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EXECUTIVE SUMMARY 

As a result of the Illinois Center for Transportation (ICT) project άR27-128: Testing Protocols to Ensure 
Performance of High Asphalt Binder Replacement Mixes Using RAP and RAS,έ ŀ ǇǊŀŎǘƛŎŀƭ ŀƴŘ ǊŜƭƛŀōƭŜ 
test method, the Illinois Flexibility Index Test (I-FIT), was developed to screen asphalt concrete (AC) 
cracking potential. The test method evaluates AC mixes at 77°F (25°C) and at a loading head 
displacement rate of 1.97 in/min (50 mm/min). The flexibility index (FI), derived from I-FIT results, is a 
simple index parameter correlated to fundamental crack growth mechanisms in the fracture process 
zone. The parameter has the ability to distinguish AC mixes with varying characteristics that may 
result in different cracking potential. The integration of the I-FIT method into the Illinois Department 
ƻŦ ¢ǊŀƴǎǇƻǊǘŀǘƛƻƴΩǎ όIDOT) hot-mix asphalt (HMA) design specifications is underway. Several steps are 
required to complete the implementation, including field validation, industry acceptance, and 
development of a long-term aging protocol. Therefore, this project was identified to develop 
protocols and propose thresholds for long-term aged plant- and laboratory-produced surface 
mixtures.  

This report presents the outcomes from ICT R27-мтр ǇǊƻƧŜŎǘ άDevelopment of Long-Term Aging 
Protocol for Implementation of the Illinois Flexibility Index Test (I-FIT),έ which may be used by IDOT to 
fine-tune I-FIT AC surface mixture specifications for acceptance procedures and criteria. To 
accomplish the objectives of this study, flexibility characterization of a wide range of plant- and lab-
produced AC surface mixtures using various aging techniques such as a forced-draft oven, vacuum 
oven, and pressure aging vessel under different conditions were investigated. A suitable long-term 
aging protocol was developed. Thresholds were then developed for FI based on the testing results 
and discussion amongst the research team and the project Technical Review Panel (TRP) members. 
Additionally, field cores that experienced up to five years of field aging from both R27-175 and R27-
161 projects were evaluated to validate the proposed protocol and thresholds. 

The FI decreases consistently after long-term aging, and this effect is primarily due to changes in the 
post-peak slope. The impact of aging varies with respect to different AC mixes and is affected by voids 
in mineral aggregate (VMA), low-temperature PG grade, mix type, aggregate blend water absorption, 
and effective asphalt content.  

The development of a long-term aging protocol for I-FIT consists of selection of equipment, state of 
material during aging, temperature, and aging time. The forced-draft oven has been selected as the 
aging equipment because of availability, feasibility, practicability, capacity, and acceptable variability. 
A fully prepared semi-circular I-FIT specimen has been chosen as the state of material during aging 
due to its high practicability and limited operational variability while maintaining integrity. 203°F 
(95°C) is the optimal set-up temperature for forced-draft oven aging considering efficiency without 
changing the aging mechanism. Three days at 203°F (95°C) was shown to be able to reach an aging 
extent similar to that of 5D/85C, which is reported to simulate up to 10 years of field aging. However, 
both statistical analysis and a limited argon gas study suggested that 1D/95C has the same aging 
mechanism as 3D/95C (5D/85C) and can distinguish AC mixesΩ ǎǳǎŎŜǇǘƛōƛƭƛǘȅ ǘƻ ŀƎƛƴƎ. Consequently, 
1D/95C may be used by contractors as a first-step indicator for 3D/95C behavior. 
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As for long-term aging thresholds for the lab mix design process of new mixes, I-FIT on unaged and 
3D/95C aged specimens should be conducted in all cases. FI thresholds of 8.0 and 5.0 have been 
proposed for unaged and aged I-FIT specimens, respectively.  

As for the plant production process, I-FIT should be conducted for both unaged and 3D/95C aged 
specimens in all cases. FI thresholds of 8.0 and 4.0 are proposed for unaged and aged I-FIT specimens, 
respectively, based on test results of this project. However, 1D/95C may be used by contractors as an 
option to screen problematic mixes at an earlier stage. A correction must be applied to the thresholds 
for plant-produced mixes if they experience more than one month of summer season (June to 
September in Illinois) shelf aging in non-climate-controlled storage. 
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CHAPTER 1: INTRODUCTION 

1.1 BACKGROUND 

The increased use of recycled materials and asphalt binder modification affects overall asphalt 
concrete (AC) pavement performance. High use of recycled asphalt material content adversely affects 
the cracking performance of AC mixtures. The Illinois Center for Transportation (ICT) project άR27-
128: Testing Protocols to Ensure Performance of High Asphalt Binder Replacement Mixes Using RAP 
ŀƴŘ w!{έ ǊŜǎǳƭǘŜŘ ƛƴ ŀ ǇǊŀŎǘƛŎŀƭ ŀƴŘ ǊŜƭƛŀōƭŜ ǘŜǎǘ ƳŜǘƘƻŘΣ the Illinois Flexibility Index Test (I-FIT), 
which was developed to screen the AC mixes with cracking potential. The test method evaluates AC 
mixes at 77°F (25°C) and at a loading head displacement rate of 1.97 in/min (50 mm/min). The 
flexibility index (FI), derived from I-FIT results, is a simple index parameter correlated to fundamental 
crack growth mechanisms in the fracture process zone. The parameter can identify mixes with 
varying characteristics that may result in different cracking potential (Al-Qadi et al. 2015).  

Asphalt concrete cracking is a common distress type found in Illinois pavements. The cracking results 
from several factors, which include using recycled asphalt materials like recycled asphalt shingles 
(RAS) and recycled asphalt pavement (RAP), quality and content of binder, poor aggregate structure, 
external loads, pavement structure, and environmental impacts. Asphalt concrete mixture aging is 
one of the natural phenomena that affects overall pavement cracking performance. Aging causes 
binder stiffening and results in higher potential of cracking in AC. However, the stiffening of AC 
mixtures has positive effect on rutting performance due to increased resistance to permanent 
deformation. 

The aging of AC mixtures is a highly complex chemical phenomenon. Apart from material properties, 
the degree of aging in AC in the real world also depends on the pavement temperature, the presence 
of moisture, oxygen, and the extent of ultraviolet exposure. In addition, the change in material 
characteristics over time is directly related to these environmental changes. Hence, AC mixtures 
placed in various regions experience variable deterioration over time, which leads to differences in 
pavement performance. 

Therefore, a distinct need exists for a comprehensive study to assess the aging of AC mixtures and the 
long-term impacts on overall pavement cracking performance in Illinois. In addition, the development 
of a practical long-term aging protocol complementing the current cracking performance test, I-FIT, is 
necessary to ensure pavements meet projected service lives. 

1.2 CHALLENGES AND ISSUES 

Cracking of AC pavements in Illinois is a prominent concern. The I-FIT test developed as per ICT 
project R27-128 filled the gap of a required performance test to evaluate the cracking potential in AC 
mixtures. However, the method that was developed does not incorporate the long-term effects due 
to aging on the cracking performance of AC mixtures. In addition, with increased use of recycling, 
modification of RAS and RAP binder by adding softer binders has become more common. 
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Additionally, additives used to soften binders may impact AC long-term aging, hence, affecting 
pavement performance. 

Several studies on AC mixture aging were conducted to investigate the possibility of implementing a 
laboratory aging methodology to predict the long-term behavior of pavement performance. These 
studies are discussed in Chapter 2 as part of the literature review. The current state-of-the-art 
literature characterizes laboratory aging of AC mixture as per AASHTO R30, which has its own 
challenges. For a performance test, a five-day aging period is not practical. Hence, there is a need for 
a rapid, easy, and reliable aging protocol suitable for industry. In addition, AASHTO R30 has not been 
field validated in Illinois. As stated earlier, long-term aging effects are a function of location with 
changing environmental patterns. There is currently no major study that specifically addresses 
determining the future performance of present AC mixtures. Therefore, there is a gap in the 
literature to guide the asphalt industry to reliably and cost effectively quantify the long-term 
performance of Illinois pavements. 

1.3 OBJECTIVE AND RESEARCH SCOPE 

The objective of this study was to evaluate the long-term aging effects on AC mixtures using I-FIT. This 
study aimed to develop a long-term aging protocol with specifications developed for I-FIT. Thresholds 
were to be developed for plant- and laboratory-produced AC mixtures as part of the study. 

In addition, the study addressed the following research and practical concerns related to AC mixture 
aging: 

¶ Effect of AC mixture aging on FI values. 

¶ Effect of aging method in the presence of an inert gas environment. 

¶ Effect of storage time and duration of shelf aging of the plant-produced mixtures on FI values. 

¶ Binder source effects on FI with aging. 

¶ Field validation of the proposed aging protocol. 

To achieve the objectives, a detailed experimental program was developed with a variety of plant- 
and laboratory-produced mixtures representative of those used in Illinois. Laboratory mixes were 
especially designed to understand the effects of binder source on mixture aging potential in the 
presence of recycled material, RAP. The combination of these mixtures was used to develop the 
protocol for aging and corresponding thresholds. 

1.4 REPORT ORGANIZATION 

The report is organized in six chapters. 

Chapter 1 presents an introduction, major challenges and issues, research objective, and scope of the 
work. 
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Chapter 2 discusses the recent state-of-the-art literature on the aging of AC mixtures, related 
mechanisms, and existing laboratory aging protocols. 

Chapter 3 presents material sampling procedures and inventory, experimental methods, specimen 
preparation, binder testing results, and details of testing materials. 

Chapter 4 illustrates the comparison of various aging equipment and different states of material 
during aging. Aging temperature and duration were selected along with the discussion of asphalt 
concrete aging characterization using I-FIT. A long-term aging protocol is proposed. 

Chapter 5 discusses the development of long-term aging thresholds for different scenarios: lab mix 
design process, plant production process, and shelf-aged plant-produced mixtures. The finalized aging 
protocol, along with associated thresholds, are presented. 

Chapter 6 presents the summary and key findings of this project as well as the study 
recommendations. 
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CHAPTER 2: SUMMARY OF LITERATURE ON LONG-TERM AGING 
OF ASPHALT CONCRETE MIXTURE 

This chapter summarizes and discusses the literature compiled from previous studies conducted to 
simulate AC long-term aging in a lab. Asphalt aging kinetics was discussed first, followed by a detailed 
discussion of asphalt mixtures long-term aging methods. 

2.1 ASPHALT AGING KINETICS 

When asphalt (an organic hydrocarbon) reacts with atmospheric oxygen under different thermal 
forces, such as heat or ultraviolet radiation, oxidized products are created. Therefore, the 
concentration of oxidative products and the speed at which they are produced is a function of time, 
temperature, oxygen, diffusion flux, and physiochemical characteristics of the chemical species 
present (Peterson 2009). For instance, a common oxidative species (i.e., also called chemical 
functional group in asphalt), carbonyl (C=O), has a relatively lower initial production rate than that of 
the sulfoxide species (S=O), which is another oxidative species occurring during aging. However, the 
production rate of sulfoxide is significantly reduced, and this rate becomes almost constant after the 
first five hours of oxidative aging. As these oxidative species are produced, the molecular association 
between the core asphalt fractions changes. As a result, the physical performance properties of 
asphalt are also altered. As indicated by previous research, Fourier Transform Infrared Spectroscopy 
(FTIR) can be utilized to obtain information about the presence of carbonyl and sulfoxide in oxidized 
asphalt. In the FTIR library, an infrared-light absorption at 1700 cm-1 represents carbonyl formation 
(C=O) and at 1030 cm-1 represents sulfoxide formation (S=O), as determined by the chemical-bond 
energy of these chemical species formed during the oxidation process. Studies have reported that 
they appeared to have a higher peak intensity in aged samples than unaged samples, as shown in 
Figure 2.1 (Hagos 2008; Yehualaeset 2010). 

  

Figure 2.1. Carbonyl (C=O) and sulfoxide (S=O) species appeared after aging (Lu et al. 2008). 
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Figure 2.2 shows the aging kinetics of three SHRP (Strategic Highway Research Program) asphalt 
samples that demonstrates how a critical physical property (i.e., viscosity) changes over time as 
asphalt ages. Two clear aging regimes exist: at the early stage, aging occurs at a fast rate; later, aging 
progresses at a slower rate. To be specific, after the first 50 hours of PAV aging, the aging effect (the 
rate of change viscosity increase) is significantly reduced. This trend can be noticed regardless of the 
types of asphalt tested in the study. Therefore, Herrington et al. (1994) hypothesized that the 
increase in the viscosity of asphalt is a hyperbolic function, a supposition that was then supported by 
many other studies, e.g., Peterson (2009). 

 

Figure 2.2. Illustration showing speed of changes of a rheological property (viscosity)  
over aging time for SHRP asphalts. Test temperature and pressure were 60°C  

and 2 atmospheric pressure, respectively. 

From a UK study, Khalid (2002) reported on the stiffening modulus of asphalt binder. As expected, 
like viscosity, the stiffness modulus increased as asphalt aged over time; the rate of stiffening was 
also reported to change over time. The stiffening rate exhibited two slightly different regimes; the 
rate of increase in stiffness initially was high and decreased as time elapsed. In this study, another 
interesting observation was made: the volumetric flow rate of air can have a significant impact on the 
stiffening of asphalt. The impacts air (oxidation) can have on asphalt chemo-engineering performance 
are discussed in detail later in this chapter. To understand the timeςtemperature sensitivity, many 
studiesτe.g., Bell et al. (1994)τreported that the speed of aging can be accelerated with an increase 
in temperature and as elapsed time increases. 

In another UK study, Wu (2009) investigated in his doctoral thesis how aggregate petrography, i.e., 
physiochemical properties of aggregates, influences the aging of asphalt binder. The study found that 
the charged and polarized aggregate surface can have both accelerating and decelerating impacts on 
aging as a result of both adsorption and absorption within an asphaltςaggregate mixture system. 
Adsorption is an adhesion concept that theorizes that the molecular/atomic forces occur between 
the surfaces as the free electrons move onto the surfaces. Absorption is a similar idea to adsorption, 
but action is through fluid permeating into a solid. While the desired decelerative effect is the result 
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of the absorption of asphalt polar components, accelerated aging can occur from the mineral 
components of aggregate that provide the potential for oxidative aging. 

2.2 LABORATORY SIMULATION OF ASPHALT CONCRETE AGING 

Many attempts have been made to simulate the aging of asphalt materials, at both the binder and 
mixture levels. Most of them targeted simulating and testing asphalt binder aging. Therefore, there is 
a wealth of data on asphalt binder aging, which sheds little light on asphalt-mixture aging. 
Furthermore, few studies exist that have shown correlation between laboratory-aging data with field 
aging.  

As indicated in the previous section, aging occurs in two regimes: short term and long term. Short-
term aging happens during the mixing, storage, transporting, and laydown processes at the 
construction site. Long-term aging, on the other hand, occurs during the service life of pavement as 
asphalt interacts with environmental and mechanical factors such as oxygen, heat, UV irradiation, 
moisture, and traffic action (Bell 1989; Fernández-Gómez et al. 2016; Peterson 2009; Hagos 2008; Wu 
et al. 2010; Baek et al. 2012; Anderson et al. 2012; Canestrari et al. 2013; Xiao et al. 2013; Hachiya 
2003). This section presents the summary of long-term and short-term aging procedures attempted 
in research. Only literature from recent years (particularly after the development of the SHRP 
SuperPave program) has been reviewed and discussed chronologically. 

Through a SHRP research study in the late 1980s, Bell first systematically compiled the research on 
the topic of asphalt aging and presented a critical review and summary of the research gap for the 
pavement community (Bell 1989ύΦ ¢ƘŜ ǎǘǳŘȅ ǊŜǇƻǊǘŜŘΥ ά/ƻƳǇŀǊŜŘ ǘƻ ǊŜǎŜŀǊŎƘ ƻƴ ŀǎǇƘŀƭǘ ŎŜƳŜƴǘΣ 
there has been little research on the aging of asphalt mixtures, and, to date, there is no standard test. 
Pavement engineers understand the need to model the effects of short- and long-term aging of 
asphaltςaggregate mixtures in structural design procedures, and while some research has addressed 
this need, as of yet no standard procedure hŀǎ ŜƳŜǊƎŜŘ ǘƻ ŀŘŘǊŜǎǎ ƛǘΦέ  

With the results on asphalt-mixture aging, the AASHTO R30 procedure was developed to simulate 
short-term and long-term aging of asphalt mixture (Wu 2009; Bell et al. 1994; AASHTO R 30; 
Monismith et al. 1994; Kliewer et al. 1995). In the AASHTO R30 method, loose mixture with a 
thickness ranging from 0.98 to 1.97 in (25 to 50 mm) is placed in a pan and aged for four hours at 
275°F (135°C) in a forced-draft oven for short-term aging, with the mixture stirred every hour to 
maximize uniform aging. To simulate long-term aging, the short-term-aged mixture is then 
compacted. The pills are then aged for 120 hours at 185°F (85°C) to simulate long-term aging. Bell 
(1994) reported that the short-term procedure (four hours at 275°F [135°C]) is adequate to simulate 
aging during mixing, transportation, and compaction. The study also reported that this aging 
procedure is enough to simulate aging up to two to three years for some climatic regions. In addition, 
the study cautiously mentioned that the long-term procedure may simulate up to 10 years of field 
aging, although the conclusion was made with a very limited number and highly skewed data 
collected from several specific climatic regions. 

Houston et al. (2007) reported that temperature across the United States varies and the AASHTO R30 
procedure employs only one temperature in aging. Therefore, the long-term aging procedure might 
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not produce reasonable aging results for all regions and that the prediction of field aging for more 
than 10 years may be unrealistic. Furthermore, this standard is not based on a study that considers 
the effects of the air-void content of the mixture, a factor that intuitively would seem to have a 
significant effect on aging. The ambient and entrapped oxygen chemically reacts with asphalt and, 
ultimately, changes the chemical composition of binder and affects its engineering properties. 

Through an NCHRP project on the asphaltςaggregate mixture analysis system, Von Quintus (1992) 
also attempted to simulate long-term aging using a forced-draft oven, in which compacted asphalt-
mixture specimens were first aged for two days at 140°F (60°C). Then, the specimens were rotated to 
maximize uniformity and kept in the oven for an additional five days at 224.6°F (107°C). Mechanical 
tests such as resilient modulus, indirect tensile test (IDT), strain at failure, and indirect tensile creep at 
41°F (5°C) were used to examine the aging effect. No correlation was made with field-aging data. In 
terms of aging at a high temperature (e.g., at 224.6°F [107°C]), later studiesτe.g., Bell et al. (1994) 
and Reed (2010)τreported that the elevated temperature may damage the integrity of the specimen 
due to slumping from self-weight, particularly for high-void content (porous asphalt) and softer grade 
asphalt mixtures (Nicholls et al. 2007).  

To accelerate oxidative aging, Bell et al. employed high-pressure aging equipment and reported that 
the utilization of high-pressure oxidative equipment in an aging procedure can damage the integrity 
of the specimen (reducing air-void content by slumping and producing changes in shape). Bell (1994) 
found a significant increase in resilient modulus (the performance parameter employed in the 
evaluation) due to aging. To avoid risks related to compromising the integrity of the specimens and 
those associated with high-pressure aging equipment, Bell (1994) developed another long-term aging 
protocol, called low-pressure oxidative aging, that employs passing oxygen through the sample at a 
temperature of 140°F (60°C) or 185°F (85°C) and a pressure (100 psi) relatively lower than that of the 
high-pressure oxidation system.  

It is to be noted that a similar issue was reported by previous studies that also utilized comparatively 
higher pressure (145 psi) for oxidative aging of compacted specimens (Kim et al. 1986; Von Quintus et 
al. 1989). Another study found that rapid increase in the resilient modulus occurred in the first few 
days of aging (Li and Nazarian 1995), suggesting that a long-term aging protocol can be developed, 
yet with an aging period of shorter duration. 

To improve the pressure/oxidative-aging procedure, while reducing high pressure and temperature 
as discussed in the preceding paragraph, Khalid (2002) developed a system that involves encasing the 
sample in a sealed system that ensures passing of air through mixture samples without the use of a 
pressure vessel, as presented in Figure 2.3. Another motivation of this development was that the 
effect of aging at a high temperature does not correlate well with field-aging data. The study 
recommended an aging temperature of 140°F (60°C) and air pressure of 2 to 5 Lt/min (less than 10 
psi). Note that this system took 21 days to simulate the semi-field-aging condition of about a year for 
a porous-grade asphalt mix that has a very high air-void content. The duration would be significantly 
longer for a dense-graded mix. 
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Figure 2.3. Oxidative-aging system without a high-pressure vessel. The air is passed into the 
compacted sample encased by a rubber membrane (Khalid 2002). 

In 1995 at Nottingham University, UK, Scholz (1995) investigated the interaction effect of asphalt, 
aggregate, and moisture on asphalt pavement durability. He investigated the effect of different 
mineral aggregates on asphalt binder aging, which involved two hours of conditioning at mix-design 
temperature, and reported that aging was observed (viscosity increased, phase angle decreased). 
However, a meaningful difference was not observed in the aging effect between the aggregate types 
tested. A similar observation was also made in another British study, Wu (2009). However, opposite 
conclusions were also made in the literature. Monismith et al. (1994) statedΥ άLǘ ǎƘƻǳƭŘ ōŜ ƴƻǘŜŘ ǘƘŀǘ 
the aging of asphaltςaggregate mixes is influenced by both the asphalt and aggregate. Aging of the 
asphalt alone, and subsequent testing, does not appear to be an adequate means of predicting mix 
performance because of the apparent mitigating effect aggregate has on aging. Moreover, the aging 
of certain asphalts is strongly mitigated by some aggregates but not by others. This appears to be 
related to the strength of the chemical bonding (adhŜǎƛƻƴύ ōŜǘǿŜŜƴ ǘƘŜ ŀǎǇƘŀƭǘ ŀƴŘ ŀƎƎǊŜƎŀǘŜΦέ 
Therefore, it is the opinion of the authors that further research might be needed to address this 
issue; and aggregate specifications can be developed to account for the aging effect, if needed.  

At the 2003 RILEM Conference in Zurich, Airey et al. (2003) presented an aging protocol that enables 
the researchers to examine oxidative, heat, and moisture effects. In this protocol, six regimes were 
tried to condition a 3.94 in (100mm) (diameter) by 2.56 in (65mm) (height), disk-shaped, compacted 
sample: (1) No-aging; (2) AASHTO R30; (3) AASHTO R30 plus partially saturated oven; (4) Low-
pressure oxidation; (5) Pressure aging vessel (PAV); and (6) PAV plus partially saturated, pressure-
aged. Figure 2.4 shows the effect of the aging on compacted-mix performance measured by indirect 
tensile stiffness modulus. Each procedure tried increased mixture modulus. However, with moisture 
conditioning, the modulus value decreased, as expected, due to weakening of the adhesion between 
binder and aggregate in the presence of moisture. Ma et al. (2011) also reported that moisture can 
accelerate aging and further negatively affect performance of asphalt material.  
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Figure 2.4. Effect of different aging regimes and moisture conditioning on mix stiffness  
(Airey et al. 2003). 

Note that under aging Regime 5 (PAV), an attempt was also made to understand the interaction 
effect of aggregate and binder on aging. For this purpose, three 15-penetration-grade and one 50-
penetration-grade asphalt binders, along with two types of coarse aggregates (dolomite and granite), 
were used. The study reported that dolomite aggregate outperformed the granite aggregate under all 
scenarios tested, as presented in Figure 2.5. 

 

Figure 2.5. Effect of aggregate types on aging (Airey et al. 2003). 

Collop et al. (2007) modified the PAV system so that the pressure vessel is partially filled with distilled 
water; and then water is temperature-conditioned at 185°F (85°C) for at least two hours (Figure 2.6). 
In a simultaneous action, compacted specimens to be tested are also pre-saturated and then placed 
in the preconditioned PAV system with water and pressured at 304.58 psi (2.1 MPa) for 65 hours. The 
final conditioned specimens are tested for indirect tensile stiffness modulus to obtain the combined 
aging effect of oxygen, heat, and moisture on the compact asphalt concrete mixture. 
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Figure 2.6. Asphalt-aging system combining oxidation, heating, and moisture (Collop et al. 2007). 

In his doctoral work at Delft University in the Netherlands, Hagos (2008) conducted a comprehensive 
study to examine the aging effect on porous-grade asphalt mixture. This study also combined heating, 
oxidation, and moisture, along with a new variableτUV radiation. To simulate the different aging 
conditions involving these variables, the study employed a weather chamber (also called Weather-
Ometer, equipment popular in the material science discipline), shown in Figure 2.7. Various aging 
protocols were tested. For the long-term condition, the study used 194°F (90°C) for a duration of 185 
hours. For other experiment parameters (e.g., UV radiation, humidity, rain) and for detailed 
information, it is worthwhile to consult Hagos (2008). Some of the significant conclusions made from 
analysis of binder extracted from aged mix include that the lab aging method did not exhibit as severe 
of aging as that in the field.  

 

Figure 2.7. Weather-Ometer used to simulate aging of asphalt mixture or  
compacted sample (Hagos, 2008). 

In another study at Delft University, Yehualaeset (2010) aged mortar, comprises of binder, filler, and 
fine aggregate less than 0.02 in, instead of binder or mixture and found significant correlation with 
field-aging data. The aging procedure involved heating mortar in an oven for two hours at 329°F 
(165°C) and then placing the specimen in a PAV system for seven days at 194°F (90°C) with an air 
pressure of 304.58 psi (2.1 MPa). Comparing chemical and rheological tests, the study concluded that 
this procedure can simulate 10 years of field aging. It also found satisfactory aging results with loose 
mix for porous-grade asphalt. For an aging-gradient effect, this study showed aging intensity declined 
as the depth of pavement increased. 
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Based on a comparative study of different long-term aging protocolsτBelgian method (conditioned 
at 140°F [60°C]), RILEM method (conditioned at 185°F [85°C]), PAV, and UV agingτMollenhauer et al. 
(2012) reported that the aging of a loose mixture in a forced-draft oven is a more feasible option than 
a PAV system. Following the RILEM protocol (similar to AASHTO R30), the study found that aging of 
asphalt after nine days at 185°F (85°C) is more severe than aging for 14 days at 140°F (60°C), which is 
in line with the aging-kinetics discussion presented in the introductory section of this chapter. 
Contrary to many studies, this study, however, did not observe a UV radiation effect (i.e., photo-
oxidation) in aging. The study also tried aging a loose mixture in the PAV and found that aging at 
194°F (90°C) for 20 hours can produce results comparable to the RILEM protocol or AASHTO R30. 
Note that this option is unreasonable from a practical viewpoint, as the PAV aging system does not 
have enough capacity to allow preparing test specimens for regular mechanical testing. 

Baek et al. (2012) conducted an experimental study on a control mix with varying aging durations of 
four hours at 135°C and two, four, and eight days at 185°F (85°C) for loose-mix samples and examined 
the performance for dynamic modulus. The study reported that the dynamic modulus value increased 
with aging duration and found that under all dynamic modulus testing temperatures (14°F [-10°C], 
41°F [5°C], 68°F [20°C], 104°F [40°C], 129.2°F [54°C]), the protocols resulted in significantly different 
modulus, except between the conventional short-term-aged specimens (aging at 275°F [135°C] for 
four hours) and two-day-aged specimens for a few instances. Also, the different aging protocols 
clearly differentiated the damage characteristic curves of the aged mixtures. Xiao et al. (2013) 
conducted an investigation examining thermal- and UV-aging effects on HMA and WMA with an air-
void content of 7, 4, and 2%τmimicking short-, medium-, and long-term air-void content in real-
world pavement. Various performance measures such as rutting, flow, indirect tensile strength, and 
elastic and fracture energy were considered in the aging-effect comparison. For aging compacted 
specimens, the study utilized the AASHTO protocol; and for UV aging, the study developed a custom-
built oven with UV lamps, as can be seen in Figure 2.8.  

  

Figure 2.8. Schematic of UV-aging system utilized in the study and key features of the  
system on the right side (Xiao et al. 2013). 
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Figure 2.9 shows that the mixtures with the most air voids store the least fracture energy regardless 
of aging type, binder type, and aggregate source. The unaged mixture exhibits just a marginally higher 
fracture energy than the thermally aged mixture, followed by the UV-aged mixture. Figure 2.9 also 
shows that the UV-aging procedure is generally more prone to reducing the fracture resistance of an 
asphalt mixture than is the standard thermal-aging procedure. In another study, based on data 
collected from retrieved binder from the mix with two aging treatments (UV and thermal), Mouillet 
et al. (2014) found that UV aging is dominant over thermal aging in producing some chemical 
carbonyl functional groups (C=O), which ultimately changes asphalt chemical and rheological 
properties. Zeng et al. (2015) found that, for a given UV-aging system, ambient temperature under 
122°F (50°C) has less influence on the rheological performance of the asphalt binder.  

 

Figure 2.9. The fracture-energy value for non-aged, regularly aged (AASHTO R30), and  
UV-aged samples (data from Xiao et al., 2013). 

Like all other laboratory tests, lab-aging procedures also have limitations to appropriately simulate 
field conditions. Therefore, a reliable field-performance prediction cannot be produced from using 
these procedures. To mitigate this problem, NCHRP has recently taken some steps to correlate the 
results between lab aging, field aging, and other environmental data. For instance, through NCHRP 
Project 9-52, Texas A&M University has conducted a comprehensive study. In this research, a wide 
variety of mixes, aging protocols (short-term aging plus five-day vs. two weeks at 185°F [85°C]), lab, 
plant, and field environmental factors were considered in the experimental matrix to examine how 
these factors affect aging at the binder and mixture levels. The mix-level performance was examined 
by conventional mechanical tests data such as resilient and complex modulus and rut depthτwhile 
binder aging was examined by rheological and chemical properties obtained by rheological test 
equipment and FTIR, respectively (Yin et al. 2017; Newcomb et al. 2015).  

The study suggested that consideration of cumulative degree days, or CDD (a concept utilized in 
climatic science discipline, estimated as a total sum of time and temperature of each day for the 
entire year), as a variable in aging prediction yields better results than treating time and temperature 
separately. The study found that the aging effect on an asphalt sample with a CDD value of 17,500 
was equivalent to 12 months in service in warmer climates and 23 months in service in colder 
climates. Further, no statistically significant difference was noticed in terms of the aging effect 
between the mixes manufactured in plant, made in the lab, or sampled at the construction site. 
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Surprisingly, the study also did not find a noticeable difference between the aging effects for five days 
and two weeks of aging conditioning. Based on the limited data, the research also developed the 
following model (Equation 1) that can be used to predict the modulus value for the field-aged sample.  

ὓ  ὙὥὸὭέρ ςȢχσz ρπz Ὡὼὴ
Ȣ  z

 
          (1) 

where ὓ  ὙὥὸὭέ stands for resilient modulus ratio between long-term-aged (either five days or two 
weeks, both at 185°F [85°C]) and short-term-aged (two hours at 275°F [135°C]) specimen.  

Similarly, in a recently published study by Chen et al. (2018) at the National Center for Asphalt 
Technology (NCAT), researchers tried to select a laboratory loose-ƳƛȄ ŀƎƛƴƎ ǇǊƻǘƻŎƻƭ ŦƻǊ b/!¢Ωǎ ǘƻǇ-
down cracking experiment. Existing pavements show that top-down cracking typically initiated after 
70,000 CDD, which was selected as the target of the aging process. Then, several predesigned loose-
mix aging protocols were evaluated by laboratory experiments. Based on rheological and oxidation 
results obtained from the dynamic shear rheometer (DSR), bending beam rheometer (BBR), and 
(Fourier Transform Infrared Spectroscopy) FTIR tests; the 24-hr, 275°F (135°C) protocol yielded the 
most significant level of asphalt aging, followed by the 12-hr, 275°F (135°C) protocol, five-day, 203°F 
(95°C), protocol, and six-hour, 275°F (135°C) protocol, respectively. These aging protocols represent 
greater than 235,000 CDD, 80,000 to 157,000 CDD, 48,000 to 80,000 CDD, and approximately 48,000 
CDD, respectively. Among these four proposed protocols, 5-day/95°C protocol was the most 
representative one. However, due to practical implementation challenges, researchers tried to find 
an alternative protocol with shorter aging duration in this study. They claimed that no significant 
difference in the oxidation-hardening relationship of asphalt binders were observed for mixes aged at 
203°F (95°C) versus 275°F (135°C). In addition, DSR and FTIR results indicated that loose mix aging for 
eight hours at 275°F (135°C) and five days at 203°F (95°C) were likely to achieve an equivalent aging 
level. Finally, 8-hr/135°C loose mix aging was suggested. One important point that needs to be 
emphasized here is that the 8-hr/135°C aging protocol was proposed by using nonlinear regression 
based on 24-hr/135°C, 12-hr/135°C, and 6-hr/135°C data. However, the 8-hr/135°C aging could not 
be validated and achieve idealized CDD. 

In a recently completed five-year NCHRP project 09-54, Kim et al. (2018) developed a procedure 
calibrated and validated with field data to simulate long-term aging of asphalt mixtures for 
performance testing and prediction. Researchers classified the asphalt mixture laboratory aging 
procedures that have been tried based on three main concerns: 1) the state of the material during 
aging (compacted specimen vs. loose mix); 2) the pressure level (oven aging vs. pressurized aging); 
and 3) the aging temperature.  

Regarding compacted specimen and loose mix aging, Table 2.1 was presented to illustrate the pros 
and cons of these two methods. 
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Table 2.1. Comparison between Loose Mix and Compacted Specimens in the Aging Procedure  
(Kim et al. 2018) 

Loose Mix 

Pros 
a) Homogenous aging in the mixture 
b) Higher oxidation rate than compacted mix 
c) Maintaining specimen integrity a non-issue 

Cons 
a) Difficulties associated with compaction of aged loose mix, which limits its use for 
producing specimens for performance testing 
b) Limited amount of materials can be aged in standard PAV chamber 

Compacted 
Specimen 

Pros 
a) Can produce aged sample for performance tests if slumping is minimized through 
use of wire mesh 

Cons 

a) Slower oxidation rate than loose mix 
b) Integrity of the specimens is compromised at high temperatures and pressures due 
to slump, cracking upon pressure release, and differences in the coefficient of thermal 
expansion between binder and aggregate 
c) Oxidation gradients exist radially and throughout height of the specimen 

 
Similarly, Table 2.2 listed pros and cons within two aging equipment: traditional oven and PAV. 

Table 2.2. Comparison between Oven and PAV Aging Methods (Kim et al. 2018) 

Oven Aging 

Pros 
a) Available and easy to perform and control 
b) Large amount of material can be aged 

Cons 

a) High variability among ovens, especially in terms of air drafting 
b) More time needed to age materials in the oven than in the PAV 
c) Maintaining compacted specimen integrity is required, especially at high 
temperatures 

Pressure Aging 

Pros 
a) Pressure can expedite the aging process 
b) More reliable than oven aging due to less equipment variability between laboratories 

Cons 
a) Due to limited capacity of the vessel, less material can be aged in each aging cycle 
unless new device is developed 
b) Integrity of compacted samples during and after testing is a major concern 

Regarding aging temperature, the researchers suggested using less than 212°F (100°C) for two 
reasons. Firstly, the disruption of polar molecular associations and sulfoxide decomposition become 
critical at temperatures that exceed 212°F (100°C), which are inaccessible at lower temperatures. 
Secondly, aging temperature over 212°F (100°C) leads to asphalt mastic drain-down because of the 
low viscosity of asphalt binder at elevated temperatures. 

Prior to the experimental study, two important sub-investigations were conducted to support that. 
The first one is a sensitivity study, which can help researchers to understand the significance of 
observed differences in asphalt binders AIPs (Aging Index Properties) in terms of asphalt mixture 
performance. The second is to select proper and efficient chemical and rheological AIPs. Carbonyl + 
sulfoxide peak (C+S peak) and G* at 147.2°F (64°C) and 10 rad/s were selected as the chemical and 
rheological AIP, respectively (Rad et al. 2018).  
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A comprehensive experimental program was then conducted to select the most appropriate long-
term aging method and the abovementioned three factors were evaluated, respectively. The integrity 
of the specimens following aging, the rate of oxidation quantified using the AIPs of the extracted 
binder, versatility, and the cost of the various procedures were compared in order to select the most 
promising aging procedure. The key findings were listed as below. 

¶ Loose mix aging was found to have further oxidation than compacted specimen aging under 
the same conditions. 

¶ Long-term loose mix aging was determined to have no significant effect on compaction. 

¶ The current AASHTO R30 aging procedure can lead to an oxidation gradient from the 
periphery to the center of the specimen, which violates the fundamental integrity 
requirement of a performance test.  

¶ Standard PAV cannot generate enough aged loose materials for performance testing. 

¶ Performance test results showed that compacted specimens were damaged during the PAV 
aging process. 

¶ The kinetics and mechanisms of oxidation were believed to change with an increase of aging 
temperature from 203°F (95°C) to 275°F (135°C) since the relationship between binder 
rheology and chemistry changed significantly. 

¶ Aging temperature did not affect the relationship between binder rheology and chemistry if it 
is at or under 203°F (95°C), which implies that the oxidation mechanism did not change. 

¶ The rate of oxidation increased with an increase in temperature. 

Based on the above claims, researchers recommended using loose mix aging at 203°F (95°C) for long-
term aging. 

Another important component of an aging protocol is the laboratory aging durations. In this project, 
researchers developed nation-wide aging duration maps to match the AIPs of field cores at varying 
depths. Since loose-mixture oven aging leads to a kinetics-controlled reaction, the kinetics model can 
be applied to loose-mix aging without considering diffusion. A kinetic model was developed and 
validated in this project and can be calibrated using AIP measurements obtained from isothermal 
aging at a single temperature. Finally, CAI (climate aging index), developed by simplifying the kinetics 
model, was used to get laboratory aging durations to match a given field condition using hourly 
pavement temperature histories at depths of 0.24 in (6 mm), 0.79 in (20 mm), and 1.97 in (50 mm). 
All maps are available in their final research report (Kim et al. 2018). 

2.3 SUMMARY 

The mechanisms of aging and effect of aging on the characteristics and field performance of AC 
mixtures were documented from studies available in the literature. Short- and long-term aging was 
simulated in the lab environment primarily to explore the following aspects. Aging resistance of mixes 
were characterized for use in mechanistic simulations. The aging resistance of different mixtures 
(HMA, WMA) was characterized. The effect of neat and modified binders was explored. Different 
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aging factors including heating, oxidation, UV, and moisture were determined. Table 2.3 provides a 
brief summary of the main factors employed in some previous studies that addressed long-term 
aging.  

In addition, the following conclusions can be made from previous studies: 

¶ Age-hardening occurs only in the viscoelastic component of an asphaltςaggregate mixture 
system, i.e., the asphalt binder. During the age-hardening process, properties of the chemical 
constituents of asphalt change as asphalt reacts with atmospheric oxygen and the process is 
influenced by oxygen-diffusion flux and various thermal forces (e.g., heat, UV radiation) of the 
natural environment. The changes in chemical constituents and in molecular groups are 
reflected in chemical and rheological performance properties of the asphalt binder. In 
particular, as asphalt ages, it loses its adhesive property, becomes stiffer and embrittled, and 
exhibits reduced fatigue endurance.  

¶ Asphaltςaggregate mix design parameters such as air-void ratio and aggregate petrography 
(porosity, chemical compositions, morphology) can either accelerate or decelerate aging. 
Therefore, in asphalt-aging research design or to predict mix performance, full consideration 
should be given to all mix-related parameters to account for how these parameters affect 
aging and to obtain their quantitative information. 

¶ Two regimes are believed to exist in the aging of asphalt mixtures. The first one happens 
during the mixing, transportation, and construction stages; while the second one occurs 
during its service life. The rate of aging is found out to be much higher in the first regime.  

¶ Various environmental and design factors can contribute to the age-hardening of asphalt. 
These factors include atmospheric oxygen, dissolved oxygen in moisture, moisture, ambient 
and pavement-layer temperature, UV irradiation, aggregate petrography, mix-design 
parameters, and binder chemical compositions. However, few studies have attempted to 
quantify the effect of these factors sufficiently. 

¶ To simulate the short- and long-term aging of asphalt mixture, AASHTO R30 is followed 
throughout the United States. For long-term aging, loose mixture is first short-term aged with 
a spread thickness of 25 to 50 mm in a pan at 135°C for four hours in a forced-draft oven, with 
the mixture stirred every hour to maximize uniformity in aging. The mixture is then 
compacted and placed in the oven at 85°C for five days. It is arguably believed that AASHTO 
R30 is safe to predict long-term aging up to 10 years.  

¶ Other procedures than AASHTO R30 are presented Table 2.3. However, there was a need to 
develop a procedure that is efficient and practical and maintains the integrity of the material. 

¶ Studies reported that when a loose mix is aged for a long period, the coated binder on each 
particle is extremely oxidized, whereas this is not the case when a compacted specimen is 
aged. In addition, Gmm increased in the long-term aging process. However, an aging gradient is 
observed in the compacted specimen, unlike the loose mix (which can be stirred). Note that 
an aging gradient is also observed in field-aged cores.  
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¶ Above мллϲ/Σ ǘƘŜ ōƛƴŘŜǊΩǎ ŎƘŜƳƛŎŀƭ ŀƴŘ ǊƘŜƻƭƻƎƛŎŀƭ ǇǊƻǇŜǊǘƛŜǎ ŀǊŜ ǎƛƎƴƛŦƛŎŀƴǘƭȅ ŀŦŦŜŎǘŜŘΦ 
Hence, 95°C is the highest aging temperature that can be safely utilized. Four to eight days is a 
common duration for examining long-term aging characteristics of asphalt mixes.  

¶ Modulus value is a very common performance metric utilized for gauging the aging effect. 
Other mechanistic performance metrics (e.g., permanent deformation, fracture energy) have 
also been used.  

¶ A standard lab aging protocol should be developed identifying the sample size, oven type, 
aging temperature and duration, etc. 

Table 2.3. Summary of Long-Term Aging Protocols Used/Recommended in Previous Studies 

Time Test method 
Temp 
(°C) 

Duration 
Sample 
state 

New observation(s) or previous issue(s) 
addressed 

Since 
adoption 

AASHTO R30 85 5 days Compacted  

2018 
Rahbar-
Rastegar et 
al. (2018) 

85, 95, 
135 

1, 5, 12 
day(s) 

Compacted 

Loose 
 

2018 
Chen et al. 
(2018) 

135 8 hours Loose Use CDD concept to generate aging protocol. 

2018 
Kim et al. 
(2018) 

95 

Depends on 
time, 
depth, 
location 

Loose 

(1) Nation-wide aging duration maps were 
generated; 
(2) Sensitivity study on the significance of 
observed differences in asphalt binders AIPs in 
terms of asphalt mixture performance; 
(3) C+S peak and G* at 64°C and 10 rad/s can 
efficiently represent chemical & rheological AIP, 
respectively; 
(4) Modified ME design with pavement aging 
model. 

2017 
Elwardany  
et al. (2017) 

70ς95 1ς35 days 
Compacted 

Loose 

Small specimens can be used to minimize 
slumping issue for complex modulus test. 

2015 
Newcomb  
et al. (2015) 

85 
5 days or 2 
weeks 

Compacted 
Cumulative degree days (CDD) had significant 
effect on aging. 

2014 
Tarbox et al. 
(2012) 

85 2, 4, 8 days Compacted 
 

 



18 

Time Test method 
Temp 
(°C) 

Duration 
Sample 
state 

New observation(s) or previous issue(s) 
addressed 

2012 
Baek et al. 
(2012) 

85 2,4, 8 days Compacted  

2013 
Azari et al. 
(2013) 

85 2, 5, 9 days Compacted 
Aging resulted in increase in permanent 
deformation resistance. 

2011 
Morian et al. 
(2011) 

60 
3, 6, 9 
months 

Compacted 
Binder source had a significant effect. Aggregate 
source had no effect. 

2010 Reed (2010) 85 5, 14 days 
Compacted 

Loose 

Loose mix worked like an extremely oxidized RAP. 
Compaction job was tough. Modulus value 
decreased for loose-mix compacted samples. 
/ƻƳǇŀŎǘŜŘ ǎǇŜŎƛƳŜƴΩǎ ƛƴǘŜƎǊƛǘȅ ŘŜƎǊŀŘŜŘΣ ŀǎ 
measured by before-and-after AV ratio. 

2008 Hagos (2008) 95 185 hours Compacted 
Utilized a Weather-Ometer to simulate UV 
radiation, rain, humidity  

2007 
Collop et al. 
(2007) 

85 65 hours Compacted 
Modified PAV system to incorporate water bath 
for simulating heat, oxidation, moisture aging 

2005 
Houston et 
al. (2005) 

80, 85, 
90 

5 days Compacted 

Air void had a significant effect in field-aging. 
Aging at 85°C for 5 days, compared with 7ς10 
years of field-aging data; lab specimen aged more 
than field-aged sample when air voids were less 
than 8%. 

2003 
Airey et al. 
(2003) 

85 5 days Compacted 
Involved testing partially saturated specimens in 
PAV system 

2000 Khalid (2000) 60 1ς21 days Compacted Air flow 3 liter/min 

1995 
Li et al. 
(1995)  

85 5 days Compacted 
Fast increment in modulus value occurs in first 
few days due to aging. 

1995 Scholz (1995) 85 4 days Compacted 
Aging resulted in effect in U.K. that was equivalent 
to field-aging of 15 years in U.S. 

1994 
Bell et al. 
(1994) 

60, 85 5 days Compacted Air pressure 100+ psi, specimens damaged 
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CHAPTER 3: MATERIAL SAMPLING, INVENTORY, AND 
EXPERIMENTAL METHODS 

3.1 MATERIAL SAMPLING & INVENTORY 

3.1.1 Introduction 

Asphalt concrete surface mixtures used in this study covered a wide spectrum of mixture types that 
were commonly used at the time of the study. Mixes varied based on production technique, N-
design, mixture type (dense-graded and SMA), amount of recycled content, type of binder, and 
binder content. The following AC mixtures were collected and prepared for testing as part of the 
experimental program: 

¶ Twelve plant-produced and lab-compacted (PPLC) mixtures sampled from various plants in 
Illinois. 

¶ Seven lab-produced and lab-compacted (LPLC) mixtures designed as part of the study. 

¶ Field core samples corresponding to the plant mixtures were also collected at various intervals 
of pavement life (at placement, after six months, and after 12 months).  

In addition, a total of 17 different binders used in the PPLC and LPLC specimens were collected and 
verified for SuperPave performance grading.  

3.1.2 Material Sampling Procedure 

This part describes in detail the sampling procedure implemented for collecting materials for the R27-
175 project. The materials collected for this project included binder, mineral filler, aggregates, RAP, 
RAS, and plant-produced mixtures. 

3.1.2.1 Asphalt Binder 

Binders were sampled by AC producers as plant personnel deemed appropriate, for safety 
considerations. For each source, at least 15 gallons (56.78 liters) of binder were collected in 
galvanized steel cans of one-gallon capacity. 

3.1.2.2 Aggregate, RAP & RAS 

Aggregates were collected as per IDOT procedure (Aggregate Technician Course Manual). Virgin 
aggregates, RAP, and RAS were collected for mixes used in the project. 

3.1.2.3 Mineral Filler 

Two five-gallon buckets of fine materials were collected for each mix investigated. No specific 
sampling procedure was implemented. Respirators were used to avoid inhaling particles while filling 
buckets with mineral filler. 
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3.1.2.4 Plant Mixtures 

Different mixture sampling procedures were investigated in the ICT project R27-8 (Elseifi 2007). It was 
recommended that the behind the paver sampling method is the optimal procedure. However, 
samples were collected from the plant due to large quantities of AC mixture needed in this study. The 
sampling procedure used to collect plant samples is summarized as follows: 

1. Filled the front wheel loader with 3.3ς4.4 US tons (3ς4 tons) of asphalt mixture. This might be 
completed in one or more drops, depending upon the plant and loader that are used (Figure 
3.1). 

  

Figure 3.1. Asphalt sample collection from the plant in a loader. 

2. Dumped the material into a pile on the ground. Then, mixed the pile by scooping material and 

dumping it back on the top of the pile several times at right angles to previous scoops (Figure 

3.2). This was done three times. Special attention must be given to not dig into the underlying 

material, which would contaminate the pile. 

 

Figure 3.2. Placement of the sample on a flat surface. 
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3. Back dragged the pile to provide a flat sample pad (Figure 3.3). 

   

Figure 3.3. Spread the sample to flatten conical heap. 

4. Sampled material from multiple locations on the pad for each bag (Figure 3.4). 

   

Figure 3.4. Sampling from different locations. 
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5. Finally, sealed the bags and loaded them into the trailer to be stored and tested at the 
Advanced Transportation Research and Engineering Laboratory (ATREL). Each bag was labeled 
adequately to uniquely identify the material (date, project, material designation, etc.) (Figure 
3.5). 

  

Figure 3.5. Collected samples ready for transport. 

3.1.3 Material Inventory 

Twelve AC surface mixtures were collected from the plants as well as component materials used in 
the production of those mixes. In addition, seven laboratory-designed mixtures were also developed 
in the laboratory for the evaluation of the binder source effect on long-term aging. The details of the 
mixtures collected are presented below. 

Asphalt mixtures used in this study were classified into types based on their production technique. 
Mixture types include plant-produced, laboratory-compacted (PPLC) mixtures and laboratory-
produced, laboratory-compacted (LPLC) mixtures. They are mostly dense-graded, and two SMA mixes 
are also included. The N-design of the mixes ranged from N50 to N90. The mixes obtained in the 
study from the asphalt plants were used in pavements with different traffic levels: interstate, state 
highways, and low-volume roads. Field core samples were obtained shortly after placement and at 
approximately six-month and 12-month ages. In addition to the plant mixtures, laboratory mixtures 
were designed to understand the impact of aging with a change in binder source and added recycled 
content. 

3.1.3.1 Asphalt Binders 

Asphalt binders were collected from each of the asphalt concrete plants from which the plant-
produced mixtures were collected. In addition, binders with similar performance grade, but with 








































































































































































































































