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ABSTRACT 
Interest in recycling has been on the rise in the past decades, accompanied by research for 

sustainable practices to mitigate the negative impact of various wastes on the environment. 

State departments of transportation (DOTs) limit the amount of Reclaimed Asphalt 

Pavement (RAP) to be utilized in a ton of asphalt mixture due to the potential adverse 

effects of RAP on the performance of the resulting pavement. However, most DOTs allow 

up to 20% RAP with the asphalt mixtures used. So far only a few researchers have studied 

the utilization of highly recycled asphalt mixtures with high percentages of RAP. 

Rejuvenators are an essential part of 100 % recycled asphalt production due to their ability 

to increase the RAP content for conventionally produced asphalt mixtures significantly.  

Accordingly, this study explores the use of new food waste bio-oil (FWBO) as an asphalt 

binder rejuvenator. FWBO is considered to have detrimental effects on the environment. 

FWBO  contains oils and other compounds that make the soil more acidic. When landfilled, 

this creates acidic leachate (liquid), which can damage the surrounding soil. Most 

importantly, the decomposition of food waste in landfills also generates greenhouse gases 

such as methane, which is more harmful than carbon dioxide and contributes to climate 

change.  

Food waste was collected from a local campus shop and used after drying. Dried food waste 

is processed using Soxhlet extraction to obtain the lipids for use as an asphalt binder 

rejuvenator. The Soxhlet extractions were conducted at four, twelve, and twenty-four hours 

to determine the highest yield percentage. The twelve hours extraction process showed the 
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highest oil yield percentage. However, it was found that it is more efficient to proceed with 

four hours extraction process for high amounts of oil extraction over the same period. 

This research relied on three different binders for the binder testing: two unmodified PG 

64-22 binders and a Polymer Modified Asphalt (PMA) PG 76-22 binder. Moreover, a field 

extracted RAP binder evaluates the rejuvenators' efficiency. FWBO rejuvenator is 

compared against two market rejuvenators. The experimental program relied on aging 

control binder samples for each asphalt type with no rejuvenation using the Rolling Thin 

Film Oven (RTFO) test, followed by the Pressure Aging Vessel (PAV) test for 20 hours to 

create Artificial RAP (ARAP) binder. Then, ARAP and RAP binders were blended with 

5% by the weight of one of the two market rejuvenators (#1, #2) or the proposed FWBO 

rejuvenator. Testing results reveal that low-temperature relaxation was significantly 

improved. Further, samples' master curves were used to calculate the Glover-Rowe (G-R) 

parameter, Crossover frequency, and modulus (ωc, Gc*). The results showed the ability of 

the FWBO rejuvenator to reduce the aging rate and improve the rheological properties of 

RAP binders. Further, Fourier Transform Infrared Spectroscopy (FTIR) test shows that the 

FWBO rejuvenator reduces the oxidation levels of the aged RAP binders as suggested by 

the carbonyl index. The same findings were observed with the mixture testing levels. When 

introduced to 50% and 100% RAP mixtures, the FWBO rejuvenator maintains acceptable 

performance levels for the intermediate temperature and low temperature as suggested by 

the flexibility index, fracture energy, and fracture toughness obtained from the semi-

circular bend (SCB) test. On the other hand, the FWBO rejuvenator has a high softening 

effect on the mixtures, which dropped its high-temperature performance to a rutting 
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resistance category of intermediate traffic roads, such as major collector and minor arterial 

roads.  

Keywords: Asphalt; Recycling; Reclaimed Asphalt Pavement (RAP); Asphalt Aging; 

Rejuvenator. 
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CHAPTER 1 

1. INTRODUCTION AND SCOPE OF WORK 
 

1.1. Background 

Applying reclaimed asphalt pavement (RAP) and recycled asphalt shingles (RAS) in new 

pavement construction can have significant environmental and economic advantages. 

Studies show that the reuse of RAP saves approximately $2.5 billion annually, avoiding 

the need for vast landfill space and preserving natural resources [1]–[4]. State departments 

of transportation (DOTs) limit the amount of RAP to be utilized in a ton of asphalt mixture 

due to the potential adverse effects of RAP on the performance of the resulting pavement. 

However, most DOTs allow up to 20% RAP with the asphalt mixtures used [5]. 

There are three different environmental benefits of reusing RAP. First, it reduces road 

construction materials waste by incorporating them into new construction projects [6]. 

Second, reducing energy consumption and emissions caused by asphalt binder production. 

Asphalt binder production causes the highest energy consumption and emissions, such as 

aggregates, among pavement materials. Using RAP, the required binder decreases, which 

eventually results in less energy consumption and fewer emissions[7], [8]. Third, the 

landfill space required for the disposal of RAP is reduced [9]. Zaumanis et al. (2014) [7] 

compared the costs of conventional asphalt mixtures to those of asphalt mixtures 

containing RAP. In their study, different RAP (0–100%) material percentages were 
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considered. The authors found that using 50% RAP materials decreased the construction 

cost by almost 29% of its original cost.  

The aged bitumen in RAP loses some of the light components of maltenes during aging, 

which changes the balance between the asphaltene and the maltene portions. Mogawer et 

al. (2012) [10] showed that aged bitumen has higher stiffness and lower workability than 

unaged bitumen. Low workability prevents achieving proper compaction in the field, 

leading to premature failure. Thus, replacing some of the bitumen in new pavement 

construction with RAP bitumen disturbs the colloidal balance of the overall blend. Many 

studies researched the chemical performance of aged asphalt binder and RAP. It has been 

proved that aging increases the carbonyl and sulfoxide contents in bitumen and makes it 

more susceptible to forming aromatic conjugates [11]–[14]. 

It is known that hardening, difficult workability, deterioration, and loss of oils of asphalt 

and RAP over time result from oxidative aging. This requires their modification using 

rejuvenators to restore desirable properties and improve their performance [15]. As such, 

since it was demonstrated that large amounts of oil could be potentially used from the food 

waste, it is then of interest to explore the rejuvenating effects of this oil on the rheology 

and physical properties of aged asphalt while at the same time evading the problematic 

disposal of both asphalt and FWBO waste. 
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1.2.  Research Hypothesis 

This research study hypothesizes that the new proposed FWBO is synergetic with asphalt 

binders. This synergy allows the FWBO to help the binders retain favorable rheological 

properties. The following objectives are set to test this research hypothesis 

1.3. Research Objectives 

As shown in the literature and the preliminary testing, this particular food waste research 

topic is vastly understudied, yet shows high potential for waste material's beneficial use. 

To test the research hypothesis, the following research objectives need to be achieved:  

1. Develop a stable and reproducible method for extracting FWBO oil from food 

waste. 

2. Investigate the compatibility of FWBO with asphalt binder to achieve full blending 

and storage stability.  

3. Quantify the change in rheological properties of asphalt binder after blending with 

FWBO oil. The change will be evaluated at a wide temperature range and loading 

frequencies.  
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CHAPTER 2 

2. LITERATURE REVIEW 

2.1. Asphalt Binder 

2.1.1. Asphalt Binder’s Chemistry 

Asphalt binder is one of the crude petroleum products. A distillation process of crude 

petroleum obtains asphalt cement. Crude petroleum is a complex mixture of hydrocarbons 

that occurs as a part of a transformation process of dead prehistoric organisms buried 

beneath the sedimentary rocks. This transformation process occurs when these organisms 

are subjected to varied pressures and temperatures over a very long time, estimated to be 

over the millions of years [16]. Accordingly, asphalt binders have a vast, diverse molecular 

structure based on the crude source.  

The main elemental composition of the asphalt binder is based on carbon and hydrogen. 

The following most abundant element is sulfur. Also, there is a small presence of nitrogen 

and oxygen. Moreover, heavy metals like vanadium and nickel may exist in trace amounts. 

As demonstrated in Figure 2.1, the three main fractions of asphalt binder compositions 

asphalt cement are made up of are asphaltenes and maltenes (resins and oils) [17]. 
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Figure 2-1. Asphalt Binder Composition [16] 

Asphaltene is a multipolymer system containing a great variety of building blocks. 

Generally, it is dark brown friable solids. Asphaltene is usually obtained through non-

polar solvents precipitation, such as low-boiling naphtha’s, petroleum ether, n-pentane, 

isopentane, and n-hexane [17]. Asphaltenes’ total amount in asphalt binder depends on 

the type of nonpolar solvent used in asphaltenes’ precipitation. N-pentane precipitates 

higher amounts of asphaltene than n-heptane because the number of carbon atoms in n-

pentane is less than that in n-heptane. Asphaltene was found to play a significant role in 

viscosity building components in asphalt binder. Asphaltenes’ amounts and 

characteristics vary from one asphalt binder to another. Low asphaltene content (less than 

about 10 percent) was found to tender the Hot Mix Asphalt (HMA) [16]. 

Resins are generally dark and semi- solid or solid in character. Resins are soluble in the 

liquid that precipitates asphaltenes. They are fluid when heated and brittle when cooled. 

Chromatography could separate the resins from the residua in the maltene mixture. 

Exhaustive extractions with n-pentane can release resins from asphaltenes. Resins are 

usually separated from the residue by desorption with chloroform after chromatography 

through a silica gel column containing methylcyclohexane as a solvent. Another popular 

technique is known as Saturated Aromatics Resin Asphaltene (SARA) method. SARA 
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method utilizes two ion exchange resins and FeCl3-clay-anion exchange resin packing 

column to retain the resin from the maltene reaction. Resins’ molecular weight is much 

lower than that of asphaltene. Accordingly, the resins bulk can be preparatively separated 

by gel permeation chromatography or by centrifugal thin layer chromatography [17]. 

Resins yield asphaltene-type molecules on oxidation [16]. 

Oils are usually colorless or white liquid. Oils have the lowest molecular weight fraction 

of asphalt compared to asphaltenes and resins. They serve as a dispersion medium for the 

peptized asphaltenes. They are soluble in most solvents, such as petroleum ether and 

propane. They could be separated into saturates, aromatics, and other hydrocarbon types 

by chromatography employing solvents of varying polarity. They have paraffinic and 

naphthenic structures, usually with no presence of oxygen or nitrogen. On oxidation, oils 

tend to yield asphaltenes and resins molecules [16], [17]. 

2.1.2. Asphalt Binder Oxidation (Aging) 

Asphalt binder aging or hardening is a phenomenon that occurs in asphalt binders due to 

exposure to oxygen, ultraviolet radiation, and changes in temperatures causing the asphalt 

binder to become stiffer and less ductile [18], [19], [20] [21]. The longer the asphalt 

binder is exposed to these external agents, the more it hardens.  

Oxidative aging is known to be asphalt-specific; some asphalts tend to age and harden 

faster than others. Asphalt binder aging is known to occur in two different stages. The 

first stage is fast and happens in a very short time. This stage takes place during mixing 

and lay-down operations. At this stage, asphalt binders are exposed to high temperatures 

(range from 135°C to 163°C) and a large surface area of heated aggregates, resulting in 
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very rapid and intense oxidation and volatilization [18], [22]. After the asphalt binder is 

mixed with aggregates and delivered to the job site, and compacted, age hardening can 

take place at an accelerated rate when the air void content is higher than the originally 

designed. A higher air void content provides easy entry for air, water, and light. Thicker 

asphalt cement films around the aggregate particles harden at a slower rate compared to 

thin films [16].  

The second stage occurs during the pavement service life, occurring at a slower rate. The 

oxidation process occurs when the oxygen from the environment percolates in the asphalt 

mixture and reacts with the asphalt binder. During this stage, oxidation is known to be the 

main hardening mechanism, as the volatilization is very minimal [23].  

In the literature, six factors were found to contribute to asphalt binder aging during 

mixing and service [24], [25] 

1. Oxidation, 

2. Volatilization,  

3. Polymerization, 

4. Thixotropy, also known as steric hardening, 

5. Syneresis, and 

6. Separation 

Aging was found to influence asphalt binder’s rheological properties, such as penetration 

at 25°C (77°F), viscosity at 60°C (140°F). Moreover, changes in pavement properties, 
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like percent air voids in the pavements, have been known to affect pavement performance 

with time and have been found to follow a hyperbolic model [26], [27]. 

According to the hyperbolic model theory, the changes in physical properties follow a 

hyperbolic function with time and approach a definite limit as time increases [16]. 

Asphalt binder aging in the field can be expressed based on the following equation: 

𝑇𝑇
𝛥𝛥𝛥𝛥 

= 𝑎𝑎 + 𝑏𝑏𝑇𝑇                                                                                                                            𝐸𝐸𝐸𝐸. 2.1 

Where: 
ΔY = change in test property with time T or the difference between the zero-life value 

and the value at any significant time, 

T = time, 

a = constant, the intercept of Eq. 2.1 line on the ordinate, 

b = slope of the Eq. 2.1 line, 

1/b = the ultimate change of the property at infinite time. 

 
The degree of asphalt aging can be quantified in terms of penetration or viscosity. The 

percent retained penetration (Eq. 2.2) and the aging index (Eq. 2.3) have been used to 

assess the relative aging of asphalt cement of different grades and sources. 

%Retained Penetration =
Penetration of Aged Asphalt

Penetration of Unaged Asphalt 
 × 100                            𝐸𝐸𝐸𝐸. 2.2 

Aging Index =
The viscosity of Aged Asphalt

The viscosity of Unaged Asphalt 
                                                                𝐸𝐸𝐸𝐸. 2.3  
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2.1.3.  Asphalt Binder Modification 

For decades, asphalt binder has been used as binding materials to provide a smooth 

surface on top of the pavement structure, facilitating vehicle traffic. As mentioned before, 

asphalt binder is the residue refined after extracting the crude petroleum from the 

underground deposits. Over the years, researchers and engineers have studied asphalt 

binder characterization and have developed materials specifications that provide high-

performance pavements for good-quality roads. However, day after day, there is a rapid 

increase in pavement infrastructure in terms of traffic loadings and service life which 

dictates the need for better quality roads. The modification of the asphalt binder was 

necessary to satisfy that rapid demand. Recently, asphalt binder modification with 

polymers or particulate composites has increased pavement performance [28]. Asphalt 

binder modification has been practiced for over five decades and recently has received 

more attention, especially after the development of the Superpave® specifications by the 

Strategic Highway Research Program, SHRP [16]. 

According to Bahia 2001, 15% of the total annual tonnage of asphalt binder used in the 

United States is modified asphalt binder. On a survey under NCHRP Project 9- 10, users 

and suppliers of modified asphalt binder showed their tendency to increase the use of 

modified asphalt cement in the future. The goal of asphalt binder modification is to 

improve the overall asphalt binder performance by widening the range between the 

binder’s high- and low- temperature grades. Moreover, asphalt binder modification 

targets a specific improvement in a binder’s performance in terms of the pavement 

service condition, such as in pavements carrying very high traffic volume or with a high 

percentage of slow-moving, heavy vehicles [29]. According to the composition, there are 
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multiple types of asphalt modifiers such as polymers (elastomeric and plastomeric), 

fillers, fibers, hydrocarbons, antistripping agents, oxidants, antioxidants, crumb rubber, 

and extenders. 

Asphalt binder modifiers can be classified in three different ways: (1) by the mechanism 

by which the modifier alters the asphalt properties, (2) by the composition and physical 

nature of the modifiers, and (3) by targeting an asphalt property that needs improvement 

[29].  

2.2. Reclaimed Asphalt Pavement (RAP) 

Reclaimed asphalt pavement (RAP) is HMA material removed and/or reprocessed from 

pavements undergoing reconstruction or resurfacing. Reclaiming the HMA may involve 

either cold milling a portion of the existing HMA pavement or full-depth removal. RAP 

is most commonly used as an aggregate and virgin asphalt binder substitute in recycled 

asphalt paving. However, it is also used as a granular base or subbase, stabilized base 

aggregate, and embankment or fill material. It can also be used in other construction 

applications. RAP is a valuable, high-quality material that can replace more expensive 

virgin aggregates and binders [30], [21], [31]. The beginning of using RAP was in the 

1970s because of the increased demand and limited aggregate and binder supply, which 

led the HMA producers to use reclaimed asphalt pavement (RAP) as a valuable 

component in HMA. As a result, there has been renewed interest in increasing the amount 

of RAP used in HMA to reach an average of RAP usage of 12% national average in 

2008. 
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RAP properties largely depend on its existing in-place components. There can be 

significant variability among existing in-place mixes depending on the mix type and, in 

turn, aggregate quality and size, mix consistency, and asphalt binder content. Therefore, 

RAP must be stockpiled according to its aggregate quality and gradation to ensure mix 

requirements are met for the layer of pavement that is being constructed.  

In the late 1990s, when Superpave was implemented, the Strategic Highway Research 

Program did not provide guidance for the use of RAP in HMA. Furthermore, the use of 

coarse-graded mixtures was encouraged by the Superpave mix design system, which, in 

some cases, limited the amount of RAP that could be used in the mix. Particularly, due to 

the high fines content frequently found in many RAP stockpiles, some of the specified 

mix design criteria (i.e., voids in the mineral aggregate (VMA)) reduced the use of RAP. 

Many state transportation departments stopped allowing the use of high amounts of RAP 

in favor of implementing the Superpave system with virgin materials to reduce 

variability. However, since then, there has been an increasing effort to modify the 

Superpave design method to more effectively evaluate HMA containing RAP [5]. 

Recently, the allowable amounts of RAP varied between 10 and 50 percent depending on 

the type of mix and volume of traffic on the project [32]. The retrieved RAP is usually 

utilized in either in-place or plant mixes, both of which can be cold or hot mixes [30], as 

discussed below : 

Hot in-place recycling: This method effectively addresses bleeding issues or aggregate 

polishing. Usually, it is followed by rejuvenation and material repaving. It is common to 

add a thin HMA layer over the recycled pavement. However, this method is almost not 

used anymore due to its negative environmental effect.  
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Hot plant mix: In this method, the retrieved RAP is returned to the mixing plant to be used 

as an aggregate in a new mix production. However, the RAP still contributes to some 

degree in both asphalt binder and aggregate blend in the new mix. Accordingly, the amount 

of virgin asphalt and virgin aggregates used in the new mix is reduced. In addition, the new 

RAP tends to have high viscosity due to the aged asphalt in the RAP. For this reason, lower 

viscosity asphalt (softer asphalt binder) is usually used in the production of the new mix to 

balance the effect of the aged asphalt.  

Cold mix recycling: This method is becoming more popular recently. The cold mix 

recycling can either be a plant or in-place recycling. In this method, the RAP is pulverized 

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

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

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

it for low volume roadways. 

2.2.1. RAP Variability 

The RAP milled from two different projects or even from different layers within the same 

project is usually stockpiled in the same place. The RAP collected from different sources 

usually has different asphalt content, binder age, aggregate structure, and moisture content, 

which is called RAP Variability. Variability in RAP stockpiles has always been a concern, 

and it is unavoidable to a degree. This RAP variability affects the volumetric properties of 

the produced mixes deviating from the acceptable ranges in the specifications. At the end 

of the day, accepting a mix depends on meeting volumetric requirements in the lab during 

the mix design process and meeting the target density in field compacted pavements.  
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Accordingly, it is essential to manage RAP stockpiles to avoid the mentioned concerns 

[33].  

There are four options for milled RAP and RAS management [33].  The first option is to 

use it as is without applying further processing steps. The second option is to screen the 

retrieved RAP to separate coarse and fine particles, where the coarse particles are then 

crushed further. The prescreening allows for preserving the fine particles and dust 

generation reduction. The third option is crushing all the RAP material. This option is 

meant to increase consistency in the material. However, it also increases the amount of 

generated dust, limiting the RAP percentage that can be added to any mix. The fourth 

option, and the most accurate of all, is fractionating the RAP particles into two or three 

sizes, providing good control in the mix design process.  

It is worth mentioning that all RAP used in this research will be dried, sieved, and 

fractionated down to passing sieve #200 particle size to minimize variability and 

accomplish good control over the produce’s mixes. 

2.2.2. High-RAP Mixes Solutions 

High RAP mixtures are always a significant concern to many States Department of 

Transportation (DOTs), as RAP asphalt binder is oxidized and aged. Usually, the milled 

RAP is retrieved from old pavements that suffer a lot of cracks and asphalt pavement-

related distresses. Accordingly, using more than 50% of aged RAP is an understandable 

concern to a lot of DOTs. Moreover, that may explain the reason behind limiting RAP 

incorporation in the new pavement mixes to 30% by most DOTs.  
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2.2.2.1.  Using Softer Binder 

The determination of the asphalt binder’s Performance Grade (PG) can be set based on the 

RAP percentage that will be utilized in a mix. This determination can be calculated 

following the current American Association of State Highway and Transportation Officials 

(AASHTO) standards M 323 -13. Blending charts are used to determine the rheological 

properties of the virgin binder and that of the recovered RAP binder. Then, linear 

interpolation is adopted to determine two factors. The first is the maximum amount of RAP 

that can be used for a given virgin binder performance grade and a desired blend binder 

grade. The second is the necessary virgin binder performance grade for a specific RAP 

percentage and a target binder blend grade. 

It is worth mentioning that this approach was developed for Hot Mix Asphalt (HMA) mixes 

to achieve 100% binder blending between the virgin binder and the binder contributed by 

the RAP in the mix, which is not the case. 

2.2.2.2. Use of Recycling Agents 

The market for recycling agents or rejuvenator is expanding every day. The producers of 

these recycling agents claim that their products work efficiently to restore the balance 

between asphaltene and maltene phases in the binder. As the asphalt ages, more of the 

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

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

and more prone to cracking. Rejuvenators can recover the balance between the asphaltene 

and maltene through a peptizing effect that breaks down the large asphaltene particles [34].  
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However, there are always some concerns regarding adopting utilizing recycling agents by 

state DOTs and contractors. The major concern is their effectiveness for long-term 

performance. Further, it has not been proved that recycling agents “rejuvenate” the aged 

asphalt binder. The dominant belief is that the recycling agents “soften” the aged asphalt 

binder and do not rejuvenate it.  

Many researchers use recycling agents (also referred to as rejuvenators). Using 

rejuvenators can enhance aged bitumen's chemical and rheological performance in RAP. 

Bio-oil additives are utilized in the asphalt binder industry as asphalt modifiers (<10% 

asphalt replacement), asphalt extenders (25–75% asphalt replacement), and direct 

alternative binders (100% asphalt replacement) [35]. Bio-oil sources can be categorized 

into three categories. The first category is agricultural or forest production wastes that 

include but are not limited to crop residues (like maize straw), wood wastes (like sawdust 

and bark), and urban organic wastes (like microalgae). The second category is animal 

wastes that include but are not limited to swine manure and bovine feces. Finally, the third 

category is post-consumer oil wastes that include but are not limited to cooking 

oil/residues, waste auto engine oil/residues, cottonseed, and soybean oil residues [36], [37]. 

Many studies indicated that most of these materials could restore the balance lost after 

aging between Asphaltene maltenes and Aromatics by using different contents [37]–[42]. 

Zhang et al. (2018) [43] evaluated a bio-based rejuvenator derived from waste wood as an 

asphalt recycling agent. The study showed that using the wood waste rejuvenator can 

increase the viscous components and reduce the stiffness of the aged asphalt binder. The 

high content of light compounds in the bio-oil balanced the chemical compounds of the 

aged asphalt. As a result, the rutting resistance, fatigue resistance, and low-temperature 
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crack resistance of the aged asphalt binder were restored by the bio-oil significantly. Xinxin 

et al. (2018) [44] proposed a waste Vegetable Based Oil (VBO) as an asphalt binder 

rejuvenator. The researchers concluded that the optimum dosage to be used is 13.4 wt %. 

Compared with virgin asphalt, the rutting property of rejuvenated asphalt and the 

workability were found to be slightly poorer. On the other hand, the fatigue and low-

temperature properties have been significantly enhanced. 

Pahlavan et al. (2020) [38] examined the merits of coliquefying high protein algae with 

high-lipid swine manure to form a bio-oil containing a high concentration of nitrogen-

containing fused aromatics to intercalate into oxidized asphaltene nanoaggregates. It was 

found that high-lipid swine manure bio-oil can rejuvenate the aged asphalt found in the 

reclaimed asphalt pavement by restoring the aged asphalt binder's original chemical 

balance and molecular conformation. Elkashef et al. (2017) [45] introduced soybean oil-

derived material to be utilized as a potential asphalt binder rejuvenator. The results 

suggested that this material is a viable candidate as a rejuvenator. Using the soybean oil-

derived rejuvenator at a low dosage improved the fatigue and low-temperature properties 

of aged asphalt binder. In addition, it led to a notable decrease in the complex shear 

modulus accompanied by an increase in the phase angle, which is an indication of reversing 

the effect of aging. 

This research presents FWBO as an asphalt binder rejuvenator. The proposed rejuvenator 

is investigated to study its effect on aged asphalt binder, Artificial RAP (ARAP), and RAP's 

rheological and cracking performance. In addition, the proposed FWBO is compared to 

two different market rejuvenators. Rejuvenator #1 is a Vegetable based Oil (VBO), and the 

other, rejuvenator #2, is a Petroleum-based oil (PBO) [46]. 
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2.2.3. RAP Use Limitations 

RAP utilization has environmental and economic benefits. However, there are many 

challenges facing asphalt mix designers and producers. Most state DOTs limit RAP 

incorporation in Hot Mix Asphalt (HMA) to 30% maximum. According to a survey 

conducted by The National Asphalt Pavement Association (NAPA) in 2017 on RAP use 

limitations. The main reason behind the limitations was found to be volumetric 

requirements and mixture performance constituting 60% of the causes of limitation on 

increasing RAP incorporation. That shows that some knowledge gaps need to be filled, as 

mix designers are uncertain whether mixes containing RAP would perform similarly to 

new virgin materials mixes.  

RAP is known to improve rutting resistance as its aged asphalt binder is stiff. However, 

further investigation needs to be conducted to evaluate the influence of RAP on HMA’s 

fatigue life and thermal cracking. This can be confirmed by a survey among the state DOTs 

about the common types of distress seen in surface mixtures containing RAP/RAS. The 

survey shows that all distresses can be mainly correlated to asphalt binder stiffness.  

Moreover, the current specifications lack fatigue and thermal cracking performance-related 

tests. The current specifications include The Hamburg Wheel Tracking Test (HWTT) and 

the Asphalt Pavement Analyzer (APA), which are mainly rutting tests. Also, it includes the 

Tensile Strength Ratio (TSR), which is mainly used to determine moisture resistance. 

Accordingly, there is an urgent need to develop an updated version of the specification that 

allows the utilization of RAP in highly recycled pavements: especially fatigue and thermal 

cracking related performance tests. 
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CHAPTER 3 

3. MATERIALS AND TESTING METHODS 

3.1. Food Waste Bio-Oil Extraction (Soxhlet Extraction) 

A Soxhlet extraction (Figure 3-1) was performed to separate the lipids from the spent coffee 

grounds. A round-bottom flask was filled with 150 milliliters of n-hexane and placed it on 

the heating element. It is important to weigh a soxhlet thimble, a borosilicate glass filter 

that will hold the coffee grounds while filtering out the lipids, before and after filling it with 

the dried grounds and placing it into the extraction chamber of the soxhlet which was 

placed atop the round-bottom flask. A water-cooled   reflux   condenser is placed on top of 

the soxhlet extractor. The self-sustaining process continued as follows: 

The hexane boiled and its vapor traveled up the bypass arm 

The vapor condensed in the reflux condenser and dripped down into the thimble 

The coffee lipids dissolved in the hexane and the hexane-lipid mixture accumulated until 

its surface was level with the siphon-arm. 

The hexane-lipid mixture drained back into the round-bottom flask and the cycle repeated. 

This cycle continued for as long as it was allowed. The soxhlet extractions was conducted 

at three duration of four, twelve, and twenty-four hours, then compared the masses of the 

spent grounds with those of the defatted grounds to determine a percent yield. The results 

are tabulated in section 4-1. 
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Figure 3-1. (a) Soxhlet Bio-Oil Extraction equipment, and (b) Rotary Evaporator 
Equipment. 

3.2. Superpave® Asphalt Binder Testing Protocol 

According to the American Society for Testing Materials (ASTM), asphalt can be defined 

as dark brown to black cementitious material in which the predominant constituents are 

bitumen which occurs in nature or is obtained in petroleum processing (ASTM D242). 

Asphalt binder is a viscoelastic material, as at low temperatures, asphalt cement can be 

very elastic and brittle, and at high temperatures, it behaves to be very fluid (viscous). The 

asphalt binder behaves as a viscoelastic material at intermediate temperatures combining 

elastic and viscous properties. The Relationship between the stress (σ) and strain (ε) in 

viscoelastic materials is time-dependent [47]–[49]. Accordingly, rheology could be defined 

as the science that studies viscoelastic materials, including the deformation and flow. 
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The Superpave® Asphalt Binder Testing Protocol was developed by the Strategic Highway 

Research Program (SHRP) to specify paving asphalt based on its performance 

characteristics. This system was developed to address four main pavement distresses: 

permanent deformation, fatigue cracking, low-temperature cracking, and moisture damage. 

Moreover, Superpave® takes into consideration the oxidation (aging) process experienced 

by asphalt cement during the Hot Mix Asphalt (HMA) production (Short-Term Aging) and 

the service life of the pavement (Long-Term Aging). Short-term aging is simulated in the 

lab using the Rolling Thin Film Oven (RTFO). On the other hand, long-term aging is 

simulated using the Pressure Aging Vessel (PAV) (AASHTO M320-16).  

Superpave® system characterizes asphalt binders according to their performance in PG 

HT-LT format. The PG stands for performance grade; HT represents an average 7-day 

maximum pavement temperature for which an asphalt binder is certified for use, and -LT 

represents a single minimum pavement temperature for which an asphalt binder is certified 

for use. The binders used in this research were unmodified PG 64-22 and Polymer Modified 

Asphalt (PMA) PG 76-22. These asphalt binders could be used in maximum pavement 

temperature locations of 64 and 76°C, respectively, and minimum pavement temperatures 

of -22 °C. 

The Superpave testing protocol is based on the rheological testing procedure for testing the 

asphalt binder, which consisted of three Superpave™ tests. Asphalt binder dynamic shear 

rheometer (DSR), rotational viscosity (RV), and bending beam rheometer (BBR) were used 

to test RTFO and PAV aged binder. The Brookfield viscometer is conducted to obtain the 

blends’ viscosity at 135ºC. This procedure is used to determine the viscosity of the binders 

for pumping and mixing in accordance with AASHTO T316.  
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The DSR measures complex modulus (G*) and phase angle (δ), giving a complete analysis 

of the asphalt binder rheological behavior asphalt binder at intermediate to high-grade 

temperatures. In DSR, the asphalt sample is sandwiched between a fixed plate and an 

oscillating plate which oscillates back and forth across the sample at 10 rad/sec (1.59 Hz) 

to create a shearing action. DSR tests are conducted on asphalt samples of unaged, RTFO 

aged (25mm plates), and PAV aged (8mm plates). 

For low-temperature grading, BBR was used, in accordance with AASHTO T 313, to 

determine the asphalt binder stiffness and relaxation rates. In BBR, a load is applied to the 

center of a binder beam, and stiffness is calculated based on measured deflection and 

standard beam properties. The m-value, which is the slope of the stiffness curve at 60 

seconds, measures how the asphalt binder relaxes the load-induced stresses. BBR tests are 

conducted on PAV aged asphalt binder samples. 

3.2.1. Aging Procedures 

3.2.1.1. Short-Term Aging Stimulation Using Rolling Thin Film Oven (RTFO) 

To evaluate the rutting resistance for any asphalt binder in accordance with the Superpave® 

protocol, the test samples should be RTFO aged first. RTFO is used to mimic short-term 

aging taking place at the mixing and construction stages. The Rolling Thin Film Oven 

(RTFO) is described under AASHTO standard designation T240. Moreover, through the 

RTFO test, the volatiles lost during the aging process could be evaluated.  

According to (AASHTO T240-131), the RTFO procedure takes 35 grams of unaged asphalt 

binder samples in cylindrical glass bottles and places these bottles in the RTFO oven 

carousel, shown in Figure 3.2. The rotating carousel should be set at 15 RPM for 85 minutes 
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at 325°F (163°C), and the airflow subjected to the bottles should be set at 244 in3/min (4000 

ml/min). Samples are then stored for use in physical properties tests or the Pressure Aging 

Vessel (PAV). 

 

Figure 3-2: Rolling Thin Film Oven (RTFO) Equipment (Pavement Interactive, 2020). 

3.2.1.2. Long-Term Aging Using Pressure Aging Vessel (PAV) 

To mimic in-service aging from a 7 to 10-year period (long-term aging), the Superpave® 

protocol introduced the PAV test. The samples should be PAV aged for testing fatigue 

resistance of asphalt binder at intermediate temperature and testing thermal cracking 

resistance at low temperature. The PAV test is demonstrated in AASHTO R28.  

According to AASHTO standard R28, RTFO aged asphalt binder is exposed to heat and 

pressure in the PAV machine, shown in Figure 3.3.a. The basic PAV procedure takes 

RTFO aged asphalt binder samples, places them in stainless steel pans, shown in Figure 

3.3.b, and then ages them for 20 hours in a heated vessel pressurized to 305 psi (2.10 MPa 

or 20.7 atmospheres). Typically, the heating temperature ranges from 90°C to 110°C, 

depending on the climate for which the asphalt binder is going to be used. The final material 

is degassed for 30 minutes in a vacuum oven at 170°C. Samples are then stored for use in 

physical property tests. 
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3.2.2. Dynamic Shear Rheometer (DSR) 

Superpave® testing  protocol introduced the DSR to characterize the viscoelastic materials. 

The characterization is based on dynamic testing by applying sinusoidal stress (strain) load 

to the material. In this case, the response strain (stress) is usually sinusoidal. The Dynamic 

Shear Rheometer (DSR) measures a specimen’s complex shear modulus (G*) and phase 

angle (δ). The G* means the sample’s total resistance to deformation when repeatedly 

sheared. While the phase angle (δ) can be defined as the time lag between the shear stress 

sinusoid and the resulting shear strain sinusoid. While δ is the lag between the applied 

stress and the resulting shear strain. Figure 3.4 shows this phenomenon, where Δt is equal 

to the time lag [52]. 

The lag time for elastic material is zero (δ =0°) as the stress/strain reaction to load is 

immediate. For viscous materials, since the stress is proportional to the strain rate, the δ = 

90° (π/2). Accordingly, viscoelastic materials’ lag time (δ) is between 0° and 90° (π/2). 

The stress and strain function in Figure 3.4 can be expressed mathematically by the DSR 

software through the following formulas: 

Figure 3-3: a) Major PAV Equipment, and b)  PAV Pan (with a quarter for scale) 
(Pavement Interactive, 2020). 

 

a) b) 
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𝜏𝜏𝑚𝑚𝑚𝑚𝑚𝑚 =  
2𝑇𝑇
𝜋𝜋𝑟𝑟3

                                                                                                              𝐸𝐸𝐸𝐸. 3.1 

𝛾𝛾𝑚𝑚𝑚𝑚𝑚𝑚 =  
ϴr
ℎ

                                                                                                                𝐸𝐸𝐸𝐸. 3.2 

𝐺𝐺∗ =  
𝜏𝜏𝑚𝑚𝑚𝑚𝑚𝑚
𝛾𝛾𝑚𝑚𝑚𝑚𝑚𝑚

                                                                                                                𝐸𝐸𝐸𝐸. 3.3 

where: 

T= Maximum applied torque 

r = Radius of binder specimen/plate (either 12.5 or 4 mm) 

ϴ= Deflection (rotation) angle 

h= specimen height (either 1 or 2 mm) 

G*= Complex Shear Modulus 

τmax=Maximum applied shear stress 

γmax = Maximum resulting shear strain 
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Figure 3-4. Stress-Strain Output of a Constant Stress Rheometer [52]. 

As shown in Figure 3.5, complex shear modulus G* consists of two components: (a) 

storage modulus G’(G prime) or the elastic recoverable part, and (b) loss modulus G” (G 

double prime) or the viscous non-recoverable part [16], [52], [53]. Using trigonometry, it 

can be seen that: 

𝑇𝑇𝑎𝑎𝑇𝑇𝑇𝑇 =  
𝐺𝐺"
𝐺𝐺′

                                                                                                                                𝐸𝐸𝐸𝐸 3.4 
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Figure 3-5. Viscous and Elastic Behavior of Asphalt Binders [52]. 

It is observed that the higher the time lag between the stress and strain (δ), the higher the 

G” is and the more viscous the material is. On the other hand, the smaller the time lag 

between the stress and strain (δ), the higher the G’ is, and the more elastic the material is. 

To simulate the shearing action (corresponding to a traffic speed of about 55 mph or 90 

km/h), the DSR oscillation rate was specified to be 10 radians/second (1.59 Hz). The G* 

and δ are used to predict HMA rutting and fatigue cracking. Rutting is the main concern in 

early pavement life, while fatigue cracking becomes the major concern upon aging. The 

Superpave ® system protocol uses a rutting factor (G*/sin δ) to measure the asphalt cement 

rutting resistance at high pavement service temperatures. According to AASHTO M320, 

the rutting factor (G*/ sin δ) must be equal to or greater than 1.00 kPa when unaged asphalt 

cement is tested under the dynamic loading at the maximum pavement service temperature. 
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On the other hand, the rutting factor (G*/ sin δ) must be equal to or greater than 2.20 kPa 

when RTFO aged asphalt binder is tested under the dynamic loading at the maximum 

pavement service temperature. According to AASHTO T315, under a controlled strain test, 

the target strain level for unaged materials should be 12%. The Superpave® defines this 

target strain level as the strain level where the asphalt binder is still within the linear 

viscoelastic region. The Superpave® system protocol uses a fatigue factor (G*sin δ) to 

measure the asphalt cement fatigue cracking resistance at intermediate pavement service 

temperatures. The fatigue factor (G*sin δ) must have a maximum limit of 5,000 kPa when 

asphalt cement, aged in the RTFO and PAV, is tested under the dynamic loading at the 

intermediate pavement service temperature. According to Superpave®, the intermediate 

testing temperature is determined by adding the high and low PG temperatures, dividing it 

by two, and adding 4°C. The target strain value for PAV aged asphalt binder according to 

AASHTO T325 is 1%.  

3.2.3. Bending Beam Rheometer (BBR) 

Superpave® protocol assigned the BBR test to measure the asphalt binder thermal cracking 

resistance at low pavement service temperatures. Thermal Cracking of HMA pavements 

shows up when there is a temperature drop at cold temperatures. Thermal cracking can 

result from one thermal cycle when a critically low temperature is encountered or from 

thermal cycling where the temperature cycles up and down but always remains above the 

critical low temperature [16]. As shown in Figure 3.6, the BBR test system consists of (a) 

a loading frame that permits the test beam, supports, and the lower part of the test frame to 

be submerged in a constant temperature fluid bath; (b) a controlled-temperature liquid bath 

that maintains the test beam at the test temperature and provides a buoyant force to 
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counterbalance the force resulting from the mass of the beam; (c) a computer-controlled 

automated data acquisition component; (d) specimen molds; and (e) items needed to 

calibrate and/or verify the BBR (AASHTO 313-12, 2016). 

 

Figure 3-6. Schematic of the Bending Beam Rheometer (AASHTO 313-12, 2016). 

According to AASHTO T 313, BBR measures the creep stiffness (St) and the slope of the 

creep stiffness (m-value) at 8, 15, 30, 60, 120, and 240 seconds, as demonstrated in Figure 

3.7. Creep could be defined as a progressive deformation of a material under constant 

stress. Accordingly, when a creep experiment is conducted, the stress is increased instantly 

from 0 to σ0, and the strain ε(t) is recorded versus time. The creep stiffness (S(t)) is 

calculated using the Bernoulli beam classic theory as a function of time, sample geometry, 

and deflection (Equation 3.5). 

𝑆𝑆 (𝑡𝑡) =   
𝑃𝑃𝐿𝐿3

4𝑏𝑏ℎ3𝑇𝑇(𝑡𝑡) 
                                                                                                              𝐸𝐸𝐸𝐸. 3.5 

Where: 

 S(t)= Creep Stiffness at time, t= 60 seconds 

P= Applied constant load, 100 g (980 mN) 
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L= Distance between beam supports, 102mm 

b= Beam width, 12.5 mm 

h=Beam thickness, 6.25 mm 

δ (t)=Deflection at time, t=60 seconds 

 

 

 

To determine the test temperature, a series of tests performed at the different temperatures 

indicated that at the lowest pavement temperature, the time-temperature superposition shift 

functions for many asphalt binders are similar regardless of loading time. This indication 

led to establishing a single offset temperature for estimating the response at longer loading 

times. It was determined that an offset of 10°C above the lowest pavement temperature 

could be used to equate the BBR stiffness at 60 seconds loading time to the asphalt binder 

stiffness at 7,200 seconds loading time in the field at the lowest pavement temperature [16], 

[55]. Accordingly, for PG 64-22 and 76-22 asphalt binder, the test temperature would be   

-12°C, which is 10°C higher than the low-temperature specification of -22°C. 

Worth mentioning that test results are not valid for beams of asphalt binder that deflect 

more than 4 mm, or less than 0.08 mm, when tested in accordance with this method 

(AASHTO 313-12, 2016). Also, BBR is used to predict the temperature at which the binder 

has a stiffness of 200 MPa at a loading time of 60 seconds. However, there were initial 

(a) (b) 
Figure 3-7. a) Deflection Versus Time for BBR, b) m-value From Bending Beam 

Rheometer (Roberts et al. 1991). 
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experiences that suggested that the previous specification was restrictive, and the 

specification limit was raised to 300 MPa [19]. 

3.3. Asphalt Binder Performance Testing 

In the following section, tests were conducted on the control binders and the rejuvenated 

blends. 

3.3.1. Glover Rowe Parameter (G-R), Crossover Frequency, and Modulus (ωc), (Gc*) 

The Glover-Rowe (G-R) parameter is utilized to evaluate the effect of aging on the blends’ 

ductility.  Before the Strategic Highway Research Program (SHRP) was established, the 

ductility test (at 15ºC) was used to assess binders for susceptibility to cracking at 

intermediate temperatures.  In 2005, Glover conducted a comprehensive study on the aging 

of asphalt binder, and in that study, Glover presented the DSR function (G'/(η’/G') 

measured at 0.005 rad/sec and 15ºC.  The DSR function strongly correlated with the 

ductility test [56]. Anderson et al. (2011) [57]conducted a field study in which the DSR 

function was validated as a good candidate for identifying loss of ductility that may lead to 

non-load associated cracking in pavements.  The G-R parameter shown in Equation (3.7) 

was a reformulation of the DSR function [58]:  

G-R= 𝐺𝐺∗(𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐)2

sin 𝑐𝑐
                                                                  Equation 3.7                                               

Where,  G* – complex shear modulus (kPa); and 

δ – phase angle (degree). 
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The crossover frequency and modulus (ωc, Gc*) are rheological parameters used to quantify 

aging susceptibility. The crossover modulus is defined as the complex shear modulus when 

the phase angle equals 45°, where the storage modulus equals the loss modulus.  The 

crossover modulus is a unique point on the material's viscoelastic spectrum, not depending 

on the test frequency and temperature.  Increased crossover values indicate an increased 

viscous and elastic component of the materials. The crossover modulus is inversely related 

to aging. The frequency sweep tests determined the crossover modulus Gc* from the master 

curves of complex shear modulus and phase angle. 

Similar to the crossover modulus, the crossover frequency (ωc) corresponds to the 

frequency at which the phase angle (δ) is 45°or G' =G", which indicates the equal 

contribution of the elastic and viscous components of G*. Some rejuvenators mainly act as 

a softener by influencing the viscous component of asphalt. Other rejuvenators restore both 

the viscous and elastic performance of aged asphalt.  It has been shown that nearly all so-

called rejuvenators soften the aged bitumen and increase its crossover frequency, which 

measures bitumen's vicious behavior.  However, not all rejuvenators increase the crossover 

modulus, which measures the extent of polydispersity.  Asphalt binder's polydispersity 

increases with aging and is inversely related to crossover modulus [4], [59]. Therefore, 

crossover modulus and frequency are reliable tools to evaluate rejuvenator efficiency. A 

concurrent increase in crossover modulus and crossover frequency is needed to show 

successful rejuvenation and not only softening agent [4], [59]. 

The crossover frequency and modulus (ωc, Gc*) and Glover-Rowe Parameter (G-R) were 

obtained through the DSR frequency sweep test.  The DSR frequency sweep test was 

conducted on all blends and binders.  For PG 64-22 blends/binders and field RAP, the test 
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was conducted at 10, 22, 34, 46, 58, 64, and 70°C, over a frequency range from 100 to 0.1 

rad/s, at each temperature.  For PMA PG 76-22 blends and binder, the test was held at 10, 

22, 34, 46, 58, 70, and 76°C over a frequency range from 100 to 0.1 rad/s.  The amplitude 

strain was set to 0.1% to attain linear viscoelastic range behaviors for the blends and binder 

tested. 

3.3.2. The Delta Tc Parameter as an Aging Indicator (ΔTc) 

The Bending Beam Rheometer (BBR) was used to determine the impact of the low-

temperature aging-related cracking potential of the asphalt binder.  The critical low 

temperature of an asphalt binder is determined based on the values of stiffness modulus 

S(the 60s) and the slope of the stiffness modulus curve m(60s). The loss of relaxation 

capacity of the asphalt binder at low temperature as a result of aging leads to a reduction 

of durability and a potential increase in non-load-associated cracking. Accordingly, [57] 

introduced the ΔTc parameter, which is the numerical difference between the critical low 

temperature corresponding to stiffness, S, equals 300 MPa, and the critical temperature 

corresponds to m-value equals 0.300. Pavements with a rapid aging rate are prone to 

thermal cracking, which indicates poor relaxation for the binders. Accordingly, the ΔTc 

parameter became a role in measuring the ductility loss of aged asphalt, which is correlated 

to binder aging. As mentioned, the higher the aging indicator, ΔTc, the better the aging 

resistance. Accordingly, positive values of ΔTc are considered excellent and are always 

desired. Values below -5 are considered poor. ΔTc threshold of -5 after 40-hour PAV aging 

minimizes the thermal cracking susceptibility. Moreover, Glover-Rowe (G-R) parameter 

thresholds (the onset of block cracking and significant block cracking) were found to 
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correlate with ΔTc values of -5°C or higher [57]. However, Rowe (2017) [60] demonstrates 

that there is no unique correlation between these two parameters. 

3.3.3. Chemical Investigation Through Infrared Spectroscopy (FTIR) 

The principal mechanism of infrared spectroscopy is that a beam of infrared radiation 

passes through a sample, and a spectrometer analyzes the transmitted radiation.  The 

spectrum of transmitted radiation, either transmittance or absorbance, shows absorbed 

radiations at specific wavelengths. This absorbed radiation at a particular wavelength 

corresponds to the absorbance due to vibration or rotation of a specific chemical bond when 

the frequency of vibration (or rotation) of the bond matches that of the applied radiation.  

It was reported that due to aging, the Carbonyl functional groups (C=O) increase in asphalt 

samples because of the oxidation reaction [12], [13], [61]–[65].  The relative increase or 

decrease of the previously mentioned functional group compounds in the samples is 

determined through the following equations proposed by Grenfell et al. (2009) [66]: 

The carbonyl Index (ICO) = 𝐴𝐴𝐴𝐴𝐴𝐴𝑚𝑚 𝑚𝑚𝐴𝐴𝑐𝑐𝑎𝑎𝑎𝑎𝑎𝑎 1700 𝑐𝑐𝑚𝑚 −1

𝐴𝐴𝐴𝐴𝐴𝐴𝑚𝑚 𝑚𝑚𝐴𝐴𝑐𝑐𝑎𝑎𝑎𝑎𝑎𝑎 1460 𝑐𝑐𝑚𝑚 −1+𝐴𝐴𝐴𝐴𝐴𝐴𝑚𝑚 𝑚𝑚𝐴𝐴𝑐𝑐𝑎𝑎𝑎𝑎𝑎𝑎 1375 𝑐𝑐𝑚𝑚 −1
                           Equation 3.8  

The numerator in Equations 1 corresponds to the peak area due to the stretching of ketonic 

bonds. The denominator corresponds to the bending of C–H bonds in the spectrum of the 

binder sample.  The relative area in a particular spectrum was considered in this case 

instead of the height or magnitude of the peaks.  The areas around the peaks of interest 

were calculated by constructing a baseline from valley to valley, as shown in Figure 3.8.  

FTIR was carried out on four samples for each binder to account for repeatability, 

achieving a Coefficient of Variation (CoV) below 10%. 
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Figure 3-8. Illustration of Determination of Peak Areas [13]. 

3.3.4. Asphalt Binder Experimental Program Overview 

The experimental program is presented in Figure 3-9. The program relies on three different 

binders: Two unmodified PG 64-22 binders and a Polymer Modified (PMA) PG 76-22 

binder. These binders are used to create artificial RAP (ARAP) for a full testing program 

with two available rejuvenators and the proposed FWBO rejuvenator. In addition, an 

extracted RAP binder is used to confirm the results of the ARAP with rejuvenators. The 

RAP binder was extracted and recovered from the RAP mixes per AASHTO T-164.  Table 

3-1 lists the high, intermediate, and low-temperature Performance Grade (PG) for the 

investigated binders and RAP.  

Table 3-1. Continuous Performance Grade (PG) for the Investigated Asphalt Binders and RAP 

 High Temperature   Low 
Temperature 
(PAV 20 hr.) 

 

Tested Binder Original1  RTFO2 Inter. 
Temp.3 

S/MPa4 m-slope5 Continuous PG 

NC PG 64-22 67.4 68.5 22.9 -26.7 -25.7 67-25 
AA PG 64-22 69.5 70.0 24.0 -24.1 -23.3 69-23 
PMA PG 76-22 79.4 81.4 23.7 -25.6 -24.90 79-24 
RAP-RS19 87.3  ــ  27-87 27.5- 29.4- 23.3 ـــــــــــ
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1 Temperature corresponds to |G*|/sin(delta)=1.0 KPa 
2 Temperature corresponds to |G*|/sin(delta)=2.2 KPa 
3 Temperature corresponds to |G*|*sin(delta)=5000 KPa 
4 Temperature Corresponds to Stiffness= 300 MPa 
5 Temperature corresponds to m-value =0.3 

Three different rejuvenators were used in this study. Two market rejuvenators, VBO and 

PBO, are referred to as rejuvenators #1 and #2, respectively. In addition, a new Vegetable-

based FWBO rejuvenator is introduced in this research.  

 

Figure 3-9. Experimental Program 
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The aging characterization of the blends and binders is quantified using Fourier-transform 

infrared spectroscopy (FTIR). The test is used to calculate the Carbonyl functional group 

(C=O) increase in asphalt samples with oxidative aging.  In addition, aging-dependent 

rheological behavior is also investigated and utilized to quantify the aging behavior of the 

samples. Therefore, the testing program includes Low-temperature performance using the 

bending beam rheometer (BBR) test according to AASHTO PP-42 to measure the low-

temperature ductility. 

The Glover-Rowe (G-R) parameter, crossover frequency, and crossover modulus (ωc and 

Gc*) are also evaluated for the investigated RAP binders. Finally, all samples are tested 

using two replicates to achieve a coefficient of variation not exceeding 10%. 

In general, rejuvenator dosage is determined based on achieving one of the following three 

conditions:  first, restoring the low-temperature grade (PGL) of the binder blend to that of 

the base binder, or second, restoring the high-temperature grade (PGH) of the binder blend 

to that of the base binder, or third, achieving  ΔTc equal to -5 [67].  For this study, achieving 

ΔTc equal to or less than -5°C was set for choosing the rejuvenator dosage. This criterion 

led to using a 5% dosage for the rejuvenators.  

3.4. Superpave® Asphalt Mixture Compaction Protocol 

3.4.1. Superpave® Gyratory Compactor (SGC) 

Superpave® mix design methodology will be used to compact asphalt mixes. The 

Superpave® Gyratory Compactor (SGC), shown in Figure 3.10, is used to compact the 

selected aggregates and asphalt binder to a density corresponding to the density obtained 
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in the field. The SGC produces HMA mixes for volumetric analysis. Moreover, the sample 

density could be measured through the compaction procedure.  

 

Figure 3-10: Superpave® Gyratory Compactor. 

Three major components are controlling the compaction effort of the SGC, the vertical 

pressure, the angle of gyration, and the number of gyrations. As demonstrated in Figure 

3.11, the vertical pressure is set at 600 kPa (87 psi), and the angle of gyration is set at 1.25°. 

The gyrations rate is set at 30 Revolutions Per Minute (RPM). The traffic level could be 

stimulated through the number of gyrations. Four- and six-inches diameter HMA 

specimens are produced by the SGC produces. HMA samples compacted on the SGC are 

used to determine the bulk density (Gmb), and HMA loose samples are used to determine 

the maximum theoretical density (Gmm).  
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The SGC can record the height of the sample with each gyration throughout the compaction 

process. The HMA specimen density can be estimated during the compaction process by 

weighing the mass of material placed in the mold, the inside diameter of the mold, and the 

specimen height. With these measurements, a specimen’s compaction characteristics plot 

can be developed. As shown in Figure 3.11, a compaction characteristics curve is 

developed with these measurements by plotting the percent of maximum theoretical density 

(%Gmm) vs. gyrations on a logarithmic scale. 

 

 
  Figure 3-11: Number of gyrations vs. percent maximum theoretical density[68]. 

As can be noticed from the previous figure, there are three major terms for the Superpave® 

mix design that can be identified. These terms are the initial number of gyrations (Ni), the 

design number of gyrations (Nd), and the maximum number of gyrations (Nm). These three 

terms are important as they relate to traffic levels through the Equivalent Single Axle Loads 

(ESALs). In the mix design process, the optimum asphalt content is selected as the asphalt 

content that provides 96%Gmm (4% air voids) when the mix is compacted at Nd. Ni is 
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defined as a measure of mixture compatibility. Nd is defined as the number of gyrations 

required to produce a density in the mix that is equivalent to the expected density in the 

field after the indicated amount of traffic.  

A mix that has 4% air voids at Nd should have at least 11% air voids at Ni.  Nm is the 

number of gyrations required to produce a density in the laboratory that should never be 

exceeded in the field. The air voids at Nm are required to be at least 2%. Mixtures with less 

than 2% air voids are believed to be more susceptible to permanent deformation [16].  

Two other criteria must be satisfied in order to meet the Superpave® mix design 

requirements. These two criterions are the Voids in Mineral Aggregates (VMA) and the 

Voids Filled with Asphalt (VFA). The VMA is defined as the total volume of voids within 

the mass of the compacted aggregate, and VFA is defined as the volume of voids that are 

filled with asphalt. The VMA influences the performance of a mixture. A mixture with low 

VMA may suffer durability problems; on the other hand, a mixture with a high VMA may 

exhibit stability problems and could be uneconomical to produce. The following equations 

estimate the VMA and VFA:  

%𝑉𝑉𝑉𝑉𝑉𝑉 = 100 − �
%𝐺𝐺𝑚𝑚𝑚𝑚@𝑁𝑁𝑎𝑎  ×  𝐺𝐺𝑚𝑚𝑚𝑚 × 𝑃𝑃𝑐𝑐

𝐺𝐺𝑐𝑐𝑠𝑠
�                                                               𝐸𝐸𝐸𝐸. 3.9 

%𝑉𝑉𝑉𝑉𝑉𝑉 = 100 − �
%𝑉𝑉𝑉𝑉𝑉𝑉 − 4.0

%𝑉𝑉𝑉𝑉𝑉𝑉
�                                                                                      𝐸𝐸𝐸𝐸. 3.10 

Where: 

VMA = voids in the mineral aggregate, percent of bulk volume 

%Gmm @ Nd = maximum theoretical specific gravity @ Nd, percent 
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Gmm = maximum theoretical specific gravity 

Gsb = bulk specific gravity of total aggregate 

Ps = aggregate content, cm3/cm3, by the total mass of the mixture  

3.5. Asphalt Mixture Performance Testing 

3.5.1. Semi-Circular Beam (SCB) Test-Cracking Evaluation 

Cracking performance evaluation was made using the Semi-Circular Bend (SCB) test at 

intermediate temperature (based on AASHTO TP-124 standard specification). The SCB is 

a three-point bending test run on half-disk asphalt mixture specimens. The mixtures were 

compacted to an air content of 7%±0.5%. Four half-disk specimens were obtained from 

each mixture sample. The half-disks have a thickness of 50 mm and an engineered notch 

(15 mm deep x 1.5 mm wide). Figure 3-13-(a) shows an SCB specimen with the notch. 

The test was run using the MTS universal testing machine at a 50 mm/min loading rate and 

5mm/min [71] for intermediate temperature.  

The testing temperature was at 25ºC for intermediate temperature [72]. The load-

displacement curve was obtained from the test. Figure 3-13-b was used to determine the 

mixtures' fracture energy and flexibility index (FI). 



41 
 

 

Figure 3-12: Semi-Circular Bend (SCB) test. (a) SCB Specimen and test apparatus, (b) 
Force-Displacement curve. 

 

The area under the curve is the work of fracture in (Joules). The work of fracture is then 

used to calculate the fracture energy in (Joules/m2) as follows in Equation (3.12) [73]: 
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𝑭𝑭𝑭𝑭𝑭𝑭𝑭𝑭𝑭𝑭𝑭𝑭𝑭𝑭𝑭𝑭 𝑬𝑬𝑬𝑬𝑭𝑭𝑭𝑭𝑬𝑬𝑬𝑬 =  𝑾𝑾𝑾𝑾𝑭𝑭𝒌𝒌 𝑾𝑾𝒐𝒐 𝑭𝑭𝑭𝑭𝑭𝑭𝑭𝑭𝑭𝑭𝑭𝑭𝑭𝑭𝑭𝑭
𝑻𝑻𝑻𝑻𝑻𝑻𝑭𝑭𝒌𝒌𝑬𝑬𝑭𝑭𝑻𝑻𝑻𝑻×𝑳𝑳𝑻𝑻𝑬𝑬𝑭𝑭𝑳𝑳𝑭𝑭𝑬𝑬𝑭𝑭 𝒍𝒍𝑭𝑭𝑬𝑬𝑬𝑬𝑭𝑭𝑻𝑻

                                         Equation (3.12) 

The flexibility index (FI) is calculated by dividing the fracture energy by the slope of the 

post-peak curve at the inflection point, as shown in Equation (3.13). Higher FI values 

indicate more ductile failure behavior. 

𝑭𝑭𝒍𝒍𝑭𝑭𝑭𝑭𝑻𝑻𝑭𝑭𝑻𝑻𝒍𝒍𝑻𝑻𝑭𝑭𝑬𝑬 𝑰𝑰𝑬𝑬𝑰𝑰𝑭𝑭𝑭𝑭 =  𝑭𝑭𝑭𝑭𝑭𝑭𝑭𝑭𝑭𝑭𝑭𝑭𝑭𝑭𝑭𝑭 𝑬𝑬𝑬𝑬𝑭𝑭𝑭𝑭𝑬𝑬𝑬𝑬
|𝑺𝑺𝒍𝒍𝑾𝑾𝑺𝑺𝑭𝑭|

                                                         Equation (3.13)  

 

 

Figure 3-13: A typical force Load Point Displacement (LPD) curve from the SCB test After 
[76] 
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CHAPTER 4 

4. RESULTS AND DISCUSSION 

4.1. Soxhlet Extraction Results 

Every step of this study is entirely dependent upon the success of its predecessor. 

Therefore, each step was verified before moving forward. Before continuing with the 

number of Soxhlet extractions to achieve the necessary volume of lipids, it was ensured 

that it had chosen an effective duration for this particular process by analyzing the percent 

yield. Fourier transforms infrared (FTIR) spectrometer to determine whether the brown, 

oily substance was, in fact, coffee lipids was employed. 

In short, a high concentration of a compound is indicated by a spike in its absorbance (y-

axis) at its corresponding wavelength (x-axis). These can be seen at 1740 cm-1, which is a 

lipid-ester, and 2920 cm-1, which is methylene. After comparing the graphs of the FTIR 

readings of the dried food waste, the defatted grounds, and the lipids themselves, it was 

apparent that the isolation of coffee lipids was successful, as shown in Figures 4-1 and 4-

2. 
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Figure 4-1. Normalized FTIR Chemical Groups Peaks for Food Waste and Defatted Food 
Waste 
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Figure 4-2. Normalized FTIR for Full Spectra FWBO Rejuvenator.  

Then, the Soxhlet extraction process was continued for as long as the Temple university 

facility allowed. Three Soxhlet extractions for durations of four, twelve, and twenty-four 

hours were conducted. Then, the masses of the food waste with those of the defatted 

grounds to determine a percent yield. The results are tabulated in table 4-1. 

Table 4-1. Percent Yield of FWBO Rejuvenator Extracted at Four, Twelve, And Twenty-
Four Hours 

 4-hour 
l  

12-hour 
l  

24-hour 
l  Mass of dried waste (g) 31.79 33.39 30.53 

Mass of defatted waste 
( ) 

28.83 29.72 27.99 
Mass of lipids (g) 2.96 3.67 2.64 

Percent yield 9.32 % 11.0 % 8.31 % 

According to the results, it was decided to proceed by conducting four-hour Soxhlet 

extractions, two to three times per day. With the ability to reuse the thimble and hexane 
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(after the rotary evaporation process)). It was decided to sacrifice the small mass of lipids 

that it would gain by conducting the Soxhlet extraction for triple the duration. In other 

words, defatted grounds were discarded before all of their lipids were extracted. 

4.2. Asphalt Binder Aging Indices 

4.2.1. Analysis of Infrared Spectroscopy (FTIR) 

Table 4-2 shows the change in the FTIR results for the different investigated ARAP and 

RAP at different aging levels. Thus, FTIR monitored the main changes in the chemical 

functional groups between the two aging levels for the different investigated ARAP and 

RAP. The data shown are the average of four replicates.  The spectral peak of interest was 

for the carbonyl peak at 1700 cm−1.  To analyze the carbonyl group with the presence of 

rejuvenators, these spectra were normalized using a reference of bending of C–H bonds in 

the spectrum of the binder sample.  The higher the carbonyl index, the greater the oxidation 

level and aging accordingly.  

As mentioned above, the different rejuvenators are introduced to the ARAP and RAP, then 

subjected to PAV aging cycle.  Figure 4-3 shows the influence of the different rejuvenators 

when blended with the investigated RAP binders. Rejuvenator#1 is a vegetable-based bio-

oil (VBO), and rejuvenator#2 is a Petroleum-Based bio-oil (PBO).  The new proposed 

FWBO also has a VB nature.  The ester group (1,735cm–1,750 cm−1) referred to in Figure 

4-3 can clearly distinguish between the PBO and VBO, as the VBO contains the ester 

groups. 
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Table 4-2. Carbonyl Index (ICO) for Rejuvenated and Unrejuvenated RAP binders. 

Asphalt Binder 
/RAP 

ARAP@1st   
PAV or 
Field RAP 

@ 2nd PAV RAP + Rej.  #1 @ 
2nd PAV 

RAP + Rej.  #2 
@ 2nd PAV 

RAP + FWBO 
@ 2nd PAV 

ICO Relative 
to RAP* 

ICO Relative 
to RAP 

ICO Relative 
to RAP 

ICO Relative 
to RAP 

NC PG 64-22 0.172 0.168 -2.59% 0.157 -8.87% 0.133 -22.76% 0.169 -1.87% 
AA PG 64-22 0.125 0.160 28.17% 0.145 16.12% 0.178 42.81% 0.110 -12.28% 
PMA PG 76-22 0.131 0.138 4.61% 0.121 -8.28% 0.116 -11.45% 0.120 -8.51% 
RAP-RS19 0.139 0.141 1.61% 0.144 3.76% 0.145 4.29% 0.139 0.00% 

*RAP term includes both Artificial RAP and field extracted RAP 

Table 4-2 lists the calculated values of ICO for the different investigated RAP binders. The 

results show that further aging applied on both the ARAP and RAP binders is causing 

minimal changes in measured ICO. Only the ARAP-AA binder shows a noticeable increase 

in ICO by 28%.  

Both rejuvenators #1 and #2 are found not to positively influence the aging index ICO 

when introduced to ARAP-AA and RAP-RS19. Rejuvenator#1 drops the ICO by 8.9% and 

8.3% when introduced to the ARAP-NC and ARAP-PMA binders. Introducing rejuvenator 

#2 to ARAP-NC and ARAP-PMA drops the aging index ICO values by 22.8% and 11.5%, 

respectively.  

The FWBO rejuvenator is the only rejuvenator showing a consistent reduction in the ICO 

aging index when introduced to the different investigated ARAP/RAP. It drops the ICO 

values by 1.9%, 12.3%, and 8.5% when blended with the ARAP-NC, ARAP-AA, and 

ARAP-PMA, respectively. Furthermore, the new FWBO is the only rejuvenator that 

maintained the ICO level of the field RAP at a constant level after the second cycle of 

PAV.   
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Understandably, the results of spectroscopy indices provide a more qualitative evaluation. 

This is because (1) it depends on small samples that may have issues representing the bulk 

material, and (2) the approximate method in calculating the areas under the appropriate 

peaks of the output. Both rejuvenator types (petroleum-based and vegetable-based) present 

an adequate amount of maltene constituents that rebalance the composition of the aged 

binder at distinct levels. However, it can be concluded that the introduction of the VBO 

rejuvenators, especially the new proposed FWBO, is associated with the higher recovery 

of PAV-aged RAP binders. That could be due to the predominance constitution of esters 

with saturated and unsaturated fatty acids for the VBO rejuvenators making the vegetable-

based rejuvenator behave as a nonpolar oil. On the other hand, the PBO rejuvenators are 

products with a predominance of polar aromatic molecules. These interpretations have 

been referred to by several authors [6], [43]–[45], [77]–[79]. 

 In 2014, Yu et al. [80] indicated that the recovery of aged binders by adding aromatics was 

less significant than observed when organic vegetable bio-oils were employed. The 

argument was that the petroleum-based rejuvenator is free of carbonyl groups. 

Accordingly, the carbonyl index presented by the PB rejuvenated binders directly results 

from the aging of the asphalt binder, implying that aging is more evident in PB rejuvenated 

binders than in VB rejuvenated binders. Therefore, vegetable-based bio-oil rejuvenators 

show a better and safer alternative to petroleum-based rejuvenators, not only from a 

technical point of view, as the FTIR results just proved, but also because of its less 

environmental and occupational health impacts [43], [45], [81]. 

The asphalt binder aging process is very complex. Changes in its chemical composition 

and rheological properties. The chemical composition change is irreversible, including 



49 
 

oxidation, loss of volatiles, and formation of highly polar functional groups. The 

rheological properties change a reversible process related to physical hardening attributed 

to the reorganization of the binder molecules [79]. Accordingly, cracking and ductility-

related evaluation is conducted. 
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(b) 

  

(c) 
Figure 4-3. Normalized FTIR for (a) full spectra rejuvenators used, (b) magnified area, and 
(c) PAV-aged rejuvenated and unrejuvenated unmodified NC-binder. 
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4.2.2. Thermal Cracking and Relaxation Performance Evaluation 

ΔTc is used for evaluating the age-related cracking potential at low temperatures.  The 

lower the value of ΔTc, the lesser the ability of the binder to relax under thermal stresses 

as the pavement ages. Table 4-3 demonstrates the results related to low-temperature 

performance. Table 4-3 depicts that all the investigated RAP binders are more susceptible 

to aging. The ARAP-AA is more prone to thermal cracking than the other investigated 

RAP binders, as its ΔTc value drops the most by 343%. On the other hand, ARAP-NC, 

ARAP-PMA, and RAP-RS19 binders' ΔTc values are found to drop by 286%, 178%, and 

75%, respectively. 

Table 4-3. ΔTc for Rejuvenated and Unrejuvenated RAP binders. 

Asphalt Binder 
/RAP 

ARAP@1st   
PAV or 
Field RAP 

@ 2nd PAV RAP + Rej.  #1 
@ 2nd PAV 

RAP + Rej.  #2 
@ 2nd PAV 

RAP + FWBO 
@ 2nd PAV 

ΔTc Relative 
to RAP* 

ΔTc Relative 
to RAP 

ΔTc Relative 
to RAP 

ΔTc Relative 
to RAP 

NC PG 64-22 -1.04 -4.01 -286% -2.21 -113% -2.69 -159% -3.47 -234% 
AA PG 64-22 -0.79 -3.49 -343% -0.51 +34% -3.50 -342% 0.29 +138% 
PMA PG 76-22 -0.73 -2.03 -178% -0.68 +7% 0.45 +162% -0.62 +16% 
RAP-RS19 -1.93 -3.38 -75% -1.42 +26% -3.06 -59% -1.41 +26% 

*RAP term includes both Artificial RAP and field extracted RAP 

Table 4-3 demonstrates the effect of the different rejuvenators when introduced to the 

different RAP binders. In general, introducing rejuvenators to the aged RAP binders 

increases the resistance to thermal cracking. Rejuvenator#1 is found to improve the 

performance of ARAP-AA and RAP-RS19 by 34% and 26%, respectively, as measured by 

ΔTc. Rejuvenator#2, the PBO rejuvenator, has no significant improvement in thermal 

cracking resistance when introduced to ARAP-AA and RAP-RS19 but significantly 

increases ΔTc for ARAP-PMA by 162%. 
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The new proposed FWBO significantly enhances the resistance to thermal cracking when 

introduced to all the investigated RAP binders. The ΔTc values ARAP-AA, ARAP-PMA, 

and RAP-RS19 are found to increase by 138%, 16%, and 26%, respectively, compared to 

their corresponding PAV aged unrejuvenated RAP. These results show the effectiveness 

of FWBO in retarding the aging of the different binders compared to the two on-market 

rejuvenators.  Especially when introduced to the ARAP-AA and RAP-RS19. It is important 

to note that all results of blends and binders are within acceptable performance as 

recommended by Anderson et al. [57]. 

Figure 4-4 shows the ICO index correlation with the ΔTc. It is clear that the PBO has the 

lowest rejuvenating effect compared to the VBO rejuvenators. On the contrary, as 

illustrated, the VBO rejuvenators can retard the aging indices to a level exceeding RAP 

binders' original condition before being subjected to PAV aging.  
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*RAP term includes both Artificial RAP and field extracted RAP 
Figure 4-4. Correlation between The Carbonyl Index (ICO) and ΔTc of the Investigated 

Rejuvenated and unrejuvenated RAP binders. 

 

4.2.3. Frequency Sweep Test Results 

The tested binders' stiffness and phase angle were obtained from the asphalt binder 

frequency sweep test. The Christensen-Andersen-Marasteanu (CAM) model, as shown in 

Equation (4-1), was used to construct the asphalt and RAP master curves. The shift factor 

was estimated based on the Williams–Landel–Ferry (WLF) equation. Figure 4.5 depics the 

master curve development by using the Log(αT)= shift factor 
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Figure 4-5 depicts the complex modulus and the phase angle master curves for the tested 

asphalt binder and RAP.              |𝐺𝐺 ∗ | = 𝐺𝐺𝑔𝑔∗

[1+�𝜔𝜔𝑐𝑐𝜔𝜔𝑟𝑟
�
𝑘𝑘

]
𝑚𝑚𝑒𝑒
𝑘𝑘

                             (Equation 4-1) 

where 

|G*| = complex shear modulus (Pa); 

Gg* = glassy modulus (Pa); 

ωc = crossover frequency (rad/s); 

ωr = reduced frequency (rad/s); and 

me, k = fitting coefficients. 

Horizontal shift 
Log(αT) 

Temperature 
decrease 

Range of Testing 
Frequency 

Figure 4-5. Development of the Master Curve for the binder ARAP-NC 
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The complex modulus increases, and the phase angle decreases when the investigated 

asphalt binders are subjected to the second round of PAV aging and when RAP is subjected 

to PAV aging. As expected, introducing the different rejuvenators to the aged asphalt 

binder reduces the stiffness. The VBO rejuvenators have a more dominant effect following 

the FTIR results trends than the PBO. Introducing rejuvenator#1 to the unmodified binder 

NC reduces its stiffness and increases its phase angle, accordingly enhancing its elastic 

component. As shown in Figure 4-5-a, rejuvenator#1 enhances the elastic component to a 

limit higher than the binder after its first round of PAV aging. The PBO rejuvenator#2 

performs the least with both investigated unmodified binders. It has an intermediate 

performance with the PMA binder and the real extracted RAP. 

Compared to the two market rejuvenators, the proposed FWBO performs efficiently with 

unmodified binder AA, PMA binders, and the extracted RAP. Furthermore, it is found that 

introducing the FWBO enhances the elastic component of the PAV-aged binder and more 

effectively with the RAP, as shown in Figures 4-5-b to -d. 
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(c) 

 
(d) 

Figure 4-6. Asphalt Complex Modulus and Phase angle Master Curves for (a) ARAP-NC, 
(b) ARAP-AA, (c) ARAP-PMA, and (d) RAP-RS19. 

 

0.00

10.00

20.00

30.00

40.00

50.00

60.00

70.00

80.00

90.00

1.00E+00

1.00E+01

1.00E+02

1.00E+03

1.00E+04

1.00E+05

1.00E+06

1.00E+07

1.00E+08

1.00E-07

1.00E-06

1.00E-05

1.00E-04

1.00E-03

1.00E-02

1.00E-01

1.00E+00

1.00E+01

1.00E+02

1.00E+03

1.00E+04

Ph
as

e 
A

ng
le

, δ
 (˚

)

C
om

pl
ex

 M
od

ul
us

 |G
*|

 (k
Pa

)

Reduced Frequency (Hz) at 15ºC

Complex Modulus and Phase Angle

ARAP-PMA ARAP-PMA (PAV)
ARAP-PMA-Rej. #1 (PAV) ARAP-PMA-Rej. #2 (PAV)
ARAP-PMA-Rej. FWBO (PAV)

0.00

10.00

20.00

30.00

40.00

50.00

60.00

70.00

80.00

90.00

1.00E+00

1.00E+01

1.00E+02

1.00E+03

1.00E+04

1.00E+05

1.00E+06

1.00E+07

1.00E+08

1.00E+09

1.00E-07

1.00E-06

1.00E-05

1.00E-04

1.00E-03

1.00E-02

1.00E-01

1.00E+00

1.00E+01

1.00E+02

1.00E+03

1.00E+04

Ph
as

e 
A

ng
le

, δ
 (˚

)

C
om

pl
ex

 M
od

ul
us

 |G
*|

 (k
Pa

)

Reduced Frequency (Hz) at 15ºC

Complex Modulus and Phase Angle

RAP-RS19 RAP-RS19 (PAV)
RAP-RS19-Rej. #1 (PAV) RAP-RS19-Rej. #2 (PAV)
RAP-RS19-Rej. FWBO (PAV)

Phase Angle Master Curves  

Complex Modulus Master Curves  
Aging 

Aging 

Phase Angle Master Curves  

Complex Modulus Master Curves  
Aging 

Aging 



58 
 

4.2.4. Grover-Rowe Parameter (G-R) 

The G-R parameter is an aging indicator calculated from the DSR frequency sweep test 

results, used to evaluate the cracking resistance of an asphalt binder.  Durability thresholds 

were translated into G–R = 180 kPa (corresponding to a 5 cm ductility and 0.0009 MPa/s 

for the initial DSR function) to indicate the onset of cracking (warning).  G–R = 600 kPa 

(corresponding to 3 cm ductility, 0.003 MPa/s DSR function) was used to indicate 

extensive block cracking (limit) [56], [57].  

Table 4-4. G-R for Rejuvenated and Unrejuvenated RAP binders. 

Asphalt Binder 
/RAP 

ARAP@1st   
PAV or 
Field RAP 

@ 2nd PAV RAP + Rej.  #1 
@ 2nd PAV 

RAP + Rej.  #2 
@ 2nd PAV 

RAP + FWBO 
@ 2nd PAV 

G–R 
(KPa) 

Relative 
to RAP* 

G–R 
(KPa) 

Relative 
to RAP 

G–R 
(KPa) 

Relative 
to RAP 

G–R 
(KPa) 

Relative 
to RAP 

NC PG 64-22 361 2369 -557% 481 -33% 1192 -231% 1025 -184% 
AA PG 64-22 535 2378 -344% 237 +56% 1240 -132% 268 +50% 
PMA PG 76-22 1728 8776 -408% 1537 +11% 2075 -20% 816 +53% 
RAP-RS19 310 2333 -654% 244 +21% 362 -17% 94 +69% 

*RAP term includes both Artificial RAP and field extracted RAP 

Table 4-4 shows the results of the G-R parameter for the different investigated RAP at 

different aging levels. To begin with, all the RAP binders exceed the warning cracking 

limit (180 KPa). However, only the ARAP-PMA exceeds the cracking limit line (600 KPa). 

The reason behind that could be the polymerization of the asphalt binder, as the PMA 

binder is stiffer than the unmodified binder when aged. As expected, the different 

investigated RAP binders are more prone to fatigue cracking when exposed to a cycle of 

PAV aging, as suggested by the G-R parameter. 

Table 4-4 depicts the results of the investigated PAV aged rejuvenated and unrejuvenated 

RAP binders. The VBO rejuvenator#1 has the highest performance when introduced to 

ARAP-AA and RAP-RS2019. It reduces the susceptibility to the intermediate temperature 
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cracking by 56% and 21% for ARAP-AA and RAP-RS2019 binders, respectively, 

compared to their corresponding unrejuvenated PAV aged RAP binders. On the contrary, 

the PBO rejuvenator#2 has the lowest performance when introduced to the different RAP 

binders.  

The proposed VBO rejuvenator reduces the susceptibility to the intermediate temperature 

cracking the most with the RAP-RS2019 binder. Relative to unrejuvenated PAV aged 

RAP, it reduces the G-R values by 50% and 53%, and 69% for the ARAP-AA, ARAP-

PMA, and RAP-RS19, respectively. 

Both VBO rejuvenators enhance the intermediate temperature performance to a limit lower 

than the extensive cracking limit (600 KPa) with the ARAP-AA binder. Also, the new 

FWBO, VBO rejuvenator, reduces the RAP-RS19's susceptibility to the intermediate 

temperature cracking to a limit lower than the warning cracking limit (160 KPa). In general, 

the VBO rejuvenators show the ability to improve intermediate temperature performance 

higher than the PBO rejuvenator.  

4.2.5. Crossover Modulus and Frequency (Gc*, ωc) 

Table 4-5 shows the crossover modulus and frequency results for the different investigated 

unrejuvenated/rejuvenated RAP binders. Following the previously illustrated results, the 

crossover modulus and frequency of the different investigated asphalt RAP binders 

decrease when subjected to PAV aging.  

In general, introducing the rejuvenators restore the crossover modulus and frequency to 

values higher than the unrejuvenated PAV aged RAP binders. However, all the investigated 

rejuvenators did not restore the crossover modulus for the ARAP-NC. In contrast, the 
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investigated rejuvenators could change the crossover frequency to a higher value than the 

unrejuvenated PAV-aged RAP binders. That suggests that the rejuvenator's synergetic 

behavior depends on the binder mixed with it.  

Following the previously discussed results, the VBO rejuvenators increase the aging 

resistance when introduced to the ARAP-AA. The VBO rejuvenator#1 has a higher 

viscoelasticity restoration when introduced to the ARAP-AA binder. On the other hand, 

the PBO rejuvenator #2 restores the viscoelastic components the most when introduced to 

the ARAP-PMA binder. As suggested by increasing the crossover modulus and frequency, 

the new FWBO rejuvenator is very promising in rejuvenating the RAP-RS19 binder. When 

introduced to the ARAP-PMA and ARAP-AA binders, it also showed an acceptable 

rejuvenation performance. 

Table 4-5. Crossover modulus and frequency values of the Investigated Unrejuvenated 
/Rejuvenated RAP binders. 

Asphalt 
Binder /RAP 

Index RAP* RAP 
(PAV) 

RAP-Rej. #1 
(PAV) 

RAP-Rej. 
#2 (PAV) 

RAP-Rej. 
FWBO 
(PAV) 

NC PG 64-22 Gc* (KPa) 9,950 4,777 4,172 4,073 2,879 
 ωc (Hz) 0.651 0.018 0.138 0.040 0.031 
AA PG 64-22 Gc* (KPa) 9,485 3,742 5,283 4,165 4,708  
 ωc (Hz) 0.169 0.011 0.419 0.039 0.328 
PMA PG 76-
22 

Gc* (KPa) 2,899 977 977 1,637 1,049 

 ωc (Hz) 0.012 0.000 0.003 0.004 0.008 
RAP-RS19 Gc* (KPa) 11,211 4,972 6,881 8,131 8,339 
 ωc (Hz) 0.530 0.019 0.513 0.211 0.900 

*RAP term includes both Artificial RAP and field extracted RAP 
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4.2.6. Rejuvenators' Efficiency (RE) Analysis. 

The previous chemical and rheological illustrated aging indices will be utilized in this 

section to evaluate the investigated rejuvenators' efficiency. Equations (4-2) evaluate the 

rejuvenator's chemical efficiency in reducing the carbonyl aging index. 

𝑹𝑹𝑬𝑬𝑰𝑰𝑰𝑰𝑰𝑰 =  𝑰𝑰𝑰𝑰𝑰𝑰𝑼𝑼𝑬𝑬𝑭𝑭𝑭𝑭𝑼𝑼𝑭𝑭𝑭𝑭𝑼𝑼𝑬𝑬𝑭𝑭𝑭𝑭𝑭𝑭𝑰𝑰 𝑹𝑹𝑹𝑹𝑹𝑹

𝑰𝑰𝑰𝑰𝑰𝑰𝑹𝑹𝑭𝑭𝑼𝑼𝑭𝑭𝑭𝑭𝑼𝑼𝑬𝑬𝑭𝑭𝑭𝑭𝑭𝑭𝑰𝑰 𝑹𝑹𝑬𝑬𝑭𝑭𝑰𝑰 𝑹𝑹𝑹𝑹𝑹𝑹
                                                                        Equation (4-2) 

Intermediate and low-temperature rheological performance enhancement by rejuvenators 

is evaluated through Equations (4-3), (4-4), (4-5), and (4-6). According to these equations, 

the rejuvenator is considered efficient when it achieves a RE value higher than a value of 

1.0. 

  𝑹𝑹𝑬𝑬𝜟𝜟𝑻𝑻𝑭𝑭 =  𝟏𝟏 +
𝜟𝜟𝑻𝑻𝑭𝑭𝑼𝑼𝑬𝑬𝑭𝑭𝑭𝑭𝑼𝑼𝑭𝑭𝑭𝑭𝑼𝑼𝑬𝑬𝑭𝑭𝑭𝑭𝑭𝑭𝑰𝑰 𝑹𝑹𝑬𝑬𝑭𝑭𝑰𝑰 𝑹𝑹𝑹𝑹𝑹𝑹−𝜟𝜟𝑻𝑻𝑭𝑭𝑹𝑹𝑭𝑭𝑼𝑼𝑭𝑭𝑭𝑭𝑼𝑼𝑬𝑬𝑭𝑭𝑭𝑭𝑭𝑭𝑰𝑰 𝑹𝑹𝑬𝑬𝑭𝑭𝑰𝑰 𝑹𝑹𝑹𝑹𝑹𝑹

𝜟𝜟𝑻𝑻𝑭𝑭𝑼𝑼𝑬𝑬𝑭𝑭𝑼𝑼𝑭𝑭𝑭𝑭𝑼𝑼𝑬𝑬𝑭𝑭𝑭𝑭𝑭𝑭𝑰𝑰 𝑹𝑹𝑬𝑬𝑭𝑭𝑰𝑰 𝑹𝑹𝑹𝑹𝑹𝑹
                    Equation (4-4) 

𝑹𝑹𝑬𝑬𝑮𝑮−𝑹𝑹 =  𝑳𝑳𝑾𝑾𝑬𝑬 𝑮𝑮−𝑹𝑹𝑼𝑼𝑬𝑬𝑭𝑭𝑭𝑭𝑼𝑼𝑭𝑭𝑭𝑭𝑼𝑼𝑬𝑬𝑭𝑭𝑭𝑭𝑭𝑭𝑰𝑰 𝑹𝑹𝑬𝑬𝑭𝑭𝑰𝑰 𝑹𝑹𝑹𝑹𝑹𝑹

𝑳𝑳𝑾𝑾𝑬𝑬 𝑮𝑮−𝑹𝑹𝑹𝑹𝑭𝑭𝑼𝑼𝑭𝑭𝑭𝑭𝑼𝑼𝑬𝑬𝑭𝑭𝑭𝑭𝑭𝑭𝑰𝑰 𝑹𝑹𝑬𝑬𝑭𝑭𝑰𝑰 𝑹𝑹𝑹𝑹𝑹𝑹
                                                             Equation (4-5) 

𝑹𝑹𝑬𝑬𝑮𝑮𝑰𝑰∗ =  
𝑳𝑳𝑾𝑾𝑬𝑬𝑮𝑮𝑭𝑭∗𝑹𝑹𝑭𝑭𝑼𝑼𝑭𝑭𝑭𝑭𝑼𝑼𝑬𝑬𝑭𝑭𝑭𝑭𝑭𝑭𝑰𝑰 𝑹𝑹𝑬𝑬𝑭𝑭𝑰𝑰 𝑹𝑹𝑹𝑹𝑹𝑹

𝑳𝑳𝑾𝑾𝑬𝑬𝑮𝑮𝑭𝑭∗𝑼𝑼𝑭𝑭𝑼𝑼𝑭𝑭𝑭𝑭𝑼𝑼𝑬𝑬𝑭𝑭𝑭𝑭𝑭𝑭𝑰𝑰 𝑹𝑹𝑬𝑬𝑭𝑭𝑰𝑰 𝑹𝑹𝑹𝑹𝑹𝑹
                                                                   Equation (4-6) 

𝑹𝑹𝑬𝑬𝝎𝝎𝑭𝑭 =  
𝝎𝝎𝑭𝑭𝑹𝑹𝑭𝑭𝑼𝑼𝑭𝑭𝑭𝑭𝑼𝑼𝑬𝑬𝑭𝑭𝑭𝑭𝑭𝑭𝑰𝑰 𝑹𝑹𝑬𝑬𝑭𝑭𝑰𝑰 𝑹𝑹𝑹𝑹𝑹𝑹

𝝎𝝎𝑭𝑭𝑼𝑼𝑬𝑬𝑭𝑭𝑼𝑼𝑭𝑭𝑭𝑭𝑼𝑼𝑬𝑬𝑭𝑭𝑭𝑭𝑭𝑭𝑰𝑰 𝑹𝑹𝑬𝑬𝑭𝑭𝑰𝑰 𝑹𝑹𝑹𝑹𝑹𝑹
                                                                         Equation (4-7) 

Table 4-6 demonstrates the different investigated rejuvenators' efficiency. Both 

rejuvenators #1 and #2 are chemically efficient for the ARAP-NC binder, reducing the 

Carbonyl index. They also have higher efficiency in improving the low-temperature 

thermal cracking resistance. Moreover, they improve the intermediate-temperature 

performance as they reduce the G-R parameter.  However, both rejuvenators are found to 

perform as softeners since they increase the crossover frequency and do not increase the 
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crossover modulus. The new proposed FWBO rejuvenator is following the same trend.  

However, it fails to reduce the carbonyl index when introduced to the ARAP-NC binder. 

Table 4-6. Different Investigated Rejuvenators' Efficiency Summary 

Rejuvenator 
Efficiency 

Asphalt 
Binder Type 

Rejuvenators' Chemical and Rheological Efficiency 

ICO ΔTc G-R ωc Gc* 

RE#1 ARAP-NC 1.069 1.449 1.258 7.672 0.984 

RE#2 
 

1.261 1.329 1.097 2.224 0.981 

RE#FWBO 
 

0.993 1.135 1.121 1.746 0.940 

RE#1 ARAP-AA 1.104 1.851 1.421 37.688 1.042 

RE#2 
 

0.897 1.003 1.091 3.475 1.013 

RE#FWBO 
 

1.461 2.086 1.390 29.512 1.028 

RE#1 ARAP-PMA 1.141 1.665 1.237 17.070 1.000 

RE#2 
 

1.181 2.222 1.189 23.817 1.075 

RE#FWBO 
 

1.143 1.700 1.354 48.956 1.010 

RE#1 RAP-RS19 0.979 1.580 1.411 26.310 1.038 

RE#2 
 

0.974 1.095 1.316 10.821 1.058 

RE#FWBO 
 

1.014 1.580 1.705 46.214 1.061 

For the ARAP-AA binder, both VBO rejuvenators improve the chemical and rheological 

performance when introduced to the ARAP binder. The PBO rejuvenator#2 performs 

moderately with the ARAP-AA binder. However, it did not reduce the carbonyl index when 

introduced to the ARAP-AA binder. It has lower rejuvenation efficiency when compared 

to the VBO rejuvenators. 
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For the ARAP-PMA binder, the PBO rejuvenator#2 has superior rejuvenation efficiency 

compared to the VBO rejuvenators. In addition, it reduces the oxidation levels of ICO the 

most compared to the VBO rejuvenators. Moreover, it enhances the low-temperature 

thermal cracking resistance the most. However, the proposed VBO has the dominant 

improvement with the intermediate temperature performance when introduced to the 

ARAP-PMA binder. 

For the field extracted RAP-RS19 binder, the proposed FWBO rejuvenator has the most 

significant rejuvenation efficiency. Moreover, it manages to improve both the chemical 

and rheological performance of the RAP. On the other hand, both obtained market 

rejuvenators #1 and #2 cannot reduce the carbonyl index. Compared to the VBO 

rejuvenators, the PBO rejuvenator has a lower rejuvenation efficiency when introduced to 

the RAP-RS19. 

4.3. Asphalt Mixture Performance 

This section demonstrates the validation of the proposed FWBO rejuvenator on the asphalt 

mixtures with different RAP ratios as studied by Abdalla [82]. Abdalla utilized the same 

materials utilized in the binder phase. 

4.3.1. Cracking Evaluation (Intermediate-Temperature Performance) 

Figure 4-7 shows the fracture energy (FE) and flexibility index (FI) for the un/rejuvenated 

15%, 50%, and 100% RAP mixtures.  
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The average FE value for the unrejuvenated 15% RAP is approximately 3,024 J/m2. It can 

be observed that the higher the RAP content, the lower the FE due to the high RAP content 

and less existence of the virgin binder in both 50%, and 100% RAP mixtures 

The limit of 5 of FI is adopted from the Illinois department of transportation for LTOA I-

FIT specimens [83]. It is only used here as an approximate limit to distinguish mixtures 

that perform adequately from those with low cracking resistance [82]. The FWBO 

rejuvenator significantly enhances the 50% RAP mixture's ductile failure as measured by 

FI.  It manages to increase the FI to over the 5.0 adopted threshold and higher than the 

control 15% RAP mixture. The introduction of the FWBO rejuvenator to the 100% RAP 

mixture shows higher FE and FI compared to the unrejuvenated 100% RAP mixture. 

However, FI is still less than the 5.0 adopted threshold. The optimum RAP content 

corresponding to FI of 5.0 is about 62%, with 11% FWBO rejuvenator [82]. 

 

Figure 4-7. the fracture energy (FE) and flexibility index (FI) for the un/rejuvenated 15%, 
50%, and 100% RAP mixtures. 
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5. CONCLUSION AND RECOMMENDATIONS 

This research introduced three asphalt binder asphalt rejuvenators to three aged asphalt 

binders and RAP.  Two market rejuvenators were evaluated side by side with a new FWBO 

rejuvenator. The two market rejuvenators are VBO and PBO. The new FWBO rejuvenator 

is a VBO rejuvenator. The binders used in this study are unmodified and PMA asphalt 

binders. Investigated binders underwent the RTFO cycle and the 1st PAV cycle, then testing 

samples were taken. Then, the rejuvenators are introduced to the different asphalt binders. 

Further, each sample underwent the 2nd PAV cycle.  The main goal of this research was to 

evaluate rejuvenators' efficiency on asphalt binder aging.  The efficiency of rejuvenators 

was evaluated through leading aging indicators, such as FTIR, ΔTc, G-R parameter, ωc, and 

Gc*.  This section summarizes an extensive testing program that included many samples 

and testing.  

1- Oxidation (FTIR) 

• When introduced to the different investigated ARAP/RAP, the proposed 

FWBO is the only rejuvenator showing a consistent reduction in the ICO aging 

index. 

• Compared to the PBO rejuvenator, the VBO rejuvenators are more efficient in 

reducing the oxidation levels when introduced to the unmodified binder and 

RAP. On the contrary, the PBO rejuvenator performs more efficiently when 

introduced to the PMA binder. 

• The new FWBO rejuvenator has superior efficiency in lowering the oxidation 

levels of the extracted RAP. 
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2- Low-Temperature Durability (ΔTc) 

• In general, introducing the rejuvenators to the aged asphalt binders and RAP is 

associated with a higher relaxation at low temperatures.  

• The VBO rejuvenators significantly enhance the low-temperature thermal 

cracking resistance of all samples. On the other hand, the PBO rejuvenator is 

especially synergetic with the PMA binder, and its enhancement of the thermal 

cracking resistance is more pronounced. 

• There is a strong coloration between the chemical oxidation index, ICO, and 

the low-temperature durability index, ΔTc. 

3- Intermediate temperature Durability (G-R) 

• Introducing the rejuvenators to the aged asphalt binder and RAP  associates 

with a lower G-R parameter, indicating an intermediate temperature rheological 

performance enhancement. 

• Compared to the PBO rejuvenator, the VBO rejuvenators have higher 

efficiency in enhancing the intermediate temperature cracking resistance when 

introduced to all investigated aged binders and RAP. 

4- Rejuvenator vs. Softener (Crossover frequency and modulus (Gc*), (ωc)) 

• All the investigated rejuvenators are found to perform as softeners when 

introduced to the unmodified binder NC, as they increase the crossover 

frequency and do not increase the crossover modulus. 

• The PBO rejuvenator has higher rejuvenation efficiency in restoring both the 

viscous and elastic behavior when introduced to the PMA binder. On the 
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contrary, the VBO rejuvenators are found to have a higher rejuvenation 

efficiency when introduced to the unmodified binders. 

• The proposed FWBO increases the crossover modulus and frequency when 

introduced to the extracted RAP, indicating high rejuvenation efficiency. 

5- Based on the results, FWBO acquires the merit of being an eco-friendly rejuvenator 

in the asphalt pavement industry compared to the two market-available 

rejuvenators. 

6- Another oil extraction techniques are needed to be studied, especially when aiming 

for mass production. 

7- An LCA study is recommended to adopt the most efficient approach to extract the 

FWBO rejuvenator, especially for mass production. 
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