doi.org/10.1007/S42947-
024-00464-6/METRICS.

272



ODOQOT. 2019. Oregon Department of Transportation (ODOT) Pavement Design Guide.
ODOT. 2021. Oregon Standard Specifications for Construction.

ODOT. 2026. “Oregon Department of Transportation : Maps and GIS : Data & Maps : State of
Oregon.” Accessed February 23, 2026.
https://www.oregon.gov/odot/data/pages/maps.aspx.

De Pascale, B., P. Tataranni, I. Indacoechea-Vega, J. Rodriguez-Hernandez, C. Lantieri, and A.
Bonoli. 2025. “Enhancing road performance and sustainability: A study on recycled
porous warm mix asphalt.” Science of The Total Environment, 960: 178370. Elsevier.
https://doi.org/10.1016/J.SCITOTENV.2025.178370.

Podolsky, J. H., Z. Sotoodeh-Nia, T. Huisman, R. C. Williams, and E. W. Cochran. 2019.
“Practical Approach to Mix Design with High Binder and Aggregate Replacement in
Iowa using Fractionation.” Transportation Research Record, 2673 (10): 571-578.
https://doi.org/10.1177/0361198119834303.

Pradhan, S. K. 2022. “Short-term and long-term aging effect of the rejuvenation on RAP binder
and mixes for sustainable pavement construction.” International Journal of
Transportation Science and Technology, (xxxx). Tongji University and Tongji University
Press. https://doi.org/10.1016/].1jtst.2022.09.005.

Pradhan, S. K., and U. C. Sahoo. 2020. “Effectiveness of Pongamia pinnata oil as rejuvenator for
higher utilization of reclaimed asphalt (RAP) material.” Innovative Infrastructure
Solutions, 5 (3): 1-14. Springer International Publishing. https://doi.org/10.1007/s41062-
020-00343-6.

Pradhan, S. K., and U. C. Sahoo. 2022. “Influence of softer binder and rejuvenator on
bituminous mixtures containing reclaimed asphalt pavement (RAP) material.”
International Journal of Transportation Science and Technology, 11 (1): 46-59. Elsevier.
https://doi.org/10.1016/J.1JTST.2020.12.001.

Prasad, A. N., N. Saboo, and A. Pani. 2023. “Material and mix design aspects of hot recycled
asphalt mixes: A review.” Environmental Science and Pollution Research 2023, 1-37.
Springer. https://doi.org/10.1007/S11356-023-29913-8.

Prasad, A. N., N. Saboo, and A. Pani. 2025. “Exploring the Use of Waste Engine Oil as
Rejuvenator for Hot Mix Recycling.” Transportation Research Record: Journal of the
Transportation Research Board. SAGE Publications.
https://doi.org/10.1177/03611981251337471/ASSET/CD588F7D-A685-4C1A-8451-
494A0EADSEE6/ASSETS/IMAGES/LARGE/10.1177 _03611981251337471-F1G7.JPG.

Pratico, F. G., M. Giunta, M. Mistretta, and T. M. Gulotta. 2020. “Energy and environmental life
cycle assessment of sustainable pavement materials and technologies for urban roads.”
Sustainability (Switzerland), 12 (2). https://doi.org/10.3390/su12020704.

273



Rafig, W., M. A. Musarat, M. Altaf, M. Napiah, M. H. Sutanto, W. S. Alaloul, M. F. Javed, and
A. Mosavi. 2021. “Life cycle cost analysis comparison of hot mix asphalt and reclaimed
asphalt pavement: A case study.” Sustainability (Switzerland), 13 (8).
https://doi.org/10.3390/su13084411.

Rahman, F., and M. Hossain. 2014. Review and analysis of hamburg wheel tracking device test
data. Final Report No KS-14-1.

Ramesh, A., V. V. Ramayya, G. Sandeep, and V. V. Ram. 2022. “Investigations on fracture
response of warm mix asphalt mixtures with Nano glass fibres and partially replaced
RAP material.” Construction and Building Materials, 317 (June 2021): 126121. Elsevier
Ltd. https://doi.org/10.1016/j.conbuildmat.2021.126121.

Rodezno, C., R. Moraes, M. Fortunatus, F. Yin, and A. U. N. C. for A. Technology. 2021.
SD2018-07-F: Evaluation of Asphalt Binder Rejuvenators for Use in Recycled Asphalt.

Romera, R., A. Santamaria, J. J. Pefia, M. E. Mufioz, M. Barral, E. Garcia, and V. Janez. 2006.
“Rheological aspects of the rejuvenation of aged bitumen.” Rheologica Acta, 45 (4): 474—
478. https://doi.org/10.1007/s00397-005-0078-7.

Rondén, H. A., C. F. Urazén, and S. B. Chavez. 2015. “Characterization of a warm mix asphalt
containing reclaimed asphalt pavements.” In: Airf. Highw. Pavements 2015 Innov. Cost-
Effective Pavements a Sustain. Futur. - Proc. 2015 Int. Airf. Highw. Pavements Conf.,
19-30. American Society of Civil Engineers.

Sabahfer, N., and M. Hossain. 2015. “Effect of fractionation of reclaimed asphalt pavement on
properties of Superpave mixtures with reclaimed asphalt pavement.” Advances in Civil
Engineering Materials, 4 (1): 47-60. https://doi.org/10.1520/ACEM20140036.

Saboo, N., M. Sukhija, and G. Singh. 2021. “Effect of Nanoclay on Physical and Rheological
Properties of Waste Cooking Oil-Modified Asphalt Binder.” Journal of Materials in
Civil Engineering, 33 (3): 04020490. American Society of Civil Engineers.
https://doi.org/10.1061/(ASCE)MT.1943-5533.0003598.

Saboo, N., M. Sukhija, and V. P. Wagh. 2023. “A Rational Approach for Estimation of
Production Temperatures of Warm Mix Asphalt (WMA).” Indian Highways (Indian
Roads Congress), 51 (3): 36-50.

Sabouri, M., Y. T. Choi, Y. Wang, S. Hwang, C. Baek, and R. Y. Kim. 2016. “Effect of
rejuvenator on performance properties of WMA mixtures with high RAP content.”
RILEM Bookseries, 11: 473—484. https://doi.org/10.1007/978-94-017-7342-3 38.

Saha Chowdhury, P., S. L. A. Noojilla, and M. A. Reddy. 2022. “Evaluation of fatigue
characteristics of asphalt mixtures using Cracking Tolerance index (CTIndex).”
Construction and Building Materials, 342: 128030. Elsevier.
https://doi.org/10.1016/J. CONBUILDMAT.2022.128030.

274



Sanchez, D. B., S. Caro, and A. E. Alvarez. 2023. “Assessment of methods to select optimum
doses of rejuvenators for asphalt mixtures with high RAP content.” International Journal
of Pavement Engineering, 24 (1). Taylor and Francis Ltd.
https://doi.org/10.1080/10298436.2022.2161544;SUBPAGE:STRING:ABSTRACT;REQ
UESTEDJOURNAL:JOURNAL:GPAV20;WGROUP:STRING:PUBLICATION.

Santos, J., S. Bressi, V. Cerezo, D. Lo Presti, and M. Dauvergne. 2018. “Life cycle assessment of
low temperature asphalt mixtures for road pavement surfaces: A comparative analysis.”
Resources, Conservation and Recycling, 138 (January): 283-297. Elsevier.
https://doi.org/10.1016/j.resconrec.2018.07.012.

Saq, M. A., E. Kassem, and A. Muftah. 2022. “Cracking Performance Evaluation of RAP
Mixes.” Journal of Transportation Engineering, Part B: Pavements, 149 (1): 04022072.
American Society of Civil Engineers. https://doi.org/10.1061/JPEODX.PVENG-1171.

Sengoz, B., and J. Oylumluoglu. 2013. “Utilization of recycled asphalt concrete with different
warm mix asphalt additives prepared with different penetration grades bitumen.”
Construction and Building Materials, 45: 173—183. Elsevier Ltd.
https://doi.org/10.1016/j.conbuildmat.2013.03.097.

Shacat, J., J. R. Willis, and B. Ciavola. 2022. “SIP 106: GHG Emissions Inventory for Asphalt
Mix Production. Current Industry Practices and Opportunities to Reduce Future
Emissions.” National Asphlat Pavement Association, SIP-106: 32.

Shaikh, S., and A. Gupta. 2024. “Assessing cracking resistance and threshold limits of
bituminous mixtures with IDEAL-CT and predictive modeling techniques.” Construction
and Building Materials, 449: 138349. Elsevier.
https://doi.org/10.1016/J. CONBUILDMAT.2024.138349.

Shannon, C., A. Mokhtari, H. “David” Lee, S. Tang, C. Williams, and S. Schram. 2017. “Effects
of High Reclaimed Asphalt-Pavement Content on the Binder Grade, Fatigue
Performance, Fractionation Process, and Mix Design.” Journal of Materials in Civil
Engineering, 29 (2): 04016218. https://doi.org/10.1061/(asce)mt.1943-5533.0001694.

Shannon, C. P. 2012. “Fractionation of recycled asphalt pavement materials : improvement of
volumetric mix design driteria for High-RAP content surface mixtures.” University of
Iowa. https://doi.org/10.17077/etd.crSiux3w.

Sharma, A., G. R. Rongmei Naga, P. Kumar, and P. Rai. 2022. “Mix design, development,
production and policies of recycled hot mix asphalt: A review.” Journal of Traffic and
Transportation Engineering (English Edition), 9 (5): 765-794. Elsevier.
https://doi.org/10.1016/J.JTTE.2022.06.004.

Shen, J., S. Amirkhanian, and J. Aune Miller. 2007. “Effects of Rejuvenating Agents on
Superpave Mixtures Containing Reclaimed Asphalt Pavement.” Journal of Materials in
Civil Engineering, 19 (5): 376-384. American Society of Civil Engineers.
https://doi.org/10.1061/(ASCE)0899-1561(2007)19:5(376).

275



Shiva Kumar, G., and S. N. Suresha. 2019. “State of the art review on mix design and
mechanical properties of warm mix asphalt.” Road Materials and Pavement Design, 20
(7): 1501-1524. Taylor & Francis. https://doi.org/10.1080/14680629.2018.1473284.

Si, W., B. Zhang, X. Zhang, W. Xia, X. Cheng, X. Luo, and Y. Hu. 2024. “Maximizing the
circularity of asphalt pavements by improving the RAP content in recycled asphalt
mixtures.” Construction and Building Materials, 438: 137316. Elsevier.
https://doi.org/10.1016/J. CONBUILDMAT.2024.137316.

Singh, B., and P. Kumar. 2022. “Investigating the performance of polymer and warm mix
modified asphalt binders and mixtures.” International Journal of Pavement Engineering,
23 (11): 3691-3705. Taylor & Francis. https://doi.org/10.1080/10298436.2021.1915491.

Singh, D., S. F. Chitragar, and P. K. Ashish. 2017. “Comparison of moisture and fracture
damage resistance of hot and warm asphalt mixes containing reclaimed pavement
materials.” Construction and Building Materials, 157: 1145-1153. Elsevier Ltd.
https://doi.org/10.1016/j.conbuildmat.2017.09.176.

Singh, D., and S. Girimath. 2016. “Influence of RAP sources and proportions on fracture and
low temperature cracking performance of polymer modified binder.” Construction and
Building Materials, 120: 10-18. Elsevier.
https://doi.org/10.1016/J. CONBUILDMAT.2016.05.094.

Solaimanian, M., and M. Tahmoressi. 1996. “Variability analysis of hot-mix asphalt concrete
containing high percentage of reclaimed asphalt pavement.” Transportation Research
Record, (1543): 89-96. https://doi.org/10.3141/1543-11.

Song, W., B. Huang, and X. Shu. 2018a. “Influence of warm-mix asphalt technology and
rejuvenator on performance of asphalt mixtures containing 50% reclaimed asphalt
pavement.” Journal of Cleaner Production, 192: 191-198. Elsevier Ltd.
https://doi.org/10.1016/j.jclepro.2018.04.269.

Song, W., B. Huang, and X. Shu. 2018b. “Influence of warm-mix asphalt technology and
rejuvenator on performance of asphalt mixtures containing 50% reclaimed asphalt
pavement.” Journal of Cleaner Production, 192: 191-198. Elsevier Ltd.
https://doi.org/10.1016/j.jclepro.2018.04.269.

Sreedhar, S., and E. Coleri. 2018. “Effects of Binder Content, Density, Gradation, and Polymer
Modification on Cracking and Rutting Resistance of Asphalt Mixtures Used in Oregon.”
Journal of Materials in Civil Engineering, 30 (11): 1-8.
https://doi.org/10.1061/(asce)mt.1943-5533.0002506.

Sreedhar, S., E. Coleri, I. A. Obaid, and V. Kumar. 2021. “Development of a balanced mix
design method in oregon to improve long-term pavement performance.” Transportation
Research Record, 1121-1137. SAGE Publications Ltd.

Sukhija, M. 2022. “Assessing the Impact of Production Temperatures on the Performance of
Warm Mix Asphalt.” Indian Institute of Technology (BHU), Varanasi, India.

276



Sukhija, M., and E. Coleri. 2025a. “Integrating balanced mix design for high reclaimed asphalt
pavements in Oregon: adjustment in binder content and binder grade.” International
Journal of Pavement Engineering, 26 (1). Taylor and Francis Ltd.
https://doi.org/10.1080/10298436.2025.2508342;SUBPAGE:STRING:ACCESS.

Sukhija, M., and E. Coleri. 2025b. “A review on the incorporation of reclaimed asphalt pavement
material in asphalt pavements: management practices and strategic techniques.” Road
Materials and Pavement Design. Taylor and Francis Ltd.

Sukhija, M., and E. Coleri. 2025¢. “A systematic review on the role of reclaimed asphalt
pavement materials: Insights into performance and sustainability.” Cleaner Materials, 16:
100316. Elsevier. https://doi.org/10.1016/J.CLEMA.2025.100316.

Sukhija, M., A. N. Prasad, N. Saboo, and N. Mashaan. 2022a. “Assessment of Virgin Binder-
Blended Rejuvenators and Antistripping Agents for Hot Recycled Asphalt Mixture.”

International Journal of Pavement Research and Technology, 1-15. Springer.
https://doi.org/10.1007/S42947-022-00192-9/METRICS.

Sukhija, M., and N. Saboo. 2020. “A comprehensive review of warm mix asphalt mixtures-
laboratory to field.” Construction and Building Materials, 121781. Elsevier Ltd.
https://doi.org/10.1016/j.conbuildmat.2020.121781.

Sukhija, M., N. Saboo, and A. Pani. 2022b. “Economic and environmental aspects of warm mix

asphalt mixtures: A comparative analysis.” Transportation Research Part D: Transport
and Environment, 109: 103355. Pergamon. https://doi.org/10.1016/J.TRD.2022.103355.

Sukhija, M., N. Saboo, and A. Pani. 2023a. “Study on Estimation of Optimum Dosage of Warm
Mix Additives for Production of Asphalt Mixtures.” 149—160. Springer, Singapore.
https://doi.org/10.1007/978-981-99-3142-2 13/COVER.

Sukhija, M., N. Saboo, and A. Pani. 2023b. “Suitability of warm mix asphalt (WMA)
technologies based on performance and energy consumption.” Road Materials and
Pavement Design. Taylor & Francis. https://doi.org/10.1080/14680629.2023.2268721.

Sukhija, M., N. Saboo, and A. Pani. 2024. “Correlating the Fatigue Response of Asphalt Binders
and Mixtures Prepared Using Warm-Mix Asphalt Technologies.” Journal of Materials in
Civil Engineering, 37 (3): 04024537. American Society of Civil Engineers.
https://doi.org/10.1061/JMCEE7.MTENG-18653.

Sukhija, M., N. Saboo, and A. Pani. 2025. “Effect of Warm Mix Additives on the Properties of
Unmodified and Polymer Modified Asphalt Binders.” Transportation in Developing
Economies 2025 11:1, 11 (1): 1-19. Springer. https://doi.org/10.1007/S40890-025-
00237-1.

Sukhija, M., N. Saboo, and A. Pani. 2026. “Effect of reduced ageing on the rutting behavior of
warm mix asphalt binders: A comparative study.” Construction and Building Materials,
528: 146504. Elsevier. https://doi.org/10.1016/J. CONBUILDMAT.2026.146504.

277



Sukhija, M., N. Saboo, A. K. Yadav, and C. Rath. 2021a. “Laboratory study on the suitability of
nano-silica as a modifier for asphalt binders.” Construction and Building Materials, 302:
124406. Elsevier. https://doi.org/10.1016/J.CONBUILDMAT.2021.124406.

Sukhija, M., V. P. Wagh, and N. Saboo. 2021b. “Development of workability based approach for
assessment of production temperatures of warm mix asphalt mixtures.” Construction and
Building Materials, 305: 124808.
https://doi.org/10.1016/J. CONBUILDMAT.2021.124808.

Sun, Y., W. Wang, and J. Chen. 2019. “Investigating impacts of warm-mix asphalt technologies
and high reclaimed asphalt pavement binder content on rutting and fatigue performance
of asphalt binder through MSCR and LAS tests.” Journal of Cleaner Production, 219:
879-893. https://doi.org/10.1016/j.jclepro.2019.02.131.

Taherkhani, H., and F. Noorian. 2019. “Laboratory investigation on the properties of asphalt
concrete containing reclaimed asphalt pavement and waste cooking oil as recycling
agent.” International Journal of Pavement Engineering, 0 (0): 1-11. Taylor & Francis.
https://doi.org/10.1080/10298436.2019.1626387.

Tam, K. K., P. Joseph, and D. F. Lynch. 1992. “Five-year experience of low-temperature
performance of recycled hot mix.” Transportation Research Record, 1362: 56—65.

Tang, W., N. Li, H. Zhan, X. Yu, G. Y. Ding, and X. Y. Zou. 2022. “The effect of emulsified
rejuvenator on the workability of plant RAP mixtures.” Green and Intelligent
Technologies for Sustainable and Smart Asphalt Pavements - Proceedings of the 5th
International Symposium on Frontiers of Road and Airport Engineering, IFRAE 2021,
139-142. CRC Press/Balkema. https://doi.org/10.1201/9781003251125-23/EFFECT-
EMULSIFIED-REJUVENATOR-WORKABILITY-PLANT-RAP-MIXTURES-TANG-
LI-ZHAN-YU-DING-ZOU.

Tang, W., X. Yu, N. Li, F. Dong, Z. Wang, and Y. Zhang. 2021. “Effect of Rejuvenators on the
Workability and Performances of Reclaimed Asphalt Mixtures.” Materials, 14 (21):
6385. MDPL. https://doi.org/10.3390/MA14216385.

Tao, M., and R. B. Mallick. 2009. “Effects of warm-mix asphalt additives on workability and
mechanical properties of reclaimed asphalt pavement material.” Transportation Research
Record, (2126): 151-160. https://doi.org/10.3141/2126-18.

Tarsi, G., P. Tataranni, and C. Sangiorgi. 2020. “The Challenges of Using Reclaimed Asphalt
Pavement for New Asphalt Mixtures: A Review.” Materials, 13 (18). Multidisciplinary
Digital Publishing Institute (MDPI). https://doi.org/10.3390/MA13184052.

Tassiri, S., K. Kanitpong, and A. Sawangsuriya. 2022. “Effects of Additives on the Performance
Properties of Warm Mix Asphalt with Reclaimed Asphalt Pavement.” International
Journal of Pavement Research and Technology, 15 (5): 1239—-1250. Springer.
https://doi.org/10.1007/S42947-021-00085-3/METRICS.

278



Tebaldi, G., E. Dave, A. Cannone Falchetto, M. Hugener, D. Perraton, A. Grilli, D. Lo Presti, M.
Pasetto, A. Loizos, K. Jenkins, A. Apeagyei, J. Grenfell, and M. Bocci. 2018.
“Recommendation of RILEM TC237-SIB on cohesion test of recycled asphalt.”
Materials and Structures/Materiaux et Constructions, 51 (5): 1-6. Springer Netherlands.

Torres, H. P., S. R. M. Fernandes, C. D. A. Loureiro, C. F. N. Moura, H. M. R. D. Silva, and J.
R. M. Oliveira. 2020. “Use of polymer modified binders as rejuvenators in recycled
asphalt mixtures.” International Journal of Pavement Research and Technology, 13 (6):
654-664. https://doi.org/10.1007/s42947-020-6006-5.

Tran, B., and R. Hassan. 2011. “Performance of Hot-Mix Asphalt Containing Recycled Asphalt
Pavement.” Transportation Research Record, 2205 (2205): 121-129. SAGE
PublicationsSage CA: Los Angeles, CA. https://doi.org/10.3141/2205-16.

Tsakoumaki, M., and C. Plati. 2024. “A Critical Overview of Using Reclaimed Asphalt
Pavement (RAP) in Road Pavement Construction.” Infrastructures 2024, Vol. 9, Page
128, 9 (8): 128. Multidisciplinary Digital Publishing Institute.
https://doi.org/10.3390/INFRASTRUCTURES9080128.

TxDoT. 2014. Standard Specifications for Construction and Maintenance of Highways, Streets,
and Bridges. Texas Department of Transportation. Texas.

Uchoa, A. F. J., W. S. Rocha, M. L. C. Gonzaga, P. P. M. T. Filho, J. P. M. Feitosa, F. M. T.
Luna, J. B. Soares, and S. A. Soares. 2024. “Investigating the efficacy of bio-rejuvenators
in restoring aged asphalt binder properties.” Construction and Building Materials, 446
(August). Elsevier Ltd. https://doi.org/10.1016/j.conbuildmat.2024.137948.

Valdes-Vidal, G., A. Calabi-Floody, and E. Sanchez-Alonso. 2018. “Performance evaluation of
warm mix asphalt involving natural zeolite and reclaimed asphalt pavement (RAP) for
sustainable pavement construction.” Construction and Building Materials, 174: 576-585.
https://doi.org/10.1016/j.conbuildmat.2018.04.149.

Valdés, G., F. Pérez-Jiménez, R. Mir6, A. Martinez, and R. Botella. 2011. “Experimental study
of recycled asphalt mixtures with high percentages of reclaimed asphalt pavement
(RAP).” Construction and Building Materials, 25 (3): 1289-1297.
https://doi.org/10.1016/j.conbuildmat.2010.09.016.

Vandewalle, D., V. Antunes, J. Neves, and A. C. Freire. 2020. “Assessment of eco-friendly
pavement construction and maintenance using multi-recycled rap mixtures.” Recycling, 5
(3): 1-21. https://doi.org/10.3390/recycling5030017.

Vargas-Nordcbeck, A., and D. H. Timm. 2012. “Rutting characterization of warm mix asphalt
and high RAP mixtures.” Road Materials and Pavement Design, 13 (SUPPL. 1): 1-20.
https://doi.org/10.1080/14680629.2012.657042.

VicRoads. 2019. Registration of Bituminous Mix Designs Code of Practice RC 500.01.

279



Vidal, R., E. Moliner, G. Martinez, and M. C. Rubio. 2013. “Life cycle assessment of hot mix
asphalt and zeolite-based warm mix asphalt with reclaimed asphalt pavement.”

Resources, Conservation and Recycling, 74: 101-114. Elsevier.
https://doi.org/10.1016/J.RESCONREC.2013.02.018.

Wagh, V. P., A. Gupta, and A. Bhasin. 2025. “Identification, classification and selection of warm
mix additives based on workability, chemical and performance characteristics.”
International Journal of Pavement Engineering, 26 (1). Taylor and Francis Ltd.
https://doi.org/10.1080/10298436.2025.2493939;REQUESTEDJOURNAL:JOURNAL:G
PAV20;WGROUP:STRING:PUBLICATION.

Wagh, V. P., N. Saboo, and A. Gupta. 2022. “Tribology as emerging science for warm mix
technology: A review.” Construction and Building Materials. Elsevier.

Wagh, V. P., M. Sukhija, and A. Gupta. 2023. “Investigation on bonding between aggregates and
asphalt binder containing warm mix additives.” Construction and Building Materials,
409: 133797. Elsevier. https://doi.org/10.1016/J.CONBUILDMAT.2023.133797.

Wakefield, A., R. M. Anderson, Z. McKay, and S. L. Tighe. 2018. “A Review of Solvent
Extraction-Recovery Procedures and their Effect on Recovered Asphalt Binder Properties
A Review of Solvent Extraction-Recovery Procedures and their Effect on Recovered
Asphalt Binder Properties.” Canadian Technical Asphalt Association, (November): 476—
496.

Walubita, L. F., M. Ling, L. M. R. Pianeta, L. Fuentes, J. J. Komba, and G. M. Mabrouk. 2022.
“Correlating the Asphalt-Binder MSCR Test Results to the HMA HWTT and Field
Rutting Performance.” Journal of Transportation Engineering, Part B: Pavements, 148
(3): 1-16. https://doi.org/10.1061/jpeodx.0000386.

Wang, C., P. Hao, F. Ruan, X. Zhang, and S. Adhikari. 2013. “Determination of the production
temperature of warm mix asphalt by workability test.” Construction and Building
Materials, 48: 1165—-1170. Elsevier Ltd.
https://doi.org/10.1016/j.conbuildmat.2013.07.097.

Wang, H., X. Liu, M. van de Ven, G. Lu, S. Erkens, and A. Skarpas. 2020. “Fatigue performance
of long-term aged crumb rubber modified bitumen containing warm-mix additives.”
Construction and Building Materials, 239 (March): 117824. The Author(s).
https://doi.org/10.1016/j.conbuildmat.2019.117824.

Wang, J., B. Hong, D. Wang, W. Liu, S. Tan, J. Lin, and T. Li. 2025a. “Performance and
modification mechanism investigation of polyurethane prepolymer system modified
bitumen for 100 % reclaimed asphalt pavement (RAP) application.” Construction and
Building Materials, 462: 139882. Elsevier.
https://doi.org/10.1016/J. CONBUILDMAT.2025.139882.

Wang, J., J. Xu, and L. Liu. 2024. “Variability Investigation of Reclaimed Asphalt Pavement
Materials.” Journal of Materials in Civil Engineering, 36 (2): 04023558. American
Society of Civil Engineers (ASCE). https://doi.org/10.1061/JMCEE7.MTENG-

280



16465/ASSET/C13D02DB-CA63-4ECC-AE9F-
ASCAE8F9A971/ASSETS/IMAGES/LARGE/FIGURE7.JPG.

Wang, T., W. Jiang, C. Ruan, J. Xiao, and D. Yuan. 2023. “The rheological properties of high-
viscosity modified reclaimed asphalt binder at multiple application temperatures.”
Construction and Building Materials, 372 (March): 130758. Elsevier Ltd.
https://doi.org/10.1016/j.conbuildmat.2023.130758.

Wang, T., C. Riccardi, and W. Jiang. 2025b. “From waste to sustainable pavement: Rejuvenation
of asphalt binder using waste engine oil residue and crumb rubber.” Chemical
Engineering Journal, 505: 159523. Elsevier. https://doi.org/10.1016/J.CEJ.2025.159523.

Wang, W., J. Chen, Y. Sun, B. Xu, J. Li, and J. Liu. 2017. “Laboratory performance analysis of
high percentage artificial RAP binder with WMA additives.” Construction and Building
Materials, 147: 58—65. Elsevier Ltd. https://doi.org/10.1016/j.conbuildmat.2017.04.142.

Wang, W., H. Cheng, L. Sun, Y. Sun, and N. Liu. 2022. “Multi-performance evaluation of
recycled warm-mix asphalt mixtures with high reclaimed asphalt pavement contents.”
Journal of Cleaner Production, 377 (June): 134209. Elsevier Ltd.
https://doi.org/10.1016/j.jclepro.2022.134209.

Wei, M., S. Wu, L. Zhu, N. Li, and C. Yang. 2021. “Environmental impact on vocs emission of a
recycled asphalt mixture with a high percentage of rap.” Materials, 14 (4): 1-16.
https://doi.org/10.3390/ma14040947.

West, R. C. 2008. “Summary of NCAT’s Survey on RAP Management Practices and RAP
Variability.” National Center for Ashalt Technology (NCAT), (June 2008): 1-8.

West, R. C. 2015. “Best Practices for RAP and RAS Management - NAPA, Quality Imprvement
Series 129.” National Asphalt Pavement Association (NAPA), 1-44.

West, R., J. R. Willis, and M. Marasteanu. 2013. NCHRP 752: Improved Mix Design,
Evaluation, and Materials Management Practices for Hot Mix Asphalt with High
Reclaimed Asphalt Pavement Content. National Cooperative Highway Research Program
Report. Washington D.C.

Williams, B. A., J. R. Willis, and J. Shacat. 2024. “IS138: Asphalt Pavement Industry Survey on
Recycled Materials and Warm-Mix Asphalt Usage 2022.” National Asphalt Pavement
Association (NAPA), 1-156.

Williams, B. A., J. R. Wills, and J. Shacat. 2021. “IS 138: Asphalt Pavement Industry Survey on
Recycled Materials and Warm-Mix Asphalt Usage 2021.” Natioanl Asphalt Pavement
Association.

Willis, J. R., P. Turner, G. Julian, A. J. Taylor, N. Tran, and F. de G. Padula. 2012. “NCAT
Report 12-03: Effects of Changing Virgin Binder Grade and Content on RAP Mixture
Properties.” National Center for Ashalt Technology, (12): 1-47.

281



Willis, J., P. Turner, F. De Goes Padula, N. Tran, and G. Julian. 2013. “Effects of changing
Virgin Binder grade and content on high reclaimed Asphalt pavement mixture
properties.” Transportation Research Record, (2371): 66—73.
https://doi.org/10.3141/2371-08.

Xia, X., Y. Zhao, and D. Tang. 2025. “The state-of-the-art review on the utilization of reclaimed
asphalt pavement via hot in-place recycling technology.” Journal of Cleaner Production,
492: 144887. Elsevier. https://doi.org/10.1016/J.JCLEPRO.2025.144887.

Xie, Z., H. Rizvi, C. Purdy, A. Ali, and Y. Mehta. 2019. “Effect of rejuvenator types and mixing
procedures on volumetric properties of asphalt mixtures with 50% RAP.” Construction
and Building Materials, 218: 457-464. Elsevier Ltd.
https://doi.org/10.1016/j.conbuildmat.2019.05.093.

Xie, Z., N. Tran, G. Julian, A. Taylor, and L. D. Blackburn. 2017. “Performance of Asphalt
Mixtures with High Recycled Contents Using Rejuvenators and Warm-Mix Additive:
Field and Lab Experiments.” Journal of Materials in Civil Engineering, 29 (10):
04017190. American Society of Civil Engineers.
https://doi.org/10.1061/(ASCE)MT.1943-5533.0002037.

Xu, G., M. Du, Z. Shen, F. Yang, and C. Han. 2025a. “RAP variability intelligent control
framework for hot in-plant recycling of asphalt pavement.” Results in Engineering, 26:
105339. Elsevier. https://doi.org/10.1016/J.RINENG.2025.105339.

Xu, G., Z. Shen, S. Hao, M. Du, and J. Hu. 2025b. “Mitigating RAP variability through detailed
particle size classification: Applications in high RAP content asphalt mixtures.” Case
Studies in Construction Materials, 23: €04993. Elsevier.
https://doi.org/10.1016/J.CSCM.2025.E04993.

Xu, H., Y. Sun, J. Chen, J. Li, B. Yu, G. Qiu, Y. Zhang, and B. Xu. 2023. “Investigation into
Rheological Behavior of Warm-Mix Recycled Asphalt Binders with High Percentages of
RAP Binder.” Materials, 16 (4). https://doi.org/10.3390/mal16041599.

Xu, S., H. Wu, W. Song, and Y. Zhan. 2022. “Investigation of the aging behaviors of reclaimed
asphalt.” Journal of Cleaner Production, 356 (February): 131837. Elsevier Ltd.
https://doi.org/10.1016/j.jclepro.2022.131837.

Yadav, M. K., and N. Saboo. 2025. “Using the IDEAL-CT Test to Quantify the Effect of Asphalt
Mastic on the Cracking Resistance of Asphalt Mixtures.” Journal of Materials in Civil
Engineering, 37 (8): 06025004. American Society of Civil Engineers (ASCE).
https://doi.org/10.1061/jmcee7.mteng-19921.

Yan, H., Y. Wang, Y. Ding, S. Qiao, and Y. Xi. 2025. “Design of asphalt rejuvenator structures
based on data-driven methods.” Fuel, 380: 133024. Elsevier.
https://doi.org/10.1016/J.FUEL.2024.133024.

Yang, G., K. Wang, J. Q. Li, M. Romero, and W. Liu. 2022a. “Laboratory and Field
Performance Evaluation of Warm Mix Asphalt Incorporating RAP and RAS.” KSCE

282



Journal of Civil Engineering, 26 (1): 107-119. https://doi.org/10.1007/s12205-021-2315-
8.

Yang, G., K. Wang, J. Q. Li, M. Romero, and W. Liu. 2022b. “Laboratory and Field
Performance Evaluation of Warm Mix Asphalt Incorporating RAP and RAS.” KSCE
Journal of Civil Engineering, 26 (1): 107-119. Springer. https://doi.org/10.1007/s12205-
021-2315-8.

Yang, R., S. Kang, H. Ozer, and 1. L. Al-Qadi. 2015. “Environmental and economic analyses of
recycled asphalt concrete mixtures based on material production and potential

performance.” Resources, Conservation and Recycling, 104: 141-151. Elsevier.
https://doi.org/10.1016/j.resconrec.2015.08.014.

Yang, R., H. Ozer, S. Kang, and 1. L. Al-Qadi. 2014. “Environmental Impacts of Producing
Asphalt Mixtures with Varying Degrees of Recycled Asphalt Materials.” In: Int. Symp.
Pavement LCA 2014. Davis, California, USA: University of California, Davis.

Yao, H., Q. Dai, and Z. You. 2015. “Fourier Transform Infrared Spectroscopy characterization
of aging-related properties of original and nano-modified asphalt binders.” Construction
and Building Materials, 101: 1078—1087. Elsevier.
https://doi.org/10.1016/J. CONBUILDMAT.2015.10.085.

Yao, L., Z. Leng, J. Lan, R. Chen, and J. Jiang. 2022. “Environmental and economic assessment
of collective recycling waste plastic and reclaimed asphalt pavement into pavement
construction: A case study in Hong Kong.” Journal of Cleaner Production, 336
(January): 130405. Elsevier Ltd. https://doi.org/10.1016/j.jclepro.2022.130405.

Yildirim, Y., P. W. Jayawickrama, M. S. Hossain, A. Alhabshi, C. Yildirim, A. de F. Smit, and
D. Little. 2007. FHWA/TX-05/0-1707-7 : Hamburg Wheel-Tracking Database Analysis.
Texas Transportation Institute. College Station, Texas.

Yin, F., M. Langan, R. Moraes, and C. Chen. 2022. Novel Methods for Adding Rejuvenators in
Asphalt Mixtures with High Recycled Binder Ratios. Report No NRRA202202, National
Center for Asphalt Technology. Minnesota. Department of Transportation.

Yousefi, A. A., H. F. Haghshenas, B. Shane Underwood, J. Harvey, and P. Blankenship. 2023.
“Performance of warm asphalt mixtures containing reclaimed asphalt pavement, an anti-
stripping agent, and recycling agents: A study using a balanced mix design approach.”
Construction and Building Materials, 363: 129633. Elsevier.
https://doi.org/10.1016/J. CONBUILDMAT.2022.129633.

Yousefi, A. A., B. S. Underwood, A. Ghodrati, A. Behnood, E. Vahidi, A. Nowrouzi, P. Ayar,
and H. F. Haghshenas. 2025. “Towards a durable and sustainable warm mix asphalt:
Techno-economic and environmental evaluation considering balanced mix design
approach.” Journal of Cleaner Production, 486: 144311. Elsevier.
https://doi.org/10.1016/J.JCLEPRO.2024.144311.

283



Yousefi, A., A. Behnood, A. Nowruzi, and H. Haghshenas. 2021. “Performance evaluation of
asphalt mixtures containing warm mix asphalt ( WMA ) additives and reclaimed asphalt
pavement ( RAP ).” Construction and Building Materials, 268: 121200. Elsevier Ltd.
https://doi.org/10.1016/j.conbuildmat.2020.121200.

Yu, J., Y. Guo, L. Peng, F. Guo, and H. Yu. 2020. “Rejuvenating effect of soft bitumen, liquid
surfactant, and bio-rejuvenator on artificial aged asphalt.” Construction and Building
Materials, 254: 119336. Elsevier Ltd.
https://doi.org/10.1016/j.conbuildmat.2020.119336.

Yu, J., Z. Lin, G. Zou, H. Yu, Z. Leng, and Y. Zhang. 2024. “Long-term performance of
recycled asphalt mixtures containing high RAP and RAS.” Journal of Road Engineering,
4 (1): 36-53. The Authors. https://doi.org/10.1016/j.jreng.2024.01.003.

Yu, S., S. Shen, R. Steger, and X. Wang. 2022. “Effect of warm mix asphalt additive on the
workability of asphalt mixture: From particle perspective.” Construction and Building
Materials, 360 (June): 129548. Elsevier Ltd.
https://doi.org/10.1016/j.conbuildmat.2022.129548.

Zahoor, M., S. Nizamuddin, S. Madapusi, and F. Giustozzi. 2021. “Recycling asphalt using
waste bio-oil: A review of the production processes, properties and future perspectives.”
Process Safety and Environmental Protection, 147: 1135-1159. Elsevier.
https://doi.org/10.1016/J.PSEP.2021.01.032.

Zaremotekhases, F., H. Sadek, M. Hassan, and C. Berryman. 2022. “Impact of warm-mix asphalt
technologies and high reclaimed asphalt pavement content on the performance of
alternative asphalt mixtures.” Construction and Building Materials, 319 (November
2021): 126035. Elsevier Ltd. https://doi.org/10.1016/j.conbuildmat.2021.126035.

Zaumanis, M., L. Boesiger, B. Kunz, H. Mazzoni, P. Bruhin, S. Mazor, and L. Poulikakos. 2022.
“Three indexes to characterise crushing and screening of reclaimed asphalt pavement.”
International Journal of Pavement Engineering, 23 (14): 4977-4990.
https://doi.org/10.1080/10298436.2021.1990287.

Zaumanis, M., D. Loetscher, S. Mazor, F. Stockli, and L. Poulikakos. 2021. “Impact of milling
machine parameters on the properties of reclaimed asphalt pavement.” Construction and
Building Materials, 307: 125114. Elsevier.
https://doi.org/10.1016/J. CONBUILDMAT.2021.125114.

Zaumanis, M., and R. B. Mallick. 2015. “Review of very high-content reclaimed asphalt use in
plant-produced pavements: State of the art.” International Journal of Pavement
Engineering, 16 (1): 39-55. Taylor & Francis.
https://doi.org/10.1080/10298436.2014.893331.

Zaumanis, M., R. B. Mallick, and R. Frank. 2014a. “100% recycled hot mix asphalt: A review
and analysis.” Resources, Conservation and Recycling. Elsevier.

284



Zaumanis, M., R. B. Mallick, and R. Frank. 2015. “Evaluation of different recycling agents for
restoring aged asphalt binder and performance of 100 % recycled asphalt.” Materials and
Structures/Materiaux et Constructions, 48 (8): 2475-2488. Springer Netherlands.
https://doi.org/10.1617/s11527-014-0332-5.

Zaumanis, M., R. B. Mallick, and R. Frank. 2016. “100% Hot Mix Asphalt Recycling:
Challenges and Benefits.” In: Transp. Res. Procedia, 3493-3502. Elsevier B.V.

Zaumanis, M., R. B. Mallick, L. Poulikakos, and R. Frank. 2014b. “Influence of six rejuvenators
on the performance properties of Reclaimed Asphalt Pavement (RAP) binder and 100%

recycled asphalt mixtures.” Computers and Chemical Engineering, 71: 538-550. Elsevier
Ltd. https://doi.org/10.1016/j.conbuildmat.2014.08.073.

Zaumanis, M., J. Oga, and V. Haritonovs. 2018. “How to reduce reclaimed asphalt variability: A
full-scale study.” Construction and Building Materials, 188: 546-554. Elsevier Ltd.
https://doi.org/10.1016/j.conbuildmat.2018.08.137.

Zhang, J., T. Sesay, Q. You, and H. Jing. 2022. “Maximizing the Application of RAP in Asphalt
Concrete Pavements and Its Long-Term Performance: A Review.” Polymers.
Multidisciplinary Digital Publishing Institute (MDPI).

Zhang, M., P. Hao, S. Dong, Y. Li, and G. Yuan. 2020. “Asphalt binder micro-characterization
and testing approaches: A review.” Measurement: Journal of the International
Measurement Confederation, 151: 107255. Elsevier Ltd.
https://doi.org/10.1016/j.measurement.2019.107255.

Zhang, R., J. E. Sias, and E. V. Dave. 2021. “Comparison and correlation of asphalt binder and
mixture cracking parameters incorporating the aging effect.” Construction and Building
Materials, 301: 124075. Elsevier.
https://doi.org/10.1016/J. CONBUILDMAT.2021.124075.

Zhang, Y., and H. U. Bahia. 2021. “Effects of recycling agents (RAs) on rutting resistance and
moisture susceptibility of mixtures with high RAP/RAS content.” Construction and
Building Materials, 270: 121369. Elsevier.
https://doi.org/10.1016/J. CONBUILDMAT.2020.121369.

Zhao, S., B. Huang, X. Shu, X. Jia, and M. Woods. 2012. “Laboratory performance evaluation of
warm-mix asphalt containing high percentages of reclaimed asphalt pavement.”
Transportation Research Record, (2294): 98—105. SAGE PublicationsSage CA: Los
Angeles, CA. https://doi.org/10.3141/2294-11.

Zhao, S., B. Huang, X. Shu, and M. Woods. 2013. “Comparative evaluation of warm mix asphalt
containing high percentages of reclaimed asphalt pavement.” Construction and Building
Materials, 44: 92—100. Elsevier Ltd. https://doi.org/10.1016/j.conbuildmat.2013.03.010.

Zhao, W., and Q. Yang. 2024. “Life-cycle assessment of sustainable pavement based on the
coordinated application of recycled asphalt pavement and solid waste: Environment and

285



economy.” Journal of Cleaner Production, 434: 140203. Elsevier.
https://doi.org/10.1016/J.JCLEPRO.2023.140203.

Zhou, F., G. Das, T. Scullion, and S. Hu. 2010. “RAP Stockpile Management and Processing in
Texas: State of the Practice and Proposed Guidelines.” Texas Department of
Transportation Research and Technology Implementation Office, 7.

Zhou, Z., X. Gu, Q. Dong, F. Ni, and Y. Jiang. 2019. “Rutting and fatigue cracking performance
of SBS-RAP blended binders with a rejuvenator.” Construction and Building Materials,
203: 294-303. Elsevier Ltd. https://doi.org/10.1016/j.conbuildmat.2019.01.119.

Zhou, Z., X. Gu, Q. Dong, F. Ni, and Y. Jiang. 2022. “Investigation of the oxidation ageing of
RAP asphalt blend binders and mixtures.” International Journal of Pavement
Engineering, 23 (3): 571-587. Taylor & Francis.
https://doi.org/10.1080/10298436.2020.1763345.

Zhou, Z., X. Gu, Q. Li, F. Ni, and R. Yuan. 2016. “Use of Rejuvenator, Styrene-Butadiene
Rubber Latex, and Warm-Mix Asphalt Technology to Achieve Conventional Mixture
Performance with 50% Reclaimed Asphalt Pavement.” Transportation Research Record,
2575: 160-167. SAGE PublicationsSage CA: Los Angeles, CA.
https://doi.org/10.3141/2575-17.

Zhu, J., X. Lu, M. Langfjell, and A. Gudmarsson. 2021. “Quantitative relationship of
fundamental rheological properties of bitumen with the empirical Ring and Ball softening
point.” Road Materials and Pavement Design, 22 (S1): S345-S364. Taylor & Francis.
https://doi.org/10.1080/14680629.2021.1900898.

Ziari, H., M. R. M. Aliha, A. Moniri, and Y. Saghafi. 2020a. “Crack resistance of hot mix
asphalt containing different percentages of reclaimed asphalt pavement and glass fiber.”
Construction and Building Materials, 230: 117015. Elsevier Ltd.
https://doi.org/10.1016/j.conbuildmat.2019.117015.

Ziari, H., A. Amini, and A. Goli. 2020b. “The effect of different aging conditions and strain
levels on relationship between fatigue life of asphalt binders and mixtures.” Construction
and Building Materials, 244: 118345. Elsevier Ltd.
https://doi.org/10.1016/j.conbuildmat.2020.118345.

Ziari, H., P. Ayar, and Y. Amjadian. 2024. “Laboratory evaluation and FEM modeling of the
rutting behavior of CR-enriched rejuvenator-modified RAP mixtures.” Innovative
Infrastructure Solutions, 9 (11): 1-15. Springer Science and Business Media Deutschland

GmbH. https://doi.org/10.1007/S41062-024-01724-X/METRICS.

Ziari, H., A. Moniri, P. Bahri, and Y. Saghafi. 2019a. “The effect of rejuvenators on the aging
resistance of recycled asphalt mixtures.” Construction and Building Materials, 224: 89—
98. Elsevier Ltd. https://doi.org/10.1016/j.conbuildmat.2019.06.181.

Ziari, H., A. Moniri, and N. Norouzi. 2019b. “The effect of nanoclay as bitumen modifier on
rutting performance of asphalt mixtures containing high content of rejuvenated reclaimed

286



asphalt pavement.” Petroleum Science and Technology, 0 (0): 1-6. Taylor & Francis.
https://doi.org/10.1080/10916466.2018.1471489.

Ziyani, L., L. Boulangg¢, A. Nicolai, and V. Mouillet. 2017. “Bitumen extraction and recovery in
road industry: A global methodology in solvent substitution from a comprehensive
review.” Journal of Cleaner Production, 161: 53—68. Elsevier Ltd.
https://doi.org/10.1016/j.jclepro.2017.05.022.

287



	1.0 INTRODUCTION
	1.1 PROBLEM STATEMENT 
	1.2 OBJECTIVES AND SCOPE 
	1.3 REPORT ORGANIZATION 

	2.0 LITERATURE REVIEW
	2.1 RAP MANAGEMENT TECHNIQUES
	2.1.1 RAP Processing
	2.1.1.1 Milling
	2.1.1.2 Crushing and Screening
	2.1.1.3 Fractionation

	2.1.2 Stockpiling Process
	2.1.2.1 Segregation Effect
	2.1.2.2 Moisture Retention

	2.1.3 Plant and Source Variability
	2.1.3.1 Sampling Plan and Testing Frequency in a Stockpiled RAP


	2.2 TEST METHODS FOR CHARACTERIZING RECLAIMED ASPHALT PAVEMENT (RAP) MATERIALS
	2.2.1 Extraction and Recovery Process
	2.2.2 Bulk Specific Gravity of RAP Aggregates

	2.3 MIX DESIGN OF RAP MIXTURES
	2.4 STRATEGIES TO DEVELOP DURABLE PAVEMENTS WITH HIGH RAP 
	2.4.2 Use of Warm Mix Additives
	2.4.3 Increased Binder Content
	2.4.4 Binder-Grade Bumping
	2.4.5 Use of Alternative Materials 

	2.5 PERFORMANCE OF ASPHALT MIXTURES WITH HIGH RAP
	2.6 SUMMARY AND CONCLUSIONS

	3.0 MATERIALS AND METHODOLOGY
	3.1 MATERIALS USED 
	3.1.1 Aggregates and RAP
	3.1.2 Asphalt Binder
	3.1.3 Additional Additives
	3.1.3.1 Preparation of Rejuvenators and WMA Blends

	3.2.1  Fourier Transform Infrared Spectroscopy (FTIR)
	3.2.1.1 FTIR of Neat Asphalt Binders
	3.2.1.2 FTIR Spectroscopy of Rejuvenators and Warm Mix Asphalt Additives
	3.2.1.3 Interaction of Additives with Base Asphalt Binders

	3.2.2 Rheological Performance of Modified Asphalt Binders
	3.2.2.1 High Temperature Performance Grading (PG)
	3.2.2.2 Binder Fast Characterization Test (BTSV)


	3.4 TEST METHODOLOGIES
	3.4.1 Workability Characteristics
	3.4.2 Cracking Behavior
	3.4.3 Hamburg Wheel-Tracking Test

	3.5 SUMMARY

	4.0 ADJUSTMENT IN BINDER CONTENT AND BINDER GRADE FOR HIGH RECLAIMED ASPHALT PAVEMENTS IN OREGON
	4.1 INTRODUCTION AND BACKGROUND
	4.2 OBJECTIVES
	4.3 MATERIALS AND MIX DESIGN
	4.4 RESEARCH FRAMEWORK AND METHODOLOGY
	4.5 RESULTS AND DISCUSSION
	4.5.1 Task I- Preliminary Assessment on the Influence of Key Variables on Mix Performance
	4.5.1.1 Univariate Analysis of RAP Mixtures
	4.5.1.2 Statistical Inferences

	4.5.2 Task II- Strategies to Improve RAP Content
	4.5.2.1 Adjustment in binder content
	4.5.2.2 Adjustment in Binder Grade 


	4.6 CONCLUSIONS

	5.0 STRATEGIC MEASURES FOR HIGH RAP ASPHALT MIXTURES: TEMPERATURE SENSITIVITY, ADDITIVE DOSAGE OPTIMIZATION, AND PERFORMANCE EVALUATION
	5.1 INTRODUCTION
	5.2 OBJECTIVES AND SCOPE
	5.3 MATERIALS USED
	5.3.1 Introduction of Strategic Techniques

	5.4 WORKABILITY CHARACTERISTICS
	5.4.1 Production of Asphalt Mixtures
	5.4.2 Experimental Work

	5.5 RESULTS AND DISCUSSION ON THE WORKABILITY CHARACTERISTICS
	5.5.1 Selection of Optimum WMA Production Temperature
	5.5.2 Selection of Optimum WMA Additives Dosage
	5.5.3 Validation of Optimum WMA Temperature and Additives Dosage
	5.5.4 Selection of Optimum Rejuvenators Dosage
	5.5.5 Comparison between Optimum WMA Additives and Rejuvenators Dosages

	5.6 PERFORMANCE EVALUATION
	5.7 RESULTS AND DISCUSSION ON THE PERFORMANCE CHARACTERISTICS
	5.7.1 Effect of Additives on Cracking Resistance
	5.7.2 Effect of Additives on Rutting Resistance
	5.7.3 Statistical Inferences on the Effect of Strategic Techniques on Mix Performance
	5.7.4 Ranking of the Strategic Techniques based on Mix Performance

	5.8 CONCLUSIONS

	6.0 PAVEMENT LIFE CYCLE ASSESSMENT AND COST ANALYSIS
	6.1 INTRODUCTION
	6.1.1 Previous Studies on Pavement Life Cycle Assessment 

	6.2 PROBLEM STATEMENT
	6.3 RESEARCH METHODOLOGY
	6.3.1 Life Cycle Assessment 
	6.3.2 Pavement Cost Analysis

	6.4 RESULTS AND DISCUSSION
	6.4.1 Preliminary Analysis for Environmental Burdens
	6.4.2 Impact of Different Strategic Techniques on Pavement LCA 
	6.4.2.1 Integration of Balanced Mix Design
	6.4.2.2 Discussion on the variation in GHG Emissions for different strategic techniques
	6.4.2.3 Discussion on the variation in material cost with different strategic techniques


	6.5 SUMMARY AND CONCLUSIONS

	7.0 COMBINED INFLUENCE OF RAP VARIABILITY, BINDER GRADE, AND STRATEGIC TECHNIQUES ON THE PERFORMANCE METRICS OF RAP MIXTURES
	7.1 INTRODUCTION
	7.2 RESEARCH OBJECTIVES AND SCOPE
	7.3 MATERIAL SECTION
	7.4 MIX DESIGN AND METHODOLOGY
	7.5 RESULTS AND DISCUSSIONS
	7.5.1 Individual Effect of Influential Variables on the Mix Performance 
	7.5.1.1 Effect of Binder Grade
	7.5.1.2 Effect of RAP Source
	7.5.1.3 Effect of RAP Sampling Location in a Stockpile – Within-Plant Variability

	7.5.2 Statistical and Correlation Analysis
	7.5.3 Interaction of Additives, Binder, and RAP Source on Cracking Behavior
	7.5.4 Interaction of Additives, Binder, and RAP Source on Rutting Behaviour 
	7.5.5 Discussion on Phase I and Phase II

	7.6 CONCLUSIONS

	8.0 TENTATIVE PLAN FOR FIELD TEST SECTIONS
	8.1 PREPARATION OF THE SAMPLES
	8.2 PROPOSED TEST PLAN 

	9.0 SUMMARY, CONCLUSIONS, AND FUTURE DIRECTIONS
	9.1 KEY CONCLUSIONS
	9.1.1 Material Characterization
	9.1.2 Adjustment in mix design attributes
	9.1.3 Temperature Sensitivity, Dosage Optimization, and Performance Evaluation
	9.1.4 Economic and Environmental Burdens
	9.1.5 RAP Management Strategy: Effect of RAP Source and In-plant Variability

	9.2 CONTRIBUTIONS OF THE STUDY
	9.3 FUTURE DIRECTIONS

	10.0 REFERENCES

