
APPENDIX A 
 
Previous Studies of Laboratory Aging of Compacted Specimens and 
Loose Mixtures 
 
Introduction 

 
The issue of oxidative aging of asphalt binder has been recognized and studied for almost 

a century. Hubbard and Reeve (1913) published the first results of a study that examined the 
effects of a year of outdoor weathering on the physical (e.g., weight, hardness, etc.) and chemical 
(i.e., solubility) properties of paving grade asphalt cements. Subsequent studies confirmed their 
basic finding that oxidation, and not volatilization alone, is responsible for changes in asphalt 
properties that occur due to exposure (Thurston and Knowles 1936, Van Oort 1956, Corbett and 
Merz 1975). Significant research also has been conducted to investigate the chemical aspects of 
the aging process, and excellent reviews of these studies can be found in the literature (Wright 
1965, Lee and Huang 1973, Jemison et al. 1992, Petersen 2009). In some of these studies, 
researchers conducted sophisticated experiments and proposed conceptual, empirical and/or 
analytical models to explain the aging phenomenon of asphalt binder (Lunsford 1994, Liu et al. 
1996, Petersen and Harnsberger 1998, Glover et al. 2008). Although a significant amount of 
effort has been placed on understanding the aging process of asphalt binder, relatively little work 
has been put forth to develop laboratory aging procedures for producing aged mixture specimens 
for performance testing. In addition, very little effort has been made to validate the laboratory 
aging methods with field measurements. Furthermore, the existing laboratory aging methods do 
not allow for consideration of different climates, depths, etc., which are known to impact aging 
significantly. A review of the pertinent literature that can be used to develop a more 
comprehensive method of producing aged specimens for performance testing is provided in the 
following sections.  

 
Overview of Methods for Aging Asphalt Mixtures in the 
Laboratory 

 
Several asphalt mixture laboratory aging procedures have been tried. These procedures 

can be broadly classified based on (a) state of material during aging (compacted specimen vs. 
loose mix) and (b) pressure level (oven aging vs. pressurized aging). Thus, the discussion of the 
laboratory aging of asphalt mixtures will focus on these two factors.   

 
Compacted Specimen Aging vs. Loose Mixture Aging 
Compacted Specimen Aging 

 
Aging compacted samples is helpful for characterizing the performance of asphalt 

mixtures throughout the service life of the pavement. The standard method used to assess the 
long-term aging of asphalt mixtures in the United States is AASHTO R30 (2002). In this 
method, compacted asphalt mixture specimens are subjected to short-term aging at 135°C for 
four hours. Then, the short-term aged mixture is compacted. The compacted specimen is cored or 



sawn to the required dimensions and then placed in a forced draft oven for long-term aging. The 
long-term aging simulation is performed at 85°C ± 3°C for 120 ± 0.5 hours to represent five to 
ten years of aging in the field. Potential limitations associated with this aging method can be 
summarized as follows (Harrigan 2007): 

 
• Although the mean air temperature in the United States varies with geographic 

region, AASHTO R30 specifies only one aging temperature and duration to represent 
the long-term aging spectra. 

• The aging time range recommended by this standard is too wide for design purposes, 
and simulation of aging at any time beyond ten years is not possible. 

• The standard does not consider the effect of air void content, which is speculated to 
have a significant effect on oxidative aging.  

 
As part of a SHRP project, studies were performed on the short-term and long-term aging 

of asphalt mixtures in the laboratory (Bell 1989, Bell et al. 1994). The outcome of these studies 
was standardized as AASHTO R30 for the long-term aging of compacted asphalt specimens in 
the laboratory. Bell et al. (1994) conducted different experiments on compacted specimens 
during SHRP-A-390 project. They proposed oven aging of loose mixtures at 135°C for four 
hours to simulate short-term aging during the mixing, storage and placement processes that take 
place in actual construction practice. In order to simulate long-term aging, Bell et al. conditioned 
asphalt specimens in the oven for different lengths of time. They conducted performance tests on 
laboratory long-term aged specimens and corresponding field cores. Based on the results of these 
trials, their recommendation for the long-term aging of compacted specimens was to age 
specimens at 85°C for 2, 4, and 8 days in the oven. A detailed discussion of the SHRP project 
laboratory aging trials is presented later in this document. 

Brown and Scholz (2000) conducted a laboratory aging study that was similar to the Bell 
et al. study (1994) in that Brown and Scholz aged compacted specimens in an oven. Short-term 
and long-term aged specimens were evaluated based on the stiffness measurements of the 
compacted mixture specimens. The Brown and Scholz study results indicate that short-term 
aging of loose mix specimens at 135°C significantly increases the stiffness of the mixture by 9% 
to 24% per hour of aging. They speculated that for continuously-graded mixtures, oven aging at 
135°C for two hours is representative of the aging during the mixing, storage and transport that 
occur during actual construction. Brown and Scholz compared the stiffness modulus ratios for 
laboratory-aged specimens and field cores and concluded that five days of aging compacted 
samples at 85°C in the oven gives reasonable results for long-term aging in the United Kingdom. 
They also found that four days of aging compacted samples at 85°C in the oven represents 15 
years of aging in the field for mixtures in the United States (Brown and Scholz 2000). 

Several other aging procedures for compacted mixture specimens have been proposed in 
the literature. A summary of these methods is provided in Table A-1. It can be seen that the 
procedures vary with respect to temperature and duration, and most of the studies do not include 
field validation, which would provide an estimate of the level of field aging that the procedure 
simulates.  
 



Table A-1. Accelerated laboratory aging procedures developed for compacted asphalt 
specimens 

Aging Procedure Temperature 
(°C) Duration Aging 

Equipment Major Findings 

AAMAS (Von 
Quintus et al. 1992) 

2 days at 60 +  

5 days at 107 
in Oven, 60 in 

PA 

7 days in 
Oven , 

5 and 10 
days in PA 

Oven, PA 
• Oven aging causes more severe 

aging in compacted specimens 
comparing to pressure oxygen 
aging. 

TRL (Nicholls 2006) 60 48 hours Oven • Simulates 397 days of aging in 
the field. 

EMPA (Van den 
Bergh 2011) 110-120 16 hours Oven • The method can simulate 20 

years of aging in the field  

AASHTO R30-02 
(Bell et al. 1994) 85 5 days Oven 

• This method can cause 5 to 10 
years of aging in compacted 
specimens. 

Nottingham 
University SATS 

(Collop et al. 2004) 
85 65 hours 

Air-drafted 
oven 

(saturated, 
2.1 MPa) 

 

Hachiya et al. (2003) 60 20 days Oven 

• This method efficiently 
simulates the field aging. 

• The top 5-mm of the compacted 
mix experiences the most severe 
aging and aging effect decreases 
through the depth. 

Tia et al. (1988) 60 90 days 
Oven with 

and without 
UV radiation 

 

Liverpool University 60 21 days Oven • Simulates 18 month of aging in 
the field 

Mugler (1970) 163 5 hours Oven  

Hveem et al. (1963) 60 1000 hours Oven  

Martin et al. (2003) 
3 days at 70 +  

4 days at 80 
7 days PAV  

 
Several problems associated with the laboratory aging of compacted specimens have 

been cited in the literature. Slump can occur during the long-term oven aging (LTOA) of 
compacted asphalt specimens, leading to a change in air void distribution (Reed 2010). 
Performance results confounded by air void or volume changes are not reliable. To minimize 
slump, NCHRP 9-23 (2005) suggests wrapping specimens in a wire mesh held in place by three 
steel clamps to preserve the specimen integrity. However, even with the wire mesh, slump may 
occur. Another problem associated with the aging of compacted specimens is the development of 
an aging gradient through the specimen thickness. The NCHRP 9-23 project (2005) 



demonstrated that LTOA leads to both a radial and vertical age gradient in mixture specimens. 
RILEM-206-ATB indicates that changes in the size and shape of compacted samples during the 
aging process affect the final results and their variability (Partl et al. 2013). Therefore, selecting 
an appropriate sample size may help to eliminate the problems associated with the aging gradient 
in the mixture specimen. 

A recent aging study conducted by North Carolina State University (NCSU) and the 
Western Research Institute (WRI) clearly demonstrates the problems associated with aging 
compacted specimens for performance testing. NCSU prepared and aged compacted specimens 
according to AASHTO R30, and the WRI evaluated the extent of aging at the surface and 
interior of the compacted specimens using a micro-extraction method. Prior to compaction, loose 
mix was short-term aged in a forced draft oven at 135°C for four hours. The long-term aging was 
performed in a forced draft oven at 85°C. The effects of the short- and long-term laboratory 
aging were measured by first splitting open a short-term aged specimen and an 8-day long-term 
aged specimen and removing small samples of mastic from the edge and center of the open face 
of each core. Asphalt from the small mastic samples was recovered and evaluated using infrared 
(IR) spectrometry. Figure A-1 shows the extraction locations and moduli values estimated from 
different locations at different aging levels. 
 

 
Figure A-1.  (a) Split core face showing locations of extraction and (b) estimated modulus 

values based on carbonyl content at different locations and for long-term oven-aged versus 
short-term oven-aged specimens. 

 
The IR spectra showed an increase in carbonyl at the center of the 8-day aged specimen 

compared to the center of the short-term aged specimen, which suggests that significant aging 
occurred during the 8-day oven aging period. Also, a carbonyl gradient from the center to the 
edge in the 8-day aged specimen was apparent. The observed differences in carbonyl content 
were further quantified by estimating the dynamic shear modulus, |G*| (at 10 rad/s and at 60°C). 
The asphalt at the center of the short-term aged specimen had a dynamic shear modulus value of 
10.6 kPa. The dynamic shear modulus values at the center and edge of the long-term aged 
specimen were 17.0 kPa and 27.5 kPa, respectively. The dynamic shear modulus value of the 
pressurized aging vessel (PAV) -aged asphalt that was used to prepare the compacted specimens 
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was 14.7 kPa, which is somewhat lower than the dynamic shear modulus value at the center of 
the long-term aged specimen, thereby suggesting that the 8-day oven aging effect is more severe 
than that of the standard PAV test.  

The aging gradient observed from the aged specimens using the AASHTO R30 method 
makes it difficult for the general approach to be used for conditioning specimens for performance 
testing. The performance properties measured from the aged specimens will be the ‘average’ 
properties of the materials that have a binder modulus value difference of almost a factor of two. 

 
Loose Mixture Aging 
 

Although less common than aging compacted specimens, the laboratory aging of loose 
(uncompacted) asphalt mixtures also has been tried. Some studies recommend aging loose 
mixtures in the laboratory to simulate the aging of asphalt pavements instead of aging compacted 
specimens (Mollenhauer and Mouillet 2011, Van den Bergh 2011). The primary advantages of 
loose mixture aging over compacted specimen aging are: (1) air and heat can easily circulate 
inside the loose asphalt mixture, which allows for uniform aging throughout the mix; (2) 
problems associated with the loss of compacted specimen integrity (e.g., slump) during 
laboratory aging may be reduced; and (3) the rate of oxidation may increase due to a larger area 
of the binder surface being exposed to oxygen. However, difficulties associated with the 
compaction of aged loose mixtures remains a major concern.  

A review of studies that consider loose mixture aging is provided herein. The majority of 
the procedures proposed for loose mix aging utilize forced draft ovens at constant temperatures. 
However, a few procedures also consider using the binder PAV. It should be noted that the goal 
of a significant portion of the laboratory aging studies conducted on loose mixtures is to prepare 
reclaimed asphalt pavement (RAP) materials rather than to investigate compaction and 
subsequent performance testing. The compaction of aged materials is unnecessary for the 
preparation of RAP materials and, hence, any difficulty associated with highly aged loose 
mixtures is not a problem.  

Von Quintus (1988) aged loose mixture specimens at 135°C in a forced draft oven for 8, 
16, 24, and 36 hours to simulate long-term field oxidation. Von Quintus then conducted 
penetration and viscosity tests on the extracted and recovered asphalt binders. The results were 
promising, indicating similar short-term aging levels between the laboratory-aged materials and 
field samples taken from batching plants. However, the laboratory-aged materials exhibited 
considerable variability. Based on these results, Von Quintus recommended short-term aging of 
loose mixtures at 135°C in a forced draft oven for four hours before compaction. He also 
performed a study on the long-term aging of compacted asphalt mixtures in both an oven and in 
a pressurized oxidation vessel. The long-term aging procedures will be explained under the 
Pressure Aging section in this document. 

Van den Bergh (2009) conducted an experimental program for aging loose mixtures in 
the laboratory with the goal of replicating RAP material. In this study, several mixtures were 
short-term aged in an air-ventilated oven at 130°C for three hours and then long-term aged at 
90°C for extended times. Binder aging was evaluated by determining the increase in the ring and 
ball (R&B) softening point, the dynamic shear modulus, and the carbonyl and sulfoxide indices. 
For the carbonyl and sulfoxide indices, a plateau was reached after seven days of long-term oven 
aging, but the rheological properties did not reach such a plateau after seven days. Then, these 
results were compared with the ones for binders extracted from seven- to ten-year-old pavement 



sections (Van den Bergh 2011). Based on this comparison, two procedures for producing RAP 
materials using a standard forced draft oven in the laboratory were recommended, as follows: 

 
• Short-term aging at 130°C for 3 hours following long-term aging at 90°C for 168 hours 

(7 days). 
• Short-term aging at 134°C for 4 hours following long-term aging at 85°C for 168 hours. 
 

Because the goal of the Van den Bergh study was to produce RAP material, the 
compaction of the aged loose mixtures was not attempted. 

Mollenhauer and Mouillet (2011) also conducted a study on the aging of loose mixtures 
to produce RAP materials. The properties of the binders extracted from laboratory-aged mixtures 
were compared with the properties of binders extracted from 11- to 12-year-old sections. The 
results suggest that aging asphalt loose mixtures in the PAV at 90°C with a pressure level of 2.1 
MPa for 20 hours gives a comparable aging level with the oven aging of loose mixtures at 85°C 
for nine days. These researchers concluded that the aging time can be significantly reduced by 
using oxygen pressure. A summary of the comparison of the properties of the recovered binders 
for each aging method is shown in Table A-2. Mollenhauer and Mouillet (2011) also reported 
that aging at a low temperature (i.e., 60°C) is safer for mixtures that contain polymer-modified 
asphalt binder and produces less scattered results.  

 
Table A-2. Properties of the binders extracted and recovered after different aging methods 

(after Mollenhauer and Mouillet 2011) 

 
 
Partl et al. (2013) conducted a study (RILEM 206-ATB) with the goal of reproducing 

RAP via the laboratory oven aging of loose mixture specimens. Asphalt mixtures from the same 
component materials were produced in nine laboratories and a batching plant. A comprehensive 
study was performed on the binders recovered from long-term aged plant-produced and 
laboratory-produced mixtures. The laboratory-produced mixtures first were short-term aged for 
four hours at 135°C and compared with the plant-produced mixtures. The penetration and R&B 
softening point results obtained from the laboratory-aged mixtures showed a strong correlation 
with those from the plant-produced mixtures, but the plant-produced mixtures had higher 
dynamic shear modulus values and lower phase angles than the short-term aged laboratory-
produced mixtures. The long-term aging process consisted of conditioning both the plant-



produced and short-term laboratory-produced loose mixtures in the oven for 1, 2, 5, 7, and 9 days 
at 85°C.  

The results of the Partl et al. (2013) study suggest that binder oxidation continues up to 
nine days of conditioning, but that the rate of oxidation decreases with an increase in the duration 
of the conditioning. Another significant finding is that performing extraction and recovery 
immediately following the laboratory aging process is important, because the binders that were 
extracted and recovered after a considerable amount of time were stiffer than those recovered 
immediately after aging. The Partl study also found that these laboratory aging procedures 
produce reasonable repeatability and reproducibility. The authors concluded that loose mixture 
aging in the laboratory to produce RAP material is an appropriate approach. Partl et al. (2013) 
cautioned, “However, with such a method, directly determining the mixture characteristics 
afterwards is not possible.” Despite this comprehensive study of long-term aging of loose 
mixtures in the laboratory, the research team did not validate using field measurements. 

Reed (2010) compared laboratory-aged loose mixtures to compacted specimens produced 
with crumb rubber-modified asphalt. Both the loose and compacted mixture samples were 
conditioned at 85°C for 5 and 14 days. Loose mixture aging was conducted in pans with sample 
heights ranging from 50 mm to 100 mm. The samples were agitated daily. Following aging, the 
loose mixtures were compacted and cored for testing. A significantly higher number of gyrations 
and higher shear stress levels were required to compact the aged loose mix comparing to the 
short-term aged loose mix, suggesting that aged loose material is stiffer than aged core materials. 
However, Reed also found that the dynamic modulus values of the compacted specimens 
following loose mix aging decreased with aging time, which is counter-intuitive. Reed (2010) 
concluded that the apparent reduction in the dynamic modulus values with an increase in aging 
time was caused by a lack of cohesion between the aggregate particles in the specimens that were 
compacted following loose mixture aging. He hypothesized that this outcome was influenced by 
the uniform aging of the asphalt around each aggregate particle in the laboratory-aged loose mix, 
as opposed to the field- and laboratory-aged compacted specimens that exhibit an aging gradient 
throughout the binder film (Figure A-2). Reed also reported significant changes in air void 
content despite the negligible dimensional changes during the long-term aging of the compacted 
specimens. 
 

 
Figure A-2. Schematic of binder film on aggregate particles: (a) core and (b) loose mix 

(after Reed 2010). 
 



A summary of loose mix aging procedures is presented in Table A-3. It should be noted 
that most of the studies on loose mixture aging were conducted by European researchers. 

 
Table A-3. Accelerated laboratory aging procedures developed for loose mixtures 

Aging 
Procedure 

Short-term Aging Long-term Aging 
Aging 

Equipment Major Findings Temp. 
(°C) Duration Temp. 

(°C) Duration 

Van 
Gooswilligen 

(1989) 
- - 160 16 hours 

Loose hot 
mix in 

sealed tin in 
oven 

 

Shell (Read 
and 

Whiteoak 
2003) 

Mixing 
Temp. 2 h 80 7 days Oven  

LCPC (Such 
et al. 1997) 135 4 h 100 24 h Oven  

RILEM TG5 
(De la Roche 
et al. 2009) 

135 4 h 85 7-9 days Oven 

• After 9 days of aging of 
loose mix at 85°C, a 
plateau region starts for 
oxidation of mix. 

• Laboratory aging of 
loose mix an appropriate 
way to produce RAP 
material. 

• Due to issues associated 
to compaction of aged 
loose mix, performance 
of mixture cannot 
directly be determined. 

• A more homogenous 
aged mix obtained from 
aging of loose mix.  

BRRC 
(Belgian 

Road 
Research 
Center) 

(Piérard and 
Vanelstraete 

2009) 

135 1.5 h 60 14 days Oven 

• Due to low temperature 
used for aging of loose 
mixes, the polymer 
degradation is not a 
concern. 

• Less scattered results for 
aging are obtained 
comparing to methods 
which use higher 
temperatures. 

Re-Road 
(Mollenhauer 

135 4 h 90 20 h PAV 
• Oxygen pressure can be 

used to increase the aging 
time significantly. 



and Mouillet 
2011) 

• Low temperatures (i. e., 
60°C) should be used for 
mixes containing 
modified binders.  

• Due to limited capacity 
of the PAV, small 
amount of asphalt 
mixtures can be aged at 
once. 

Van den 
Bergh (2011) 

135,13
0 4 h, 3 h 85, 90 7 days Oven 

• The method can simulate 
7-10 years of aging in the 
field.  

 
Based on the results found in the literature, loose mixture aging appears to be 

advantageous over compacted specimen aging due to the homogeneity and efficiency of aging. 
However, for performance testing purposes, the aged loose mix must be compacted to the 
specified requirements. Previous studies of the long-term aging of loose mixtures indicate that 
more effort may be required to compact long-term aged loose mixtures than un-aged/short-term 
aged loose mixtures (Reed 2010). Very high compaction forces may cause degradation in the 
aggregate structure and change the mixture properties (Gatchalian et al. 2006).   

To avoid problems associated with compacting aged loose mixes, it has been 
recommended that specimens should be compacted at equiviscous temperatures based on the 
viscosity of the short-term aged mix (Bell 1994). This method requires obtaining the viscosity of 
the binder in the short-term aged and long-term aged loose mixtures to determine the 
temperatures required for an equivalent binder viscosity for two different aging levels. It is 
expected that very high (approximately 370°F) temperatures will be required for the long-term 
aged material to obtain the same viscosity as the reference short-term aged material.  

The use of a warm mix additive that can allow the mixing and compaction temperature to 
be reduced may offer an alternative to increasing the compaction temperature. Aspha-min® 
zeolite is a product that can reduce the production temperature by as much as 20 percent without 
affecting mixture performance. Zeolite contains 21 percent water by mass that is released in the 
temperature range of 85°C to 182°C (185°F-360°F). A study conducted by the National Center 
for Asphalt Technology (NCAT) shows that adding 0.3 percent zeolite improves the 
compactability of the mixture at temperatures as low as 88°C (190°F) without changing resilient 
modulus and rutting resistance of the compacted specimen. This product was also used in a mix 
containing 20 percent RAP and reduced the production and compaction temperature by 19°C 
(35°F) while offering the same in-place density and performance. During the study, it was noted 
that an average 0.65 percent reduction in air void content occurred when zeolite was used in the 
asphalt mix production (Hurley and Prowell 2005).  

West et al. (2010) conducted a study as part of the NCHRP 9-39 project to introduce a 
procedure that can determine appropriate mixing and compaction temperatures for asphalt 
mixtures that contain both modified and unmodified asphalt binders. Three candidate methods 
were evaluated in the laboratory:  

1. Candidate Method A is designed to determine the equiviscosity temperature at high 
shear rates, as recommended by Yildirim et al. (2000). This method is based on the 
fact that most modified asphalt binders exhibit shear thinning behavior. To determine 
the equiviscosity temperature required for compaction, the viscosity was measured in 



a rotational viscometer at shear rates ranging from 0.1 s-1 to 93 s-1 and at temperatures 
ranging from135°C to 165°C. The viscosity rate was fitted to the Cross-William 
model, and extrapolation then was used to estimate the temperatures at which the 
viscosity at a shear rate of 500 s-1 is equal to 0.17 ± 0.02 Pa/s (for mixing) and 0.28 ± 
0.03 Pa/s (for compaction) (Yildirim et al. 2000).  

2. Candidate Method B also is based on the equiviscosity concept but differs from 
Candidate Method A in that the viscosity is measured using a dynamic shear 
rheometer (DSR) rather than the rotational viscometer. This approach is based on the 
method developed by Reinke (2003). The approach uses the viscosity data measured 
by a DSR with 25-mm parallel plate geometry and a 500-micron gap. The viscosities 
of the binders are measured in constant shear mode over a range of shear stress levels 
at temperatures ranging from 76°C to 94°C. Steady-state viscosity of the modified 
binders was observed at shear rates as high as 500 s-1. The viscosity results at 500 Pa 
shear were extrapolated to 180°C using a log viscosity versus log temperature chart. 
The temperature that corresponded to a viscosity of 0.17 ± 0.002 Pa.s was selected for 
mixing, as in Method A. However, Reinke recommended determining the 
temperature for compaction based on the temperature that corresponded to a viscosity 
of 0.35 ± 0.03 Pa.s (Reinke 2003). 

3. Candidate Method C consists of the so-called Casola method (Casola 2008). The 
Casola method is based on an equiphase angle concept rather than on equiviscosity. 
In this method, a DSR with 25-mm parallel plate geometry and 1-mm gap is used. 
Frequency sweep testing with frequencies ranging from 0.001 rad/s to 100 rad/s was 
used to generate a phase angle versus frequency mastercurve at a reference 
temperature of 80°C. “The binder’s transition point from viscous behavior to 
viscoelastic behavior was represented by the Phase Angle of 86°. The frequency 
corresponding to this transition point was correlated to the temperatures where 
binders provide good aggregate coating during mixing and lubrication during 
compaction” (Casola 2008). 

The NCAT study incorporated laboratory testing to assess the three candidate methods. 
The emissions potential and binder degradation at high temperatures using modified and 
unmodified binders was evaluated. The study also assessed aggregate coating, workability, 
compactability, and properties of the compacted asphalt mixtures at low temperatures. 

Method A resulted in mix temperatures above 177°C for all the mixtures that contained 
modified asphalt binders; these temperatures are considered to be too high in the asphalt paving 
industry. On the other hand, the results obtained from the high shear rate viscosity method were 
very similar to the ones obtained from the traditional equiviscous method that applied a 
Brookfield rotational viscometer at a shear rate as low as 6.8 s-1 (AASHTO T 316). These 
results suggest that no improvements to the current procedure are resulted from Method A. Table 
A-4 shows some typical results of the measurements performed in this study. 

 



Table A-4. Comparison between the mixing and compaction temperatures for the high 
shear rate viscosity method and traditional equiviscous method (after West et al. 2010) 

 
 
Method B resulted in lower mixing and compaction temperatures compared to the 

traditional equiviscosity method for both the modified and unmodified binders. These results 
also demonstrate that the temperature difference between Methods A and B is greater for the 
modified binders than the unmodified binders, thereby confirming their shear thinning behavior 
(see Table A-5). 

 
Table A-5. Comparison between the mixing and compaction temperatures for the steady 
shear flow viscosity method and traditional equiviscous method (after West et al. 2010) 

 
 



Method C yielded lower mixing and compaction temperatures than the equiviscosity 
method for the modified binders. However, for the unmodified binders, in some cases Method C 
resulted in lower temperatures and in some cases higher temperatures than the equiviscosity 
method (see Table A-6).  
 

Table A-6. Comparison between the mixing and compaction temperatures for the phase 
angle method and traditional equiviscous method (after West et al. 2010) 

 
 
The NCAT study concluded that both Methods B and C provide a reasonable way to 

determine the temperatures for mixing and compacting mixtures, and that both candidate 
methods are applicable to both unmodified and modified asphalts. 

 
Oven Aging vs. Pressure Aging 

 
Two general types of aging procedures have been used to age asphalt mixtures in a 

laboratory setting: long-term oven aging and pressurized aging. Each type of procedure has 
associated advantages and disadvantages that are discussed in this report. In addition, the 
operating parameters for each type of procedure differ among researchers and, hence, these 
parameters are reviewed in the following sections.  

 
Oven Aging 

 
Long-term oven aging (LTOA) is the most common method that is used to simulate 

oxidative aging of asphalt mixtures in the laboratory. As discussed, the current standard 
procedure, AASHTO R30, consists of conditioning compacted asphalt concrete specimens in an 
oven at 85°C for five days. However, other oven aging procedures have been tried and are cited 
in the literature. Although they are somewhat similar in terms of methodology, the LTOA 



procedures differ in terms of temperature and duration (e.g., Bell et al. 1994, Houston et al. 2005, 
Reed 2010).  

The SHRP project conducted an extensive evaluation of long-term aging procedures for 
asphalt mixtures (Bell 1989, Bell et al. 1994). LTOA was conducted at both 85°C and 100°C. 
The results for LTOA at 100°C were similar to those at 85°C, but the same level of hardening 
was achieved in less time. It was reported that the modulus measurements for most of the 
laboratory-aged specimens that were subjected to eight days of aging at 85°C and four days at 
100°C were comparable. However, greater specimen-to-specimen variability was observed at 
100°C and, therefore, the research team suggested that 85°C is preferable. Based on the field 
validation, Bell et al. (1994) recommended the LTOA of compacted specimens at 85°C for 2, 4, 
and 8 days to simulate long-term aging. The resilient modulus values for the laboratory- and 
field-aged cores were compared to determine the extent of aging that the laboratory procedures 
simulated. The resilient modulus test results demonstrated good agreement between the oxidation 
levels of the asphalt mixtures that were aged in the field for 14 to 19 years and the mixtures that 
were laboratory aged for 4 to 8 days (Bell 1994). However, Bell cautioned that in some cases, the 
LTOA method leads to less aging than that observed in the field. In addition, it was reported that 
due to some undefined factors (e.g., traffic and moisture-induced cracks) no correlation could be 
made between the measured modulus values of the field cores and the corresponding laboratory-
aged samples. Also, no comparison was made between the binder properties of the laboratory- 
and field-aged mixtures. 

According to Petersen (1989), aging can develop at higher temperatures for a longer time 
and to a higher level than at lower temperatures. Therefore, Petersen concluded that at higher 
temperatures, the plateau region for the aging index is reached after a longer time and at higher 
levels compared to lower aging temperatures (Figure A-3). Bell (1989) conducted a study on the 
possible effects of different aging methods. He speculated that very high temperatures can cause 
severe aging in asphalt mixtures and may exceed the field aging level (Figure A-3), which is 
important for evaluating oven aging methods (Bell 1989).  

 



 
Figure A-3. Possible interactive effects of temperature and pressure oxidation on aging 

(after Bell 1989). 
 
As discussed, increasing the temperature of LTOA conditioning expedites aging 

significantly. Based on the Re-Road study conducted for producing RAP mixtures in the 
laboratory, conditioning loose mixture at 85°C for nine days was found to cause more severe 
aging than conditioning at 60°C for 14 days (the BRRC aging method), but with more scattered 
results (Mollenhauer and Mouillet, 2011). In addition, applying elevated temperatures as high as 
100°C can expedite the aging process, but such high temperatures may cause degradation of the 
binders and may damage the compacted specimens (Partl et al. 2013, Mollenhauer and Mouillet 
2011, Bell and Sosnovske 1994, Bell et al. 1994). Therefore, numerous aging studies recommend 
85°C for aging either loose or compacted asphalt mixtures, although they may suggest different 
aging durations. (Tables 1 and 2 provide summaries of the oven aging procedures found in the 
literature).  

The summaries of compacted and loose mixture aging trials presented in Tables 1 and 2 
demonstrate that LTOA requires considerable time to produce oxidation levels that correspond to 
field conditions near the end of a pavement’s service life, thus providing the motivation to 
conduct trials of pressure aging to expedite the oxidation process. Despite the advantages offered 
by oven aging of availability, easier function, and higher capacity compared to a pressurized 
system, ovens differ with respect to their mechanisms of air drafting (Partl et al. 2013). This 
oven variability may impact the aging process of asphalt mixtures and, therefore, may contribute 
to a lack of repeatability between laboratories. On the other hand, PAVs are standardized 
equipment, thereby reducing problems associated with instrument variability.  

 
 
 
 
 



Pressure Aging 
 
As an alternative to the oven aging, pressure and forced air can be used to increase the 

rate of oxidation in asphalt mixture specimens. Pressure aging asphalt mixtures has been tried by 
several researchers for both compacted and loose mixture specimens.  

Kumar and Goetz (1977) aged compacted specimens at 60°C using ‘pulled air’ at a 
constant water-head of 0.5 mm for durations varying between one and ten days. Figure A-4 
depicts the apparatus used in the Kumar study. Kumar evaluated the aged specimens using a 
nondestructive compressive test with creep loading at 21°C ± 2°C. The slope and intercept of the 
creep curve (creep deformation versus loading time) were used to indicate the oxidation 
progress. No comparisons were made between laboratory and field aging; however, the Kumar 
study results indicate that this method does not induce significant aging in the asphalt specimens 
within a reasonable period of time (i.e., 10 days). The Kumar study reports that specimen 
integrity was maintained during the aging procedure and recommends that oxygen be tried 
instead of air to increase the rate of oxidation in the test. 

 

  
Figure A-4. Kumar pressure aging procedure (after Kumar and Goetz1977). 
  
Von Quintus et al. (1988) performed a study on LTOA and long-term pressure aging of 

compacted asphalt mixture specimens. The study consisted of LTOA compacted specimens at 
60°C for two days following five days of conditioning at 107°C. Pressure aging was conducted 
at 60°C at 100 psi (690 kPa) for durations of five and ten days. Following aging, the indirect 
tensile strength of the aged specimens was measured and it was found that the oven-aged 
specimens had higher indirect tensile strength levels and lower failure strain levels than the 
pressure-aged samples. The authors attributed this finding to a higher aging level for the oven-
aged specimens than for the pressure-aged samples. In addition, penetration and viscosity tests 
on the extracted and recovered binders demonstrated more severe aging in the LTOA procedure 
than from the pressure aging procedure. Hence, Von Quintas et al. (1988) recommended oven 
aging over pressure aging but also advised that a more comprehensive study and evaluation of 
pressure aging should be conducted. 

In a similar study, Kim et al. (1986) applied pressure to laboratory-aged compacted 
asphalt mixture samples. Specimens were compacted to different levels of the original sample (i. 
e., 88%, 94%, and 100%) to study the effect of air void content on the extent of oxidation. 
Specimens were subjected to oxygen pressure at 100 psi (690 kPa) and at 60°C for 0, 1, 2, 3, and 
5 days. The resilient modulus values and fatigue life data obtained from diametral testing were 



measured following the aging process. Modulus ratios (i.e., the modulus value of the aged 
mixture divided by the modulus value of the un-aged mixture) were compared for specimens 
aged for the various durations. The Kim et al. findings showed that the modulus ratios increased 
overall with aging, and the rate of increase was higher for the less compacted samples. Figure A-
5 depicts an example of measured modulus ratios for two different compaction levels. 
Interestingly, the modulus ratio decreases at the early aging levels. The authors attributed this 
outcome to the loss of cohesion in the specimens at 60°C, suggesting the potential loss of 
specimen integrity during the laboratory aging procedure. Figure A-6 indicates that the fatigue 
life also increases with the aging level of the specimens. 
 

 
Figure A-5. Aging modulus ratios for different compaction levels and three mixture types 

(after Kim et al. 1986). 
 
 

 
Figure A-6. Fatigue life data for different compaction levels and three mixture types (after 

Kim et al. 1986). 
 



Bell et al. (1994) evaluated several pressure aging systems as part of the SHRP project. 
They first tried ‘pressure oxidation’ of compacted specimens using several pressure/temperature 
combinations in a pressurized vessel. Compacted samples were exposed to air or oxygen for 0, 2, 
or 7 days at pressures of 690 kPa or 2070 kPa and at 25°C or 60°C. The results revealed an 
unexpected trend in the modulus of the pressure-oxidized specimens (e.g., see Figure A-7). With 
an increase in the level of oxidation (air or oxygen pressure), the modulus value decreases. The 
authors attributed this finding to the destructive effect of relieving the pressure at the end of the 
test. 

 

 
Figure A-7. Effect of oxygen pressure and temperature on modulus ratio using the pressure 

oxidation method. 
 

This outcome prompted Bell et al. (1994) to switch to a different pressure oxidation 
procedure in which oxygen was passed through the asphalt specimens using a triaxial cell set-up 
and using a much lower pressure level than was used in previous trials. Although specimen 
integrity problems were reported for the pressure vessel tests, no further trials (with lower 
pressures or solutions for preserving the specimen during pressure release) were conducted to 
improve the test method, so Bell et al. switched the procedure from the pressure vessel set-up to 
the triaxial set-up depicted in Figure A-8. The aging procedure included a flow rate of 0.11 
m3/hour (equivalent to roughly 50 psi (345 kPa)) at temperatures of both 25°C and 60°C for 1, 3, 
and 7 days. The resilient modulus was measured throughout conditioning in order to track the 
age hardening of the material. The authors concluded that the triaxial cell set-up appears “viable 
for realistic long-term oxidative aging, particularly since the mixture is ‘supported’ by a 
confining pressure throughout the aging process. It is also much safer than the pressure-oxidation 
approach, since the required pressure is much lower” (Bell et al. 1994). However, in comparing 
the modulus ratios for triaxial and LTOA, the latter method causes more severe aging in the 
compacted specimens. Note that these conclusions all were drawn from mixture test results. No 
tests were conducted on extracted binders, so the actual levels of oxidation achieved are 
unknown. 

 



 

Figure A-8. SHRP triaxial aging procedure (after Bell et al. 1994). 
 
Table A-7 presents the resilient modulus results for different test sections in the Bell et al. 

study (1994). The data indicate very severe effects of LTOA on the stiffness of the specimens, 
indicating that a high level of aging has occurred.  

 
Table A-7. Summary of long-term oven aging data (after Bell et al. 1994) 

 
 
Bell et al. (1994) concluded that the triaxial pressure test method provides reasonable 

aging results (modulus ratios). They also speculated that the aging level may be increased if 
85°C is used instead of 60°C. The results of the SHRP-A-383 project are presented in Table A-8. 

 
 
 
 
 
 



Table A-8. Summary of triaxial (oxygen) aging data (after Bell et al. 1994) 

 
 
Korsgaard et al. (1996) aged compacted specimens in a standard binder PAV and found 

that mixture aging for 72 hours at 100°C and at 2.07 MPa leads to the same level of aging of 
extracted binders as standard PAV aging of binders. No problems associated with specimen 
integrity loss upon pressure release were noted.  

Khalid and Walsh (2002) developed an accelerated pressure oven procedure for 
simulating the long-term aging of porous asphalt mixtures. This procedure forces air through 
compacted specimens at a rate of 3 L/min at 60°C. A rubber membrane is placed on the 
specimens to maintain air flow throughout the sample and minimize peripheral localization 
(Figure A-9). This procedure is able to simulate aging to the same extent that AASHTO R30 
specifications can simulate aging, although due to the low temperature used, a longer aging time 
(up to 25 days) was required for the Khalid and Walsh study than for the AASHTO guidelines. 

 



 
Figure A-9. Khalid and Walsh pressure aging system (after Khalid and Walsh 2002). 

 
The combined effect of oxidation and water conditioning on an asphalt mixture’s 

performance was evaluated in a study conducted at the University of Nottingham (Airey 2003). 
Compacted specimens were exposed to moisture and 2.1 Mpa oxygen pressure at 85°C for 65 
hours. As shown in Figure A-10, the moisture conditioning was provided from condensed water 
dripping onto the specimen. The results showed similar rheological properties (|G*| and δ) for 
recovered asphalt binders from both field- and laboratory-conditioned samples (Airey 2003). 
Nevertheless, the performance of the laboratory-conditioned mixture specimens differed from 
that of the field cores. It was speculated that the difference in performance of the two mixture 
types was caused mainly by water damage during aging. The destructive effect of water not only 
has an adverse effect on adhesion but also on the cohesion of the asphalt binder/asphalt mastic in 
the mixture (Hagos 2008, Airey 2003). Figure A-10 shows the test set-up developed by Airey 
(2003) to determine the effects of both pressure oxidation and moisture on the performance of 
asphalt mixtures.  
 

 
Figure A-10. Test set-up for asphalt mixture pressure aging and moisture conditioning 

(after Airey 2003). 
 



A study conducted by Hachiya et al. (2003) introduced an accelerated method for the 
long-term aging of asphalt concrete. The procedure consists of two stages: First, asphalt mixture 
beams were aged in an oven at 70°C for eight hours to induce aging due to heat; and second, for 
the actual aging process, the beams were placed in an oven filled with pure oxygen at 60°C for 
20 days. The effect of aging on the different properties of the asphalt concrete beams was 
examined. Flexural tests were performed to determine the mechanical properties of the asphalt 
mixture, and penetration tests, the softening point and the Fraass breaking point were used to 
evaluate the mechanical properties of the recovered asphalt binders. The Hachiya et al. study 
findings suggest that oxygen aging may properly simulate aging in the field. These researchers 
also concluded that the top 5 mm of the surface layer experienced the most aging during the 
aging procedure and that aging decreases with the depth of the pavement (Hachiya et al. 2003).  

Collop et al. (2004) developed a procedure to inspect the aging/moisture sensitivity of a 
compacted coated macadam binder course. Moisturized cored samples were subjected to 2.1 
Mpa air pressure at 85°C. The mechanical properties (stiffness moduli) of the samples were 
compared before and after the aging process (Collop et al. 2004).  

One of the main shortcomings of PAV aging compared to oven aging is the amount of 
material that can be aged simultaneously. According to previous studies on loose mixture aging, 
in order to obtain uniform aging, a uniform thin layer of loose mix should be placed in the PAV, 
which reduces the capacity of the instrument to a very low level (around 1 kilogram) (Partl et al. 
2013). A simple calculation can show that several PAV aging tests must be performed to obtain 
enough aged loose mixture for one standard large compacted specimen. Considering the standard 
PAV capacity, for compacted specimens, just one large asphalt mixture core (Ø100 mm × 150 
mm) can fit vertically inside the chamber. However, if a smaller geometry for asphalt mixture 
cores is used, more specimens can be aged at once. Despite this capacity problem, it is believed 
that the air/oxygen pressure in the PAV can expedite aging and reduce the required time to 
achieve a certain level of aging in the asphalt mixture specimen. However, concern remains with 
respect to maintaining compacted specimen integrity during pressure aging and upon pressure 
release, which needs to be considered carefully when assessing PAV aging of compacted mix 
specimens.  

 
Summary 
 

Generally, the advantages and disadvantages of using loose and compacted asphalt 
mixtures can be summarized as outlined in Table A-9. 
 
 
 
 
 
 
 
 
 
 
 
 



 
Table A-9. Comparison between loose mix and compacted specimens in the aging 

procedure 

Loose Mix 

Pros: 
• Homogenous aging in the mixture 
• Higher oxidation rate than compacted mix 
• Maintenance of specimen integrity a non-issue 

Cons: 
• Difficulties associated with compaction of aged loose mix, which limits 

use for producing specimens for performance testing 
• Limited amount of materials can be aged in standard PAV chamber  

Compacted 
Specimen 

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

Cons: 
• Slower oxidation rate than loose mix 
• Integrity of the specimens is compromised at high temperatures and 

pressures due to slump and cracking upon pressure release 
• Oxidation gradients exist radially and along height of the specimen 

 

The comparison between aging in the oven and in a pressure oxidation vessel (e.g., a PAV) is 
summarized in Table 10. 
 

Table 10. Comparison between oven and PAV aging methods 

Oven Aging 

Pros: • Available and easy to perform and control 
• Large amount of material can be aged simultaneously 

Cons: 
• High variability among ovens, especially in terms of air drafting 
• More time needed to age materials in the oven than in the PAV 
• Maintenance of compacted specimen integrity is required, especially at 

high temperatures 

Pressure 
Aging 

Pros: 
• Pressure can expedite the aging process 
• More reliable than oven aging due to less instrument variability between 

laboratories 

Cons: 
• Due to limited capacity of the vessel, less material can be aged in each 

aging cycle unless new device is developed 
• Integrity of compacted samples during and after testing is a major 

concern 
 

Overview of Laboratory Aging Temperature 
 
The oxidation of asphalt binder involves several independent and concurrent reactions. 

Temperature can affect the rate of oxidation, the binder species that are oxidized, and the nature 
of the oxidized species that are formed. Thus, temperature is a critical factor in laboratory 
simulations of long-term aging. Although increasing the aging temperature increases the rate of 
oxidation, it can also disrupt polar molecular associations and lead to the thermal decomposition 
of sulfoxides. Thus, accelerated aging of asphalt binder at significantly high temperatures may 
lead to a fundamentally different aged asphalt binder than asphalt aged in the field (at a lower 
temperature) (Branthaver et al. 1993). The literature indicates that the disruption of polar 
molecular associations and sulfoxide decomposition become critical at temperatures that exceed 
100°C (Petersen 2009). Furthermore, aging at temperatures above 100°C can lead to asphalt 
mastic drain-down from the loose mix because asphalt binder has low viscosity values at 
elevated temperatures. Therefore, the effects of laboratory aging at temperatures over 100°C can 



be divided into three categories: chemical effects, physicochemical effects, and binder/mastic 
drain-down, as shown in Figure A-11.  
 

 
Figure A-11. Summary of effects of long-term aging at temperatures above 100°C. 

 
Chemical Effects 

 
Ketones and sulfoxides are the primary products of the oxidation of asphalt. In addition, 

minor amounts of carboxylic acids and dicarboxylic anhydrides are formed upon the oxidation of 
binders late in a pavement’s service life (i.e., after significant oxidation has occurred). 
Anhydrides can also form from the condensation of oxidation products on adjacent side chains of 
aromatic ring systems (Petersen 2009). Figure A-12 presents a summary of the different 
chemical functional groups in asphalt molecules that are formed upon oxidative aging.   
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Figure A-12. Chemical functional groups in asphalt molecules normally present or formed 
during oxidative aging (Petersen 1984). 

 
Petersen (2009) compared the relative amounts of different chemical functional groups 

that were formed during the oxidation of SHRP binder AAF-1 at two temperatures, 85°C and 
113°C. Aging was conducted using thin films conditioned at ambient pressure. The results, 
shown in Figure A-13, demonstrate that a larger concentration of sulfoxides formed at the 
expense of ketones during the initial oxidation spurt at 85°C compared to 113°C. The right-hand 
graph in Figure A-13 shows that the relationship between rheology (dynamic viscosity) and 
sulfoxide concentration differs between the two aging temperatures, indicating fundamental 
differences in the oxidation reactions at 85°C and 113°C. 

 

 
Figure A-13. Oxidative aging kinetic data and viscosity-functional group relationships for 
SHRP asphalt AAF-1 after thin film accelerated aging test (TFAAT) of oxidation as a thin 

film at atmospheric pressure (Petersen 2009). 
 
Petersen and Harnsberger (1998) studied the effects of aging temperature on the sulfur 

content of eight SHRP asphalt binders. The results, shown in Figure A-14, correspond to the 
aging that occurred during the initial fast reaction period, also known as the ‘spurt’. The ratio of 
sulfoxides to ketones differs based on whether the binder was aged at 85°C or 113°C. Generally, 
greater amounts of ketones were formed at the expense of sulfoxides at 113°C compared to 
85°C. Petersen (2009) reported that the initial fast reaction spurt initially resulted from the 
reaction of oxygen with highly reactive perhydroaromatic hydrocarbons to form hydroperoxides. 
Then, the hydroperoxides could either react with the asphalt sulfides to form sulfoxides or 
decompose to form free radicals that participate in a subsequent oxidation reaction that involves 
benzylic carbon on aromatic rings to form ketones. Because hydroperoxides are thermally 
unstable, more free radicals are produced and fewer sulfoxides are formed at higher 
temperatures.  

 



 
Figure A-14. Ketones and sulfoxides formed during oxidation spurt (fast reaction period) 

of eight SHRP binders during thin film accelerated aging test (TFAAT) of oxidation at 
atmospheric pressure (Petersen and Harnsberger 1998). 

 
The other factor that may contribute to the decrease in the amount of sulfoxides that are 

formed relative to the ketones that are formed during the oxidation of asphalt at temperatures 
over 100°C is the thermal decomposition of the sulfoxides (Petersen et al. 1981, Herrington et al. 
1994, Petersen 2009, Petersen and Glaser 2011, Glaser et al. 2013). Herrington et al. (1994) 
showed that the rate of asphalt sulfoxide decomposition can be significant. Figure A-15 presents 
a sulfoxide absorbance evolution with aging time at aging temperatures of 100°C and 130°C for 
typical asphalt. The results indicate that, although the concentration of sulfoxides increases with 
aging at 100°C, the sulfoxide concentration decreases after an aging duration of 50 hours at 
130°C. This decrease in sulfoxide absorbance indicates that the rate of sulfoxide decomposition 
is greater than the rate of the formation of new sulfoxides upon oxidation.  
 



 
Figure A-15. Effect of oxidation duration and temperature on sulfoxide absorbance 

(Herrington et al. 1994). 
 
Petersen (2009) further evaluated the thermal decomposition of sulfoxides in asphalt 

binder during oxidation. Sulfoxides form very rapidly during the initial oxidation and generally 
reach a constant concentration after prolonged aging, termed the ‘steady state’ concentration. For 
asphalt binder with low sulfur content, the steady state sulfoxide concentration results from the 
depletion of reactive sulfides. That is, all the sulfur that contains molecules becomes oxidized. 
However, in most asphalt binders with moderate to high sulfur contents, the occurrence of a 
steady state sulfur concentration is the net result of the sulfoxide formation from oxidation and 
sulfoxide loss through thermal decomposition. Petersen et al. (1981) provided evidence to 
support this phenomenon by evaluating the oxidation kinetics of Boscan asphalt with relatively 
high sulfur content (~5.5%). The Boscan asphalt was subjected to various oxidation temperatures 
and film thicknesses. Table A-11 presents the steady state concentrations of the sulfoxides that 
correspond to the different aging conditions. In both thin film (~0.0015 cm) and thick film (~0.5 
cm) oxidation experiments, the steady state sulfoxide concentration decreased as the aging 
temperature increased. The decrease in the steady state sulfur concentration with an increase in 
the aging temperature indicates that, as the temperature increases, more of the sulfoxides 
decompose, which lowers the resultant steady state concentration of the sulfoxides.  
  



 
Table A-11. Steady state concentrations of sulfoxides in Boscan asphalt under different 

oxidation conditions (Petersen et al. 1981) 

Oxidation Method Oxidation Temperature, °C Steady State Sulfoxide 
Concentration, mol./L 

Thin film on 
TeflonTM (~0.0015 

cm) 

25 > 0.46* 
113 0.40 
130 0.28 
163 0.16 

Thick-film rolling 
thin-film oven (~0.5 

cm) 

113 0.21 
130 0.19 
163 0.15 

* No steady state concentration was reached at the conclusion of the experiment because 
sulfoxide decomposition is negligible at 25°C. 
 

Physicochemical Effects 
 
The physicochemical interactions amongst the molecules in asphalt binder affect the 

temperature’s sensitivity to oxidation and can alter the oxidation products that are formed when 
aging occurs at temperatures over 100°C. Petersen (2009) compared the kinetics of two SHRP 
binders: AAD-1 and AAG-1. These two binders are known to have different microstructures, 
with AAD-1 possessing less compatible chemistry and consequently a significant microstructure 
concentration compared to AAG-1. Although the two binders have different microstructure 
concentrations, Figure A-16 shows that the two binders exhibit similar oxidation kinetics for 
aging temperatures between 65°C and 85°C. However, the kinetics of the two binders are vastly 
different when the aging temperature exceeds 100°C. At temperatures over 100°C, the less 
compatible asphalt with high microstructure concentration (AAD-1) oxidizes much more rapidly 
than the more compatible asphalt with low microstructure concentration (AAG-1). The AAD-1 
binder undergoes significant physicochemical disruption of its microstructure above 100°C, 
which increases the availability of molecules for oxidation and hence explains the observed 
trends.  

 



 
Figure A-16. Effects of temperature and component compatibility on age-hardening 

kinetics (Petersen 2009). 
 

The literature review presented indicates that oxidation kinetics models that are derived 
based on results obtained at aging temperatures below 100°C cannot be extrapolated to predict 
oxidation kinetics at temperatures above 100°C (and vice versa) because the oxidation reactions 
are inherently different. Thus, although kinetics that correspond to temperatures below 100°C 
can be modeled using a simple Arrhenius type model, an additional model is needed to account 
for changes in the oxidation reaction in order to extrapolate to higher temperatures, thereby 
complicating modeling efforts to correlate loose mix aging times in the laboratory with field 
aging levels.  
 
Mastic Drain-down 

 
Braham et al. (2009) aged loose mixture in an oven at 135°C in an effort to simulate 

long-term aging efficiently. However, Braham et al. (2009) reported problems with mastic drain-
down to the bottom of the aging pan during conditioning. Their study suggests that the drain-
down was caused by the low viscosity of the asphalt binder at 135°C. Such loss of mastic is a 
significant concern for performance testing, as asphalt content plays a key role in mixture 
performance. Drain-down may decrease the uniformity of a mix and can cause a large loss of 
mastic due to the binder sticking to the aging pan. Braham et al. (2009) attempted to quantify the 
extent of the binder drain-down by comparing the mass of the aging pan (empty) before aging to 
that after aging and removing the aged loose mix in order to calculate the amount of drain-down. 
They calculated the percentage of drainage by first subtracting the initial empty pan weight from 
the final pan weight (i.e., the pan with drained materials) and then dividing the result by the 
initial total sample weight. The authors concluded that drain-down was not significant when the 
aging duration was less than 24 hours. However, the authors stated that the quantity of the 
material lost to the pan became significant as the aging time increased. Figure A-17 shows the 



percentage of drain-down associated with aging loose mix prepared with PG 58-28 binder at 
135°C for different durations in the Braham et al. (2009) study.  

 

 
Figure A-17. Percentage of drain-down from mix M3 (PG 58-28) (Braham et al. 2009). 
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APPENDIX B 
 
Previous Studies of Modeling Asphalt Binder Aging in Pavements 
 

To prepare an aged compacted specimen in the lab that represents a specific time on the 
road, climate, depth within the pavement, and level of air voids requires a solid understanding of 
binder oxidation kinetics and diffusion. Modeling the extent of oxidation in a pavement requires 
‘tracking’ the property with respect to time, which is related directly to the oxidation level in the 
pavement. Asphalt binder is the asphalt mixture constituent that undergoes oxidative aging; 
hence, the oxidation of a pavement is best tracked using binder properties, because the mixture is 
subjected to other factors, including mechanical degradation that is caused by traffic loading, 
thermal-induced stress, and moisture, all of which could confound test results. In the following 
sections, the binder properties that are used to measure the extent of oxidation are referred to as 
aging index properties (AIPs). A review of relevant information regarding AIPs, oxidation 
kinetics modeling, and diffusion modeling is presented. 

 
Aging Index Properties (AIPs) 

 
Asphalt binder AIPs can be divided into two main categories: 1) chemical functional 

groups and 2) rheological parameters. The following sections discuss the AIPs that fall into these 
two categories. Chemical functional groups can be used to track the oxygen uptake of asphalt 
binders directly. Rheological properties are advantageous because they do not require IR 
spectroscopy (Glaser et al. 2013a). Underwood et al. (2010) presented laboratory aging data that 
suggest that the rheology and aging kinetics of asphalt binders are linked. An important 
advantage of the evolution of a model that is based on rheological parameters as an AIP is its 
ability to relate to the mechanical properties of polymer-modified binders. When using chemical 
functional groups as AIPs, the chemistry of the base binder oxidation and concurrent oxidation 
and degradation of the polymer is extremely complex and makes it more difficult to relate the 
model to mechanical properties. 

 
Chemical Functional Groups 

 
Fourier transform infrared (FTIR) spectroscopy can be used to analyze the chemical 

functional groups that constitute asphalt binder. The FTIR spectrometer simultaneously collects 
spectral data within a wide spectral range (400 cm-1 to 4000 cm-1). Peaks in the spectral data can 
be used to detect the chemical functional groups. Functional groups that contain oxygen include 
carbonyl and sulfoxides. Hence, changes in the concentration of carbonyls and sulfoxides can be 
applied to the AIPs to measure the extent of oxygen uptake in the asphalt binder (Han 2011). The 
extent of the oxidation reaction in asphalt binders usually is tracked by following the infrared 
peak at wave number 1700 cm-1 (1650 cm-1 to 1820 cm-1) that typically is assigned to carbonyl 
(Prapaitrakul 2009, Petersen 2009, Han 2011).  

The carbonyl chemical functional group has long been used to indicate the level of 
asphalt oxidation. The linear relationship between the log viscosity increase and the carbonyl 
formation during asphalt oxidation is well established (Petersen 2009). The ketone functional 
group is the major component of the carbonyl IR absorption region. Ketone formation 
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sufficiently changes the polarity of the associated aromatic ring components, which leads to an 
increase in the asphaltene fraction, thereby increasing viscosity (Petersen 2009, Petersen et al. 
2011). 

The other major oxidation product that is readily identified via IR spectroscopy is the 
sulfoxide functional group. The effects of sulfoxides have received less consideration in the past, 
primarily because sulfoxides that form at high temperatures during oxidative aging conditioning 
thermally decompose, which made sulfoxide concentrations an unreliable, variable measure. 
However, an expanded and more fundamental understanding of the role of sulfoxide formation 
on physical properties during oxidative age hardening is presented by Petersen et al. (2011). 
Figure B-1 shows the relationship between the sum of ketones and sulfoxides and the log 
viscosity increase for oxidative aging from the Petersen et al. study. The analysis shows that the 
alcohols that are produced have a similar effect on viscosity increase as the ketones, and because 
they are more polar than ketones, they have a significant effect on the increase in viscosity, 
especially for high sulfur asphalts. Taking into consideration that ketones and sulfoxides form at 
different rates for different asphalts, the ratio between the ketone and sulfoxide formation rates is 
highly source-dependent. For example, binders extracted from different sources will have 
different sulfur contents, and this parameter will change the rate of sulfoxide formation. Then, 
the ratio between sulfoxide formation versus ketone formation will be binder source-dependent 
(Petersen et al. 2011). It should be noted that the absorbance peaks are direct measurements 
taken from the FTIR spectrum band, whereas the area-based measurements require numerical 
integration under the absorbance spectrum. The absorbance peak-based AIP is the easiest AIP to 
determine and it may involve less error or bias with regard to the method of calculation 
compared to the area-based AIPs. 

 

 
Figure B-1. Kinetics of ketones plus sulfoxide formation and viscosity increase during the 
dual oxidation mechanism for SHRP asphalt AAB-1, PAV-aged at 80°C (Petersen et al. 

2011). 
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Rheological Parameters 
 
Although chemical groups can be used to track oxygen uptake directly, and hence, can 

track the oxidation in asphalt binders, FTIR spectrometry is not a standard test procedure for 
characterizing asphalt. Moreover, the chemical functional groups provide little indication of the 
implications of oxidation on the rheological properties of interest. This limitation has prompted 
researchers to consider the use of the following rheological properties as AIPs: 

 
Limiting Zero Shear Complex Viscosity (ηo

*) 
 

Also known as limiting viscosity, has been used as an AIP. The limiting viscosity is defined 
as the plateau at low frequencies that is determined from a viscosity mastercurve. This property is 
independent of frequency or shear rate for unmodified binders (Han 2011). Furthermore, this 
property has been linked to carbonyl content for both neat and polymer-modified asphalt binders 
using Equation B-1 (Han 2011). 
 

 *ln( ) .o HS CA mη = +      (B-1) 
 

where 
ηo

* = asphalt binder limiting viscosity, 
HS = hardening susceptibility, 
CA = carbonyl content, and 
m   = log-viscosity intercept, where 𝐻𝐻𝐻𝐻 and 𝑚𝑚 are asphalt binder-dependent. 

 
Dynamic Shear Modulus (G*) 
 

The dynamic shear modulus (G*) is a property that can be measured directly and used to 
track the rheological changes caused by oxidation. The use of the G* as an AIP is advantageous 
because it is a direct output of the DSR and is the most commonly used parameter that relates the 
physical properties of asphalt binder to asphalt pavement performance. Oxidative age hardening 
affects the G* most significantly at high temperatures and/or low frequencies, as shown in 
Appendix E of this report.  
 
Crossover Modulus (G*

c) 
 

The crossover modulus (G*
c) is defined as the G* value that corresponds to the reduced 

frequency where the storage modulus (G’) and loss modulus (G”) mastercurves cross (i.e., where 
the phase angle equals 45°), as shown in Figure B-2. The crossover modulus is a parameter that 
is found in the widely applied Christensen-Anderson (CA) model (Christensen and Anderson 
1992) and has been proposed as an AIP to study the evolution of oxidative aging in asphalt 
binders (Farrar et al. 2013). Several different methods have been proposed for calculating the 
crossover modulus (e.g., data smoothing, interpolation, and curve fitting).  
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Figure B-2. Crossover modulus and frequency at two reference temperatures. 
 
Oxidative aging leads to a decrease in the crossover modulus (G*c) value. To achieve a 

positive relationship with the aging duration, the inverse of the log of the crossover modulus 
(1/log G*c) is used as a rheological AIP (Farrar et al. 2013). Figure B-3 depicts that a linear 
relationship is found between the oxygen uptake and 1/log G*c for a given binder. 

 

 
Figure B-3. Observed approximate linear relationship between oxygen uptake and the 
inverse of the log crossover modulus for the recovered binders from loose mix collected 

during construction and cores collected at 4 and 9 years after construction. 
 
Zero Shear Viscosity (ZSV). Zero shear viscosity (ZSV) also was considered as a rheological 
AIP. ZSV is defined as the viscosity when the shear rate reaches zero (Binard et al. 2004, Brio et 
al. 2009). Marasteanu and Anderson (2002) proposed a method to estimate ZSV from frequency 
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sweep test results. In their method, the Christensen-Anderson-Marasteanu (CAM) model, (i.e., 
Equation B-2), has to be fitted to the frequency sweep test results. If the parameter m in the CAM 
model is larger than one, the CAM model is shifted to a reference temperature of 60°C by 
dividing the crossover modulus value by the time-temperature shift factor that corresponds to 
60°C.  

*

/*
[1 ( / ) ]
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k m k
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f f
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+
      (B-2) 

where 
G*g = glassy modulus (Pa), 

cf = location parameter with dimensions of frequency (rad/s), 
f  = reduced frequency (rad/s), 

m = CAM model shift factor, and 
k = CAM model parameter.  
 
Then, the Cox-Merz rule, shown in Equation B-3, is applied to convert the G* value to 

viscosity. 
 

G*/ω = Viscosity           (B-3) 
 
Lastly, the limit of the function, as the frequency goes to zero, is used to obtain the ZSV, 

as shown in Equation B-4. 
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         (B-4) 

 
where 𝜔𝜔c,ref T=60°C  is the crossover frequency at the reference temperature (rad/s). 

If m < 1, then the CAM model is refitted to the data with m = 1, and the same algorithm is 
applied. 

 
Glover-Rowe (G-R) Parameter 
 
The Glover-Rowe (G-R) parameter also was used as a rheological AIP. The G-R parameter was 
proposed by Rowe based on his analysis of Glover et al.’s (2005) work on low temperature 
ductility (King et al. 2012). Glover et al. (2005) used the Maxwell mechanical analog model to 
derive a rheological parameter that is related to ductility, i.e., Gʹ/(ηʹ/Gʹ), termed the ‘Glover 
parameter’. This parameter has been proposed by Glover et al. (2005) as an indicator of 
pavement cracking potential. Rowe et al. (2014) simplified Glover’s parameter to arrive at 
Equation B-5.  
 

2*(cos )
sin

G δ
δ

        (B-5) 

where 
G* = dynamic shear modulus measured at 15°C and 0.005 rad/s (Pa), and 
δ = phase angle measured at 15°C and 0.005 rad/s (°). 



B - 6 
 

 
Testing at 0.005 rad/s is not possible. Therefore, the G* and phase angle values at a 

reduced frequency that corresponds to 15°C and 0.005 rad/s should be determined from the G* 
and phase angle mastercurves constructed from temperature-frequency sweep DSR testing and 
frequency-temperature shift factors. 
 
Oxidation Kinetics 

 
All asphalt materials exhibit relatively similar kinetics, with an initial fast reaction period, 

also known as spurt, followed by a slower reaction period that has an approximately constant 
rate (Petersen et al. 1996, Petersen 1998, Petersen et al. 2011, Prapaitrakul 2009, Han 2011). The 
hydrocarbon chemical reactions that occur during these two reaction periods are known to be 
fundamentally different (Petersen 1998). During the spurt, sulfoxides are the major oxidation 
product and cause an increase in viscosity. During the slower reaction period, ketones are the 
major product and drive the increase in viscosity (Petersen et al. 1996). Highly reactive 
hydrocarbon precursors of limited concentration react with oxygen during the fast reaction 
period to form hydroperoxides. Then, these hydroperoxides react primarily with the asphalt 
sulfides to form sulfoxides. When all of the highly reactive hydrocarbons are exhausted, the 
reaction proceeds at an approximately constant rate. Then, a classical free radical hydrocarbon 
chain reaction takes over during the slow, approximately constant reaction period (Petersen et al. 
1996). Figure B-4 shows the two oxidation reaction periods at 113°C for SHRP asphalt AAG-1, 
the first hyperbolic kinetic oxidation curve with an initial rapid period of ketones and sulfoxide 
formation followed by lower (approximately constant) reaction rate (Prapaitrakul 2009, Petersen 
et al. 2011).  

 

 
Figure B-4. Kinetic Oxidation of SHRP asphalt AAG-1 at 113°C (Petersen 2009). 

 
The Arrhenius equation, presented as Equation B-6, describes the temperature 

dependency of the oxidation rate (Prapaitrakul 2009). 
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exp aEr AP
RT

α − =  
 

     (B-6)                                                                                                                                           

where  
r = rate of the reaction, 
A = frequency (pre-exponential) factor (s-1), 
P = absolute oxygen pressure, 
α = reaction order with respect to oxygen pressure, 
Ea = activation energy, 
R = universal gas constant, or ideal gas constant, and 
T = temperature (Kelvin). 

 
When carbonyl content is used as an AIP, the kinetics models reveal a wide range of 

binder-specific Arrhenius parameters (Petersen 2009). However, when carbonyl + sulfoxide 
contents were used as an AIP in a recent study by the WRI to track the oxidation reaction, a 
simple dual mechanism model was used successfully to fit the oxidation of the 12 asphalt binders 
evaluated that originated from a wide variety of sources. The fitting used the same Arrhenius 
parameters for all 12 binders studied, with only one adjustable parameter, which represents the 
quantity of the fast reaction reactive material Cfast,o. Equation B-7 shows the model that was used 
to fit the isothermal data to determine the rate constants and amount of reactive material for each 
binder studied (Glaser et al. 2013b). If the Arrhenius parameters, shown in Equation B-8, can be 
applied universally, a single aging trial at a single temperature may be performed to characterize 
the oxidation kinetics for unmodified binders (Glaser et al. 2013b). 

 
12

, 2 ,
1

(1 )(1 )k t
fast o fast o o

kP C e k C t P
k

−= − − + +    (B-7) 

where  
P = reaction products,  
Cfast,o = fast reaction reactive material, 
k1 = temperature-dependent parameters of fast reaction paths, 
k2 = temperature-dependent parameters of slow reaction paths, and 
t = time.  
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RT
− 

=  
 

 

                  (B-8) 
where  

A1, 2 = Arrhenius pre-exponential constant, and 
Ea,1,2/R = Arrhenius activation energy divided by gas constant. 
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Effect of Temperature above 100°C on Oxidative Aging  
 
The oxidation of asphalt binder involves several independent and concurrent reactions. 

Temperature can affect the rate of oxidation, the binder species that are oxidized, and the nature of 
the oxidized species that are formed. Thus, temperature is a critical factor in laboratory simulations 
of long-term aging. Although increasing the aging temperature increases the rate of oxidation, 
which is a desirable attribute, it can also disrupt polar molecular associations and lead to the 
thermal decomposition of sulfoxides. Thus, accelerated aging of asphalt binder at significantly high 
temperatures may lead to a fundamentally different aged asphalt binder than asphalt aged in the 
field (at a lower temperature) (Branthaver et al. 1993). The literature indicates that the disruption of 
polar molecular associations and sulfoxide decomposition become critical at temperatures that 
exceed 100°C (Petersen 2009). Furthermore, aging at temperatures above 100°C can lead to 
asphalt mastic drain-down from the loose mix because asphalt binder has low viscosity values at 
elevated temperatures. Therefore, the effects of laboratory aging at temperatures over 100°C can be 
divided into three categories: chemical effects, physicochemical effects, and binder/mastic drain-
down, as shown in Figure B-5.  

 

 
Figure B-5. Summary of effects of long-term aging at temperatures above 100°C. 

Effects of Long-term Aging at 
Temperatures Above 100°C

Chemical Effects

Changes in Relative Amounts of Functional 
Groups

Thermal Decomposition of Sulfoxides

Physicochemical 
Effects

Binder/Mastic 
Drain-down
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Chemical Effects 
 

Petersen (2009) compared the relative amounts of different chemical functional groups that 
were formed during the oxidation of Strategic Highway Research Program (SHRP) binder AAF-1 
at two temperatures, 85°C and 113°C. Aging was conducted using thin films conditioned at 
ambient pressure. The results, shown in Figure B-6, demonstrate that a larger concentration of 
sulfoxides formed at the expense of ketones during the initial oxidation spurt at 85°C compared to 
113°C. The right-hand graph in Figure B-6 shows that the relationship between rheology (dynamic 
viscosity) and sulfoxide concentration differs between the two aging temperatures, indicating 
fundamental differences in the oxidation reactions at 85°C and 113°C. 
 

 
Figure B-6. Oxidative aging kinetic data and viscosity-functional group relationships for 

SHRP asphalt AAF-1 after thin film accelerated aging test (TFAAT) of oxidation as a thin 
film at atmospheric pressure (Petersen 2009). 

 
Petersen and Harnsberger (1998) studied the effects of aging temperature on the sulfur 

content of eight SHRP asphalt binders. The results, shown in Figure B-7, correspond to the aging 
that occurred during the initial fast reaction period, also known as the ‘spurt’. The ratio of 
sulfoxides to ketones differs based on whether the binder was aged at 85°C or 113°C. Generally, 
greater amounts of ketones were formed at the expense of sulfoxides at 113°C compared to 85°C. 
Petersen (2009) reported that the initial fast reaction spurt initially resulted from the reaction of 
oxygen with highly reactive perhydroaromatic hydrocarbons to form hydroperoxides. Then, the 
hydroperoxides could either react with the asphalt sulfides to form sulfoxides or decompose to 
form free radicals that participate in a subsequent oxidation reaction that involves benzylic 
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carbon on aromatic rings to form ketones. Because hydroperoxides are thermally unstable, more 
free radicals are produced and fewer sulfoxides are formed at higher temperatures.  

 

 
Figure B-7. Ketones and sulfoxides formed during oxidation spurt (fast reaction period) of 

eight SHRP binders during thin film accelerated aging test (TFAAT) of oxidation at 
atmospheric pressure (Petersen and Harnsberger 1998). 

 
The other factor that may contribute to the decrease in the amount of sulfoxides that are 

formed relative to the ketones that are formed during the oxidation of asphalt at temperatures 
over 100°C is the thermal decomposition of the sulfoxides (Petersen et al. 1981, Herrington et al. 
1994, Petersen 2009, Petersen and Glaser 2011, Glaser et al. 2013b). Herrington et al. (1994) 
showed that the rate of asphalt sulfoxide decomposition can be significant. Figure B-8 presents a 
sulfoxide absorbance evolution with aging time at aging temperatures of 100°C and 130°C for 
typical asphalt. The results indicate that, although the concentration of sulfoxides increases with 
aging at 100°C, the sulfoxide concentration decreases after an aging duration of 50 hours at 130°C. 
This decrease in sulfoxide absorbance indicates that the rate of sulfoxide decomposition is greater 
than the rate of the formation of new sulfoxides upon oxidation.  
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Figure B-8. Effect of oxidation duration and temperature on sulfoxide absorbance 

(Herrington et al. 1994). 
 
Petersen (2009) further evaluated the thermal decomposition of sulfoxides in asphalt binder 

during oxidation. Sulfoxides form very rapidly during the initial oxidation and generally reach a 
constant concentration after prolonged aging, termed the ‘steady state’ concentration. For asphalt 
binder with low sulfur content, the steady state sulfoxide concentration results from the depletion 
of reactive sulfides. That is, all the sulfur that contains molecules becomes oxidized. However, in 
most asphalt binders with moderate to high sulfur contents, the occurrence of a steady state sulfur 
concentration is the net result of the sulfoxide formation from oxidation and sulfoxide loss through 
thermal decomposition. Petersen et al. (1981) provided evidence to support this phenomenon by 
evaluating the oxidation kinetics of Boscan asphalt with relatively high sulfur content (~5.5%). 
The Boscan asphalt was subjected to various oxidation temperatures and film thicknesses.  

Table B-1 presents the steady state concentrations of the sulfoxides that correspond to the 
different aging conditions. In both thin film (~0.0015 cm) and thick film (~0.5 cm) oxidation 
experiments, the steady state sulfoxide concentration decreased as the aging temperature increased. 
The decrease in the steady state sulfur concentration with an increase in the aging temperature 
indicates that, as the temperature increases, more of the sulfoxides decompose, which lowers the 
resultant steady state concentration of the sulfoxides.  
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Table B-1. Steady state concentrations of sulfoxides in Boscan ssphalt under different 
oxidation conditions (Petersen et al. 1981) 

Oxidation Method Oxidation Temperature, °C Steady State Sulfoxide 
Concentration, mol./L 

Thin film on 
TeflonTM (~0.0015 

cm) 

25 > 0.46* 
113 0.40 
130 0.28 
163 0.16 

Thick-film rolling 
thin-film oven (~0.5 

cm) 

113 0.21 
130 0.19 
163 0.15 

* No steady state concentration was reached at the conclusion of the experiment because sulfoxide 
decomposition is negligible at 25°C. 
 
Physicochemical Effects 
 

The physicochemical interactions amongst the molecules in asphalt binder affect its 
temperature sensitivity to oxidation and can alter the oxidation products that are formed when 
aging occurs at temperatures over 100°C. Petersen (2009) compared the kinetics of two SHRP 
binders: AAD-1 and AAG-1. These two binders are known to have different microstructures, with 
AAD-1 possessing less compatible chemistry and consequently a significant microstructure 
concentration compared to AAG-1. Although the two binders have different microstructure 
concentrations, Figure B-9 shows that the two binders exhibit similar oxidation kinetics for aging 
temperatures between 65°C and 85°C. However, the kinetics of the two binders are vastly different 
when the aging temperature exceeds 100°C. At temperatures over 100°C, the less compatible 
asphalt with high microstructure concentration (AAD-1) oxidizes much more rapidly than the more 
compatible asphalt with low microstructure concentration (AAG-1). The AAD-1 binder undergoes 
significant physicochemical disruption of its microstructure above 100°C, which increases the 
availability of molecules for oxidation and hence explains the observed trends. 
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Figure B-9. Effects of temperature and component compatibility on age-hardening kinetics 

(Petersen 2009). 
 
The literature review presented indicates that oxidation kinetics models that are derived 

based on results obtained at aging temperatures below 100°C cannot be extrapolated to predict 
oxidation kinetics at temperatures above 100°C (and vice versa) because the oxidation reactions 
are inherently different. Thus, although kinetics that correspond to temperatures below 100°C can 
be modeled using a simple Arrhenius type model, an additional model is needed to account for 
changes in the oxidation reaction in order to extrapolate to higher temperatures, thereby 
complicating modeling efforts to correlate loose mix aging times in the laboratory with field aging 
levels. 
 
Mastic Draindown 
 

Braham et al. (2009) aged loose mixture in an oven at 135°C in an effort to simulate long-
term aging efficiently. However, Braham et al. (2009) reported problems with mastic drain-down 
to the bottom of the aging pan during conditioning. Their study suggests that the drain-down was 
caused by the low viscosity of the asphalt binder at 135°C. Such loss of mastic is a significant 
concern for performance testing, as asphalt content plays a key role in mixture performance. Drain-
down may decrease the uniformity of a mix and can cause a large loss of mastic due to the binder 
sticking to the aging pan. Braham et al. (2009) attempted to quantify the extent of the binder drain-
down by comparing the mass of the aging pan (empty) before aging to that after aging and 
removing the aged loose mix in order to calculate the amount of drain-down. They calculated the 
percentage of drainage by first subtracting the initial empty pan weight from the final pan weight 
(i.e., the pan with drained materials) and then dividing the result by the initial total sample weight. 
The authors concluded that drain-down was not significant when the aging duration was less than 
24 hours. However, the authors stated that the quantity of the material lost to the pan became 
significant as the aging time increased. Figure B-10 shows the percentage of drain-down 
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associated with aging loose mix prepared with PG 58-28 binder at 135°C for different durations in 
the Braham et al. (2009) study.  

 

 
Figure B-10. Percentage of drain-down from mix M3 (PG 58-28) (Braham et al. 2009). 

 
Effect of Mineral Filler on Aging Susceptibility of Asphalt 
Mixtures  
 

The oxidation reaction is affected by the physicochemical interactions between the 
asphalt binder and the aggregate (Moraes and Bahia 2015, Wu et al. 2014, Petersen 2009, Little 
et al. 2006, Recasens et al. 2005, Huang et al. 2002, Jones 1997, Petersen et al. 1987). The 
mineral filler has the greatest specific surface area of the aggregate blend and thus, contributes 
most significantly to physicochemical interactions. Physicochemical interactions lead to the 
adsorption of polar components of the binder onto filler surfaces. Adsorbed components do 
oxidize. Figure B-11 demonstrates the effect of different aggregate types on aging indices as a 
ratio of GPC molecular weight of samples after 24 hours of PAV and unaged samples (Moraes 
and Bahia 2015). Where LH1 is hard limestone and GH1 is hard granite. While Figure B-12 
demonstrates the effect of different aggregate types on aging index in terms of complex moduli 
of recovered binders after compaction and after long-term aging (Wu et al. 2014).  



B - 15 
 

 

 
Figure B-11. Aging indices of GPC molecular weight of: (a) FH base binder and mastics 

and (b) VAL base binder and mastics (Moraes and Bahia 2015). 
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Figure B-12. Aging Indices in Terms of Complex Moduli of Binders Recovered from 
Mixtures; where letter L refers to limestone mixtures and letter G refers to granite 

mixtures (Wu et al. 2014). 
 
The literature demonstrates that hydrated lime reduces oxidative aging more significantly 

than conventional mineral fillers as shown by the results presented in Figure B-13 (Petersen et al. 
1987) and Figure B-14 (Jones 1997). 

 

 
Figure B-13. Effect of hydrated lime in reducing aging index of asphalt binders (Petersen et 

al. 1987). 
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Figure B-14. Field data demonstrating the effect of hydrated lime on the hardening of 

asphalt binder based on Utah data (Jones 1997). 
 
Empirical Models for Asphalt Binder Aging in Pavements 
 

The global aging system (GAS) model (Mirza and Witczak 1995) is an empirical model 
that allows for the prediction of the change in binder viscosity as a function of age, given the 
mean annual air temperature (MAAT), and also considers the aging gradient with pavement 
depth. The model assumes a hyperbolic aging function that predicts a decreasing rate of viscosity 
with an increase in age (generally consistent with the observations made for the two-stage 
oxidation kinetics model discussed previously), under the assumption that most age hardening 
occurs within the first ten years of a pavement’s service life. The GAS model is summarized in 
Equations B-9 and B-10. 
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where   

ηaged = aged viscosity (centipoise), 
ηt=0 = viscosity at mix/laydown (centipoise), 
A and B = functions of the temperature and MAAT for the location of interest and ηt=0, 
Fν = optional air void content adjustment factor, 
t = time in months, 
z = depth, and 
E = function of MAAT. 
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The simplicity of the GAS model makes it an attractive option. However, the GAS model 
has been criticized for the following reasons:  

1) The form of the GAS model implemented into the MEPDG does not account for aging 
1.5 inches below the pavement surface (Mirza and Witczak 1995, Prapaitrakul 2009). 

2) The model does not account directly for differences in asphalt binder kinetics among 
binder types.  

3) The method used to account for air void content is based on a relatively small set of 
conditions, which is the reason this adjustment factor is considered optional (Mirza 
and Witczak 1995). 

4) Prapaitrakul expressed concern over the unrecorded recovery method used to obtain 
binders from the field in developing the GAS model, because solvent recovery 
processes can leave residual solvent in the extracted binder, which leads to an 
effective softening and, hence, potentially leading to erroneously low viscosity values 
(Prapaitrakul 2009). 

 
Despite these criticisms, the GAS model has been useful in the MEPDG and in other 

research studies. Its success and practical usage can be linked to its use of simple and easy-to-
identify parameters. 
 
Fundamental Models for Asphalt Binder Aging in Pavements  
 

A preliminary fundamentals-based, one-dimensional combined asphalt oxidation kinetics 
and diffusion model was developed at Texas A&M University. This model is referred to as the 
transport model (Lunsford 1994). Lunsford’s foundational work on the transport model (1994) 
combines a mathematical model of asphalt oxygen diffusion and reaction kinetics, as shown in 
Equation B-11, with Fick’s law of diffusion, as presented in Equation B-12.  

 

2

2 2
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O O
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N r

t
∂ 

= −∇ − ∂ 
    (B-11) 

 
where  

CO2 = concentration of oxygen (mol. /m3), 
NO2 = oxygen diffusion flux (mol.m-2.s-1), and 
rO2 = oxygen depletion rate. 
 

2 2 2O O ON D C= − ∇      (B-12) 
 

where  
DO2 = diffusion coefficient of oxygen (m2.s-1) and 
𝛻𝛻 = gradient operator. 

 
However, Lunsford’s initial work did not include the effect of aggregate and void 

structure on diffusion; hence, approximate values were used as the oxygen diffusivity 
coefficients for the asphalt binders. In addition, the framework did not include a pavement 
temperature model (Prapaitrakul 2009). 
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Prapaitrakul et al. (2009) expanded on the work of Lunsford (1994) to overcome these 
deficiencies. The Prapaitrakul et al. diffusion model is based on three interlinked processes: 1) 
the diffusion of oxygen into the asphalt binder mastic in the pavement, 2) heat transfer into the 
pavement that results in temperature variations with depth and time, and 3) asphalt binder 
oxidation kinetics. Modeling these processes was facilitated by quantifying the air void 
distribution in the mixture, which dictates the availability of oxygen for the binder (Prapaitrakul 
et al. 2009).  

Figure B-15 provides a depiction of the Prapaitrakul overall approach (Prapaitrakul 
2009). This improvement to the original transport model was developed in a cylindrical 
coordinate system that is able to capture the effects of air void structure on pavements and 
include those effects in the model calculations. The use of cylindrical coordinates is based on the 
assumption that oxygen in asphalt concrete exists in air channels that extend through the 
pavement depth and is replenished from the thermal cycle within the pavement that leads to 
excess oxygen for the oxidation reaction. The model also is based on the assumption that the 
partial pressure of oxygen at the pore surface equals the partial pressure of oxygen in air 
(approximately 0.2 atm). 
 

 
Figure B-15. Texas A&M University oxygen transport model, proposed by Prapaitrakul et 

al. (2009). 
 
As part of the Asphalt Research Consortium (ARC) project, a more recent study by Han 

(2011) built upon the work of Prapaitrakul by modeling diffusion as two interlinked steps: 1) the 
diffusion/flow of oxygen from the atmosphere above the pavement into the interconnected air 
voids in the pavement (termed vertical transport) and 2) the diffusion of oxygen from the air 
voids to the adjoining asphalt-aggregate matrix (termed horizontal transport) where it reacts with 
the asphalt binder. Equation B-13 summarizes the vertical transport sub-model, which replaces 
the aforementioned assumption made by Prapaitrakul that oxygen partial pressure at the pore 
surface at any given depth equals the oxygen partial pressure in air (0.2 atm). Equation B-14 
expresses the sub-model for horizontal oxygen diffusion. These steps are modeled 
mathematically to calculate the oxidation rate for a finite asphalt-aggregate matrix layer for each 
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air void. Taking in consideration that Equation B-13 is used for a single void geometry, this 
function would need to be repeated multiple times for the different air void geometries. The bulk 
oxidation rate for a pavement layer then is calculated as the average of the oxidation rates 
calculated for each air void. 

 

2
0.2 O

P P A r
t z

∂ ∂
= + ×

∂ ∂
     (B-13) 

 
where  

P = oxygen partial pressure, 
A = proportion of modeled cross-section that is void space, 
rO2 = rate of oxygen consumption, and 
z = depth along diffusion channel. 
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where   

r = diffusion distance (in cylindrical coordinate system), 
DO2 = oxygen diffusivity in asphalt binder, 
c = conversion factor from oxygen partial pressure units to concentration                       

units in asphalt binder, 
R = gas constant, 
T = absolute temperature, 
h = Henry’s law constant, and 
rCA = rate of carbonyl uptake. 

 
It is should be noted that the model calculations provide a range of oxidation rates, not a 

single value,  depending on the upper or lower limit of the oxygen partial pressure, 𝑃𝑃𝑎𝑎𝑎𝑎, in a 
given pore. The higher oxidation rates are based on the assumption that convective flow through 
the pavement pores is sufficient to maintain oxygen partial pressure at 0.2 atm. The lower rate 
calculation is based on the assumption that the replenishment of oxygen in the pores is achieved 
only via the diffusion of oxygen from the pavement surface (Asphalt Research Consortium 
2011). 

Figure B-16 provides an overall picture of the four sub-models developed at Texas A&M 
University that comprise the transport model. Many of the required inputs for the sub-models are 
not standard test methods. For instance, X-ray computed tomography (CT) was used in this 
model to measure sophisticated air void structure properties, such as the air void radius and its 
frequency of existence within the pavement, to be used as inputs for the vertical transport sub-
model. Because taking these measurements is extremely challenging, many assumptions had to 
be made, even with the X-ray CT. Also, FTIR spectrometry was used extensively to obtain 
binder-specific kinetics parameters (such as A𝑃𝑃𝛼𝛼, E, HS, and m) as inputs for the oxidation 
kinetics sub-model. Thus, if this model is used in the current project, efforts will be made to 
develop surrogate means to obtain these inputs.  
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Figure B-16. Diagram of required inputs and resulting outputs of each sub-model 

developed at Texas A&M University. 
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The asphalt binder oxidation kinetics sub-model developed at Texas A&M University 

does not consider the aforementioned dual oxidation kinetics; instead, it considers an initial jump 
assumption that allows the model to consider only the second slower reaction following the 
initial fast reaction (Han 2011). 

The field validation of the Texas A&M University transport model was part of the ARC 
project. The predicted versus measured oxidation rates obtained from the field cores were 
compared using six pavement sites in Texas and Minnesota. The pavement sections used in this 
study and the corresponding results are summarized in Table B-2,  

Table B-3 and in Figure B-17. The oxidation rates measured in the field agree well with 
the predicted oxidation rates, with a few exceptions for newly constructed pavements where the 
rate of the asphalt binder oxidation is likely still governed by the initial rapid reaction (i.e., 
spurt). For those sections, the oxidation rates were underestimated significantly due to the use of 
the slower, constant reaction rate assumption used in the model (Han 2011). Despite the under-
prediction of the oxidation levels in the newer pavements, in general, the fundamentals-based 
model provides a very good prediction of the field measurements, which suggests that the model 
captures the critical elements that affect asphalt binder oxidation in pavements (Asphalt Research 
Consortium 2011).  
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Table B-2. Field sites studied in the ARC study (Han 2011) 

 
 

Table B-3. Comparison of measured and modeled field oxidation rates (Han 2011) 
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Figure B-17. Graphical comparison of measured and modeled field oxidation rates (Han 

2011). 
 
According to Han (2011), the Transport model is still in the initial stage of development, 

and the model calibration and validation steps are ongoing. Furthermore, the transport model has 
some additional constraints. It currently requires detailed information about air void content and 
distribution as well as the temperature gradient along the depth at a higher level of accuracy than 
can be provided by available databases, including the Enhanced Integrated Climatic Model 
(EICM). 
 
Summary 
 

In summary, rheological and chemical AIPs were presented for tracking oxidation levels. 
Rheological AIPs are advantageous in that they reflect mechanical behavior and negate the need 
for FTIR. However, past kinetics modeling efforts have focused on chemical AIPs. A kinetics 
model based on tracking the carbonyl + sulfoxides chemical functional group that takes into 
account the dual oxidation kinetics (initial fast reaction followed by a slower reaction) and 
requires a single, material-dependent parameter was presented. A review of the GAS and Texas 
A&M University pavement aging models was presented. The GAS model is relatively simple to 
implement but as significant limitations. The transport model developed at Texas A&M 
University is more fundamental but lacks validation and requires detailed information that may 
limit practical implementation. In addition, the effect of aging at temperatures higher than 100°C 
as the effect of mineral fillers on the oxidative reaction mechanisms were discussed. 
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APPENDIX C 
 

Evaluation of the Sensitivity of the Mechanical Properties of Asphalt 

Concrete to Asphalt Binder Oxidation 
 

Introduction 

 

When asphalt binder is blended with aggregate and compacted into an asphalt mixture, 

complex interactions occur that ultimately yield the observed behaviors of that asphalt mixture. 

These interactions are related to two phenomena; physico-chemical interaction between the 

asphalt and aggregate and structural factors related to the aggregate skeleton and internal load 

paths. Together these factors mean that there is not a one-to-one relationship between changes in 

binder properties and changes in mixture behavior. In fact, the relationship between binder and 

mixture modulus is temperature and frequency dependent with low temperatures showing the 

least sensitivity to binder properties and high temperatures showing the greatest sensitivity. Also, 

this level of sensitivity is not uniquely related to the asphalt binder, but also to the various 

characteristics of the mixture (aggregate type, gradation, volumetric contents, etc.) (Table C-1).  

 

Table C-1. Study materials and their description 

Notation 
Notation 

Description 

Binder Aggregate Gradation 
Air Voids 

(%) 

B1 B2 B3 A1 A2 G1 G2 G5 4.5 7.5 

B1 
PG 58-28 

(Unmodified) 
X          

B2 
PG 64-22 

(Unmodified) 
 X         

B3 PG 70-28 (SBS)   X        

A1 Limestone     X       

A2 Granite      X      

G1 Coarse Gradation      X     

G2 Fine Gradation       X    

G5 Fine Plus Gradation        X   

B1A1G2 Mastic: Vc = 26.6% X   X   X    

B1A2G1 Mastic: Vc = 25.8% X    X X     

B1A2G2 Mastic: Vc = 24.1% X    X  X    

B2A2G1 Mastic: Vc = 25.8%  X   X X     

B2A2G2 Mastic: Vc = 24.1%  X   X  X    

B3A1G2 Mastic: Vc = 26.6%   X X   X    

B3A2G2 Mastic: Vc = 24.1%   X  X  X    

B2A2G1-F-

7.5 
FAM: AC = 15.4%  X   X X    X 

B2A2G2-F-

7.5 
FAM: AC = 15.4%  X   X  X   X 



B2A2G2-F-

4.5 
FAM: AC = 15.4%  X   X  X  X  

B1A2G2-F-

4.5 
FAM: AC = 11.2% X    X  X  X  

B2A2G5-F-

4.5 
FAM: AC = 15.3%  X   X   X X  

B3A2G5-F-

4.5 
FAM: AC = 15.3%   X  X   X X  

a Percent passing G1 FAM gradation is 0.6 mm = 100%; 0.3 mm = 60%; 0.15 mm = 26%; and 

0.075 mm = 9% 
b Percent passing G2 FAM gradation is 0.6 mm = 100%; 0.3 mm = 61%; 0.15 mm = 28%; and 

0.075 mm = 11% 
c Percent passing G5 FAM gradation is 0.6 mm = 100%; 0.3 mm = 65%; 0.15 mm = 36%; and 

0.075 mm = 12.9% 
d  Vc = Volume content of filler in mastic. 
e AC = Percentage asphalt content in FAM. 

 

The main objective of the sensitivity study is to evaluate the sensitivity of the asphalt 

concrete mixture behavior to changes in asphalt binder aging. This objective is accomplished using 

a multiscale evaluation approach. The approach separates the effects of the aggregate-binder 

physico-chemical interactions from those caused by air voids and physical aggregate interactions. 

The research thus involves experiments on the asphalt binder (to establish baseline properties), 

asphalt mastic (to consider the physico-chemical aspects), and asphalt mortar (to consider the air 

voids and aggregate interaction effects). The FAM (Fine Aggregate Matrix) consists of asphalt 

binder, filler, and fine particles smaller than approximately 1.18 mm to 0.6 mm depending on the 

mixture type. Underwood (2011) showed that a substantial amount of the total internal structure 

that exists within asphalt concrete mixture resulted from the structural configuration of the FAM, 

and thus experiments with this FAM could provide useful insight into the behaviors of asphalt 

concrete.  

The testing plan as shown in Table C-1 summarizes the different binder, mastic, FAM 

combinations that have been tested. The naming convention used in Table C-1 indicates the asphalt 

binder type (B1, B2, or B3), the aggregate source (A1 or A2), the gradation (G1 through G5), and 

whether the material is a mastic or FAM (F). The experimental plan involved creating mastics and 

FAM in the laboratory using asphalt binders that have been pre-aged to a level corresponding to 

an approximate in service aging time of 0, 7, 15, and 22 years (this process is described later in 

this section). The exact aging temperatures corresponding to the aging times are discussed in the 

section below. Table C-2 shows the test conditions (age levels and air void contents) performed 

on these study materials. Testing consisted of dynamic modulus and fatigue, both of which are 

also described later in this appendix. 

  



 

Table C-2. Tests performed on the study materials 

Group 
FAM 

Name 

Mastic/Binder 

Name 
Air Voids (%) 

Asphalt Aging Levels 

(years) 

A-1 
B2A2G1-F -- 7.5 0, 7, 15, 22 

B2A2G2-F -- 4.5, 7.5 0, 7, 15, 22 

A-2 

B1A2G2-F -- 4.5 0, 7, 22 

B2A2G5-F -- 4.5 0, 22 

B3A2G5-F -- 4.5 0, 22 

A-3 

-- B1 N/A 0, 7, 15, 22 

-- B2 N/A 0, 7, 15, 22 

-- B3 N/A 0, 7, 15, 22 

-- B2A2G1 N/A 0, 7, 22 

-- B2A2G2 N/A 0, 7, 15,22 

-- B3A2G2 N/A 0, 7, 22 

-- B1A2G1 N/A 0, 7, 22 

-- B1A2G2 N/A 0, 7, 15, 22 

-- B3A1G2 N/A 0, 7, 15, 22 

-- B1A1G2 N/A 0, 7, 15, 22 

 

Aging Methodology 

 

The experimental plan for this study involved creating mastics and FAM using asphalt 

binders that were pre-aged to levels that represent in service aging time of 7, 15, and 22 years of 

aging. The process of creating these pre-aged asphalts begins with first aging in Rolling Thin Film 

Oven (RTFO) at 163°C for 85 minutes. Then, depending on the binder grade and the desired 

oxidation level, they were subjected to 20 hours of conditioning in a pressure aging vessel (PAV). 

For B1 the temperatures for 7, 15, and 22 years were 89, 97, and 104°C; for B2 the temperatures 

were 91, 101, and 107°C; and for B3 they were 90, 98, and 103°C.  

The aging temperatures were estimated from the regression model developed in the 

NCHRP 09-23 study, Equation C-1. This equation predicts the required PAV temperature, TPAV, 

to simulate a specified aging time, taging (in years), for a given location. Additional terms needed 

to predict this temperature include viscosity of RTFO residue at 60°C, RTFO,60°C, as constructed 

air void content of the mixture (VAorig, assumed equal to 7%), and mean annual air temperature 

(MAAT), which is expressed in degrees Fahrenheit. It can be observed that both Equations C-1 and 

C-2 are the same, but are simply rearranged to provide the quantity of interest.  
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Correlation between PG Grade and MAAT 

 

It is also recognized that viscosity and MAAT values are correlated, specifically that 

asphalt binder used in regions with high MAAT is more likely to have a high viscosity and those 

used where MAAT is low are more likely to have low viscosity. This correlation can be seen by 

subjectively comparing a map of the high temperature PG grade distribution to a map of MAAT 

values across the country, Figure C-1. The precise relationship is established by identifying 

correlation between the climate based PG grade and MAAT since viscosity can be predicted from 

PG grade (ARA, 2004). Two sets of data are obtained for this purpose; 1) the 98% reliability 

based PG grades and latitude/longitude of all available weather stations (7358 stations) in 

LTPPBindV3.1 and 2) the Global Historical Climatology Network (GHCN) data (Willmott and 

Matsura, 2009). The GHCN database contains monthly average temperatures at a 0.5° latitude 

and longitude precision, which was processed to calculate MAAT using Equation C-3. 

 

 
Figure C-1. (a) Distribution of high temperature PG grades across the United States and 

(b) MAAT distribution for the United States (Source: LTTPBind and NOAA). 
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where; MMAT is mean monthly air temperature, D is the number of days in a month, and 

i is an index to denote the month. In this calculation, February is assumed to have 28 days.  

 

This database was then interpolated using MATLAB to determine the MAAT temperature 

at the exact latitude and longitude of the weather stations extracted from LTPPBind. The results 

were verified by comparing a selection of interpolated MAAT values to those from the NOAA 

National Climatic Data Center database. One weather station from each state (except Hawaii) 

(a) (b)



was selected. Generally, these sites corresponded to the airport for the state capital, but in some 

cases an alternative location was chosen in order to ensure correspondence between the NOAA 

and LTPPBind weather stations. The results of this analysis are shown in Figure C-2 where it is 

seen that the NOAA and interpolated MAAT values agree with a high degree of correlation and 

modest bias (Se/Sy). The largest exceptions to this agreement exist at the extreme high 

temperature (Phoenix, AZ) and extreme low temperature (Juneau, AK) and can be related to the 

use of different periods of record in the NOAA and GHCN databases (10 years versus 39 years). 

The slight bias (approximately 0.5°C) in this data can likewise be attributed to the differences in 

evaluation period for the two datasets. 

 

 
Figure C-2. Verification of interpolated MAAT values. 

 

Once MAAT was estimated for all data points in the GHCN database, values were 

interpolated to the exact latitude and longitude of the weather stations extracted from LTPPBind. 

The results were verified by comparing a selection of interpolated MAAT values to those from 

National Oceanic and Atmospheric Administration’s National Climatic Data Center (NCDC) 

database. The compiled MAAT values for each weather station were grouped by PG grade and an 

analysis of average and standard deviation was performed. The results are summarized in Figure 

C-3 with error bars representing the 95% confidence interval for MAAT. As expected, increases 

in this value are associated with increases in both the high temperature PG grade and decreases 

in the differences between high and low temperature PG grade. The data shown in this figure 

suggests that the likely MAAT values for B1, B2, and B3 are 8.3, 12.8, and 11.1°C, which is 

subsequently input to Equation C-1 to predict TPAV. 



 
Figure C-3. MAAT by PG grade of asphalt; (a) PG 40-10 to PG 46-46; (b) PG 52-10 to PG 

58-46; and (c) PG 64-10 to PG 76-16. 

 

Estimating Aging Time and Temperature 

 

Next, the data from Figure C-3 is used with Equation C-2 to predict the likely in-service 

aging times for the standard PAV aging temperatures (90°, 100°, and 110°C). Similarly, the data 

is used with Equation C-1 to predict the TPAV that would correspond to 7, 15, and 22 years of 

service. The data is first compiled by binder type for the 95 percent confidence interval MAAT 

values (to the nearest 10°F bin) in Table C-3 and Table C-4. In Table C-5 the exact upper and 

lower 95th percentile of MAAT are used for each asphalt to provide a range of permissible TPAV 

values to simulate 7, 15, and 22 years of service. There are three items of note regarding these 

tables and the analysis: 

 

 The viscosity values for each of these binder grades are obtained from established 

temperature susceptibility relationships presented elsewhere (ARA, 2004).  

 The standard AASHTO M320 PAV aging temperature for each binder is highlighted in 

gray in Table C-3. 

 The PG grades for the asphalt binder in the sensitivity study are highlighted in gray in 

Table C-4 and Table C-5. 
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Table C-3. Summary of calculated simulation times for PG binder grades by likely MAAT 

regions 

PG 

Grade 

MAAT and Time Simulated for Standard Temperatures (years) 

-4°C (25°F) 2°C (35°F) 7°C (45°F) 13°C (55°F) 18°C (65°F) 24°C (75°F) 

TPAV (°C) TPAV (°C) TPAV (°C) TPAV (°C) TPAV (°C) TPAV (°C) 

90 100 110 90 100 110 90 100 110 90 100 110 90 100 110 90 100 110 

PG 46-

46 
18 201 

230

9 
7 53 401     

PG 46-

40 
 

6 49 381 3 19 113    

PG 46-

34 
6 45 364 3 18 109    

PG 52-

46 
9 66 456 9 66 456 5 24 126   

 

PG 52-

40 

 

9 64 450 5 24 125   

PG 52-

34 
9 61 436 4 23 123 3 11 48 

 

PG 52-

28 

 

4 22 120 2 11 47 

PG 52-

22 
4 22 120 2 11 47 

PG 52-

16 
4 21 118 2 11 47 

PG 52-

10 
 2 11 47 2 6 23 

PG 58-

40 

 

12 78 508 6 28 135  

 

 

PG 58-

34 

 

6 27 134 3 13 50  

PG 58-

28 
6 27 134 3 13 50  

PG 58-

22 
6 27 133 3 13 50 2 7 24  

PG 58-

16 
6 27 133 3 13 50 2 7 24  

PG 58-

10 
 3 13 50 2 7 24 2 7 24 

PG 64-

40 

  

7 31 143 4 14 53 

 

 
PG 64-

34 
7 32 144 4 14 53 

PG 64-

28 
7 32 145 4 14 53 2 8 25 



PG 64-

22 

 

4 14 53 2 8 25 

PG 64-

16 
4 14 53 2 8 25 

PG 64-

10 
4 15 53 3 8 25 2 5 14 

PG 70-

28 

   

5 16 55 3 8 25 

 
PG 70-

22 
5 16 55 3 8 25 

PG 70-

16 
 

3 9 25 2 5 14 

PG 70-

10 
3 9 25 2 5 14 

PG 76-

16 
    

3 9 26 2 5 14 

PG 76-

10 
3 9 26 2 5 14 

* PG 70-XX and above has an option for 110°C for desert climates 

 

 

  



Table C-4. Summary of calculated TPAV to achieve target aging levels for PG binder grades 

by likely MAAT regions 

PG 

Grade 

MAAT and PAV Aging Temperature (°C) for Simulated Ages 

-4°C (25°F) 2°C (35°F) 7°C (45°F) 13°C (55°F) 18°C (65°F) 24°C (75°F) 

Pave. Age Pave. Age Pave. Age Pave. Age Pave. Age Pave. Age 

7 15 22 7 15 22 7 15 22 7 15 22 7 15 22 7 15 22 

PG 46-

46 
86 89 91 90 94 96                         

PG 46-

40 
     91 94 96 94 99 101                

PG 46-

34 
      91 95 97 95 99 101                   

PG 52-

46 
84 88 89 88 92 94 92 97 99                   

PG 52-

40 
     89 93 95 93 97 100                

PG 52-

34 
     89 93 95 93 97 100 97 102 105           

PG 52-

28 
          93 98 100 97 102 105           

PG 52-

22 
          93 98 100 97 102 105           

PG 52-

16 
          93 98 100 97 102 105           

PG 52-

10 
                  97 102 105 101 107 110       

PG 58-

40 
      87 91 93 91 96 99                   

PG 58-

34 
          91 96 99 96 101 104           

PG 58-

28 
          91 96 99 96 101 104           

PG 58-

22 
          91 96 99 96 101 104 100 106 109      

PG 58-

16 
          91 96 99 96 101 104 100 106 109      

PG 58-

10 
                  96 101 104 100 106 109 104 111 115 

PG 64-

40 
            90 95 98 95 100 103             

PG 64-

34 
          90 95 98 95 100 103           

PG 64-

28 
          90 95 98 95 100 103 99 106 109      

PG 64-

22 
               94 100 103 99 106 109      



PG 64-

16 
               94 100 103 99 106 109      

PG 64-

10 
                  94 100 103 99 106 109 104 111 115 

PG 70-

28 
                  94 100 103 98 105 109       

PG 70-

22 
               93 99 103 98 105 109      

PG 70-

16 
                    98 105 109 103 111 115 

PG 70-

10 
                        98 105 109 103 111 115 

PG 76-

16 
                    97 105 108 103 111 115 

PG 76-

10 
                        97 105 108 103 111 115 

 

  



Table C-5. Range of permissible TPAV to achieve target aging levels for PG binder grades 

PG 

Grade 

TPAV (°C)  

PG 

Grade 

TPAV (°C) 

Simulated Years in 

Service 

 Simulated Years in 

Service 

7 15 22  7 15 22 

PG 46-46 83-91 85-95 87-97  PG 64-40 88-91 93-96 95-98 

PG 46-40 88-92 91-96 93-98  PG 64-34 88-93 93-98 96-101 

PG 46-34 90-93 93-97 95-100  PG 64-28 90-96 95-102 97-105 

PG 52-46 84-91 87-95 88-97  PG 64-22 91-98 97-104 99-107 

PG 52-40 
87-91 91-95 93-98 

 
PG 64-16 

94-100 99-107 

102-

111 

PG 52-34 
89-93 93-98 95-100 

 
PG 64-10 

93-104 99-111 

102-

115 

PG 52-28 90-95 94-100 96-103  PG 70-28 90-94 96-100 99-103 

PG 52-22 
92-97 96-102 98-104 

 

PG 70-22 92-98 98-105 

101-

108 

PG 52-16 
93-97 97-102 99-104 

 

PG 70-16 94-100 

101-

107 

104-

111 

PG 52-10 
95-101 99-107 

102-

110 
 

PG 70-10 95-104 

101-

112 

104-

116 

PG 58-40 
87-91 91-96 93-98 

 

PG 76-16 98-98 

105-

105 

109-

109 

PG 58-34 
88-93 93-98 95-101 

 

PG 76-10 95-104 

102-

112 

106-

117 

PG 58-28 89-95 94-101 96-104      

PG 58-22 91-97 95-102 98-105      

PG 58-16 91-98 95-104 97-107      

PG 58-10 
95-100 

101-

106 

103-

109 

 

    

 

Recall that the decision to select 7, 15, and 22 years itself was somewhat arbitrary and 

intended to cover the appropriate range of in-service times. The above analysis demonstrates that 

an asphalt cement of a grade may be used in locations with different MAAT values. Based on 

these somewhat arbitrary definitions of time and the variability in MAAT and associated 

sensitivities to aging it is seen that there exists overlap in the ranges of TPAV for each simulation 

period. Considering this fact, the research team chose to establish the laboratory aging conditions 

for the experimental program based on the following rules; 

 

1. Set the TPAV for the 7-year simulation equal to the lowest statistically determined TPAV 

range for that asphalt grade,  

2. Set the TPAV for the 22-year simulation equal to the largest statistically determined TPAV 

range for that asphalt grade, and 

3. Set the TPAV for the 15-year simulation equal to the middle value (to the nearest whole 

degree Celsius) of the statistically determined TPAV range values for that asphalt grade. 

 

Following these rules sets the TPAV values for the study asphalts as given in Table C-6. 



 

Table C-6. PAV aging temperatures used for sensitivity study 

PG 

Grade 

Binder 

Name 

TPAV (°C) 

Simulated Years in Service 

7 15 22 

PG 64-22 B1 91 101 107 

PG 70-28 B2 90 98 103 

PG 58-28 B3 89 97 104 

 

High Temperature PG Grade of Aged Binders 

 

After conducting the PAV aging, testing was performed on the aged asphalt binders to 

determine their high temperature performance grade. Strain sweep experiments were first 

performed on binders B1, B2 and B3 at all three aging levels to establish a suitable strain level 

with which to run the experiment to ensure that the test remained within the linear viscoelastic 

region. The strains for the strain sweep experiment ranged from 0.005% to 50%. Based on the 

results from the strain sweep experiment, it was decided to perform the tests for grade 

determination at 0.5% strain level, which is low enough to remain in the linear viscoelastic range 

and large enough to avoid instrument measurement errors. 

The modulus of the aged binder samples was measured at 10 rad/s at the initial binder PG 

grade temperature and then six degree increments (e.g., for B1 testing began at 58°C then went 

to 64°C, 70°C, etc.). These temperature increments continued until the sample failed the criteria 

of |G*|/sin  2.2kPa. In order to calculate the continuous PG grade, the parameter |G*|/sin was 

plotted against temperature and the relationship was fit to an exponential curve as shown in 

Figure C-4. The continuous PG grade of the sample was then found by interpolation. In the case 

of B3-22, which is shown in Figure C-4 this process yielded a high temperature continuous PG 

grade of 87. All grades found by interpolation were rounded to the nearest whole number. The 

continuous grades of all aged binders under B1, B2, and B3 are graphically presented in Figure 

C-5, Figure C-6, and Figure C-7 respectively and summarized in Table C-7. Table C-7 also 

includes the convention PG grade for each binder case as well. 

 



 
Figure C-4. Exponential data fit of |G*|/sin vs. temperature for B3-22. 

 

 
Figure C-5. Continuous PG grades of B1 binder at 7, 15, and 22 years aging levels. 

 

  
Figure C-6. Continuous PG grades of B2 binder at 7, 15, and 22 years aging levels. 
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Figure C-7. Continuous PG grades of B3 binder at 7, 15, and 22 years aging levels. 

 

Table C-7. Summary of the conventional and continuous PG grades characterized for the 

aged binders 
Binder Type Aging Level (years) Conventional PG Grade Continuous PG Grade 

B-1 

7 76 71 

15 76 73 

22 82 77 

B-2 

7 82 79 

15 82 82 

22 88 86 

B-3 

7 88 83 

15 88 85 

22 88 87 

 

Experimental Characterization 

Binder and Mastic 

Mix Design and Sample Preparation 

 

Once the pre-aging process was complete, asphalt binder was either prepared for testing, 

or mixed with aggregate to create mastic or FAM. For the asphalt binder, testing material was 

first cooled from PAV temperature to room temperature and then re-heated to the temperature 

used to mix mastic and FAM. After reaching the proper mixing temperature, binder was poured 

into small 60 mL tins for storage and future testing. The purpose in these two steps was to 

replicate any additional aging that would be induced during the mastic or FAM mixing process.  

For A1 aggregate, the mix design for the G2 gradation was provided by the supplier and 

the same was used. The G1 and G2 gradations developed for A2 aggregate were first checked to 

be in accordance with the Superpave guidelines. Trials were performed to determine the 
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optimum binder content for this gradation and the corresponding Gmm was measured. The 

percentage of aggregate used in the mastics varied by aggregate type and target gradation as 

summarized in Table C-1.When creating mastic samples, the pre-aged asphalt binder was first 

heated to the mixing temperature and then combined with sub-0.075 mm aggregate by using a 

mechanical mixer. The prepared mastic samples were then poured into smaller 30 ml containers 

and stored in a refrigerator for further testing. 

 

Test Methods 

Dynamic Modulus 

 

Temperature and frequency sweeps were conducted at 10, 20, 30, 40 and 54°C and at a 

frequency range of 30 - 0.1 Hz. Prior to all testing a strain sweep experiment was conducted and 

the tests were performed at strain levels below the linear viscoelastic limit, but above the 

resolution limits of the equipment (100 – 400 µε). Tests were conducted from low temperature to 

high temperature and from high frequency to low frequency. The modulus and phase angle 

values used in subsequent calculations were taken directly from the test equipment’s internal 

calculation; however, the quality of the torque and encoder signals were monitored continuously 

throughout the testing to ensure that the calculated results were representative of the test.  

After experimental characterization of the dynamic modulus, a form of the Christensen-

Anderson-Marasteanu (CAM) model in Equation C-4 was used to develop the master curves. A 

second order quadratic equation as shown in Equation C-5 was used to estimate the shift factor 

aT. 
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where; |G*| is the dynamic shear modulus (Pa), 10g is the binder glassy modulus (Pa) 

(determined through optimization), c is the crossover frequency (rad/s) (a fitting coefficient), me 

and k are fitting coefficients, T is the test temperature (°C), TR is the reference temperature (°C), 

and1and2 are the time-temperature shift factor function fitting coefficients. 

The mastercurves for binder B2, and its corresponding mastic B2A2G2 is shown in 

Figure C-8. Similarly, mastercurves were developed for all the binders and mastics shown in 

Table C-11. All the remaining mastercurves are provided in appendix. The trend from all the 

mastercurves is clear that the modulus increases with aging level. Based on the modulus results, 

the next step was to quantify oxidation.  

  



 
Figure C-8. Mastercurves for (a) binder B2 and (b) mastic B2A2G2 at different aging 

levels. 

 

Oxidation in the current study is quantified in multiple ways. The simplest metric is 

based on the ratio of moduli values before and after aging and is referred to as aging ratio (AR) in 

this report. As shown in Equation C-6, it is the mathematical ratio of |G*| or |E*| after aging to 

the value before aging. It is calculated at multiple temperatures (Tj) and frequencies (i) to gain a 

complete picture of the impacts of oxidation. For comparison across different study materials a 

singular frequency was required and 10 rad/s was chosen for this purpose.  
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The discussion of aging ratios across the three material scales for B2 binder is provided 

in the subsequent section.  

 

Fatigue Test and Analysis 

 

Strain controlled time sweep experiments were performed on the study materials to assess 

the fatigue properties and to characterize the continuum damage model. It should be noted that 

the tests were carried out at single temperature, 13°C and at two zero-to-peak strain levels, which 

were 6% and 7.5% for the B3 binder and 2.5% and 4% for B3A2G2 and B3A1G2 mastics. The 

temperature of 13°C was selected after a consideration for the edge flow phenomenon. The 

phenomenon which is more likely to occur in softer materials was evaluated using the unaged B1 

binder, which has the lowest modulus among the materials in the test matrix. 

The fatigue failure criteria adopted for the present study is that where a drop in the phase 

angle is observed during the experiment. The corresponding cycle number at the phase angle 

drop is the number of cycles to failure for the material at that strain level. A schematic of the 

phase angle drop is shown in below in Figure C-9. The strain levels tested and the number of 

cycles to failure for the binders and mastics at the different aging levels are tabulated in Table C-

8. It should be noted that the values shown are the average of two replicates.  

1.0E+0

1.0E+3

1.0E+6

1.0E+9

1.0E-4 1.0E-2 1.0E+0 1.0E+2 1.0E+4 1.0E+6

|G
*|

 (
P

a
)

Reduced Frequency (rad/s)

B2A2G2 - 0

B2A2G2 - 7

B2A2G2 - 15

B2A2G2 - 22

(b)

1.0E+0

1.0E+3

1.0E+6

1.0E+9

1.0E-4 1.0E-2 1.0E+0 1.0E+2 1.0E+4 1.0E+6

|G
*|

 (
P

a
)

Reduced Frequency (rad/s)

B2 - 0

B2 - 7

B2 - 15

B2 - 22

(a)



 
Figure C-9. Schematic showing the phase angle drop and the number of cycles to failure 

determination. 

 

Table C-8. Number of cycles to failure for B1, B2, B3 and their associated mastics at 

different strain levels 

Sample 1.25% 2.5% 4% 5.0% 6% 7.5% 

B1-0 - 30250 - 4650 - - 

B1-7 - - - 28100 - 5950 

B1-15 - - - 24250 - 7100 

B1-22 - - - 31000 - 10800 

B1A1G2-0 - 15000 - 2600 - - 

B1A1G2-7 - 25250 - 2375 - - 

B1A1G2-15 - 27350 - 1750 - - 

B1A2G2-0 - 11900 - 1600 - - 

B1A2G2-7 - 15200 - 920 - - 

B1A2G2-15 - 24238 - 1900 - - 

B1A2G2-22 - 16600 - 1530 - - 

B1A2G1-0 - 8463 - 1122 - - 

B1A2G1-7 - 6800 - 1090 - - 

B1A2G1-22 - 5450 - 1195 - - 

B2-0 - 39500 - 6340 - - 

B2-7 - 33500 - 3150 - - 

B2-15 - 12200 - 2550 - - 

B2-22 - - - 3682 - - 

B2A2G2-0 - 8180 - 1430 - - 

B2A2G2-7 34500 5250 - - - - 

B2A2G2-15 24500 2950 - - - - 

B2A2G2-22 - 3000 - - - - 

B3-0 - - - - 24000 12350 

B3-7 - - - - 234250 122500 

B3-15 - - - - 189048 65508 

B3-22 - -  - 112500 63500 
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B3A2G2-0 - 139500 33550 - - - 

B3A2G2-7 - 242625 68910 - - - 

B3A2G2-22 -  60292 - - - 

 

The general interpretation of the Nf varied from binder to binder. It was seen that among 

B1 binders and mastics the fatigue life increased with increase in aging level. Among B2 binders 

and mastics the general interpretation was that the fatigue life decresed with increase in aging 

level. However, interesting results are obtained for B3 binder and mastics. The values of Nf for B3 

and B3A2G2 are plotted in the form of bar charts and shown in Figure C-10 and Figure C-11. For 

both B3 binder and B3A2G2 mastic it is seen that the fatigue life increases from control to 7 years 

aging condition. However, with further increase in aging level i.e. at 15 and 22 years the fatigue 

life decreased. 

 

 
Figure C-10. Variation of Nf at different aging levels for B3 binder at: (a) 6% and (b) 7.5% 

strain levels. 

 

 
Figure C-11. Variation of Nf at different aging levels for B3A2G2 mastic at: (a) 2.5% and 

(b) 4% strain levels. 

 

It should be recalled that B3 is a polymer modified binder, graded as PG 70-28. 

Comparisons made across binders in the same class of mastics i.e. A2G2 at 2.5% strain level shows 
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higher than that of B1A2G2-0. At 7 years aging condition, the Nf of B3A2G2 is 46 times higher 

than B2A2G2-7 and 16 times higher than B1A2G2-7. Clearly, polymer modification does have a 

positive effect on cycles to failure. The increase in Nf from 0 years to 7 years aging condition can 

be attributed to a theory developed by Jahangir et al. (2015) which states that aging reduces the 

modulus gradient or the mismatch within different phases in the binder microstructure. It is 

understood that crack initiation in asphalt binder may occur at the interface of such phases, with 

greater modulus mismatch between the phases leading to early cracking or reduced fatigue 

resistance. Having a lower modulus mismatch, delays the occurrence of cracking, thus higher 

fatigue life. However, this explanation does not adequately explain why Nf at higher aging levels 

decreases for B3 binder.   

Underwood (2011) applied the S-VECD model to evaluate the fatigue performance of the 

asphalt binders at strain levels that were not tested and also to more systematically evaluate the 

cause of the unexpected binder and mastic fatigue performance with aging (Underwood 2011). 

The S-VECD model is based on the same S-VECD method that is applied to asphalt concrete 

mixtures, with exceptions to account for the greater nonlinear viscoelastic response of binders and 

the torsional loading that is applied to asphalt binders and mastics. In torsional loading, loading is 

referred to as either positive displacement (clockwise rotation) or negative displacement (counter-

clockwise rotation). The damage that occurs in torsional loading is likely due to anti-plane 

shearing.  

The S-VECD model formulation that was used to model asphalt binder and mastic behavior 

in this study is shown in Equations C-7 through C-14. The most important functional relationship 

in the model is the one between pseudo stiffness (C) and damage (S). The parameter C represents 

the loss in modulus value that occurs as the test progresses, S is the damage parameter that 

represents the amount of damage that occurs due to cracking, and the functional relationship 

between the two variables represents the fundamental interaction between material integrity and 

damage. The importance of this function is that it has been shown to be independent of strain 

amplitude and frequency and, thus, when characterized can be used to predict behavior under many 

other conditions that were not used directly in the characterization.   
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where; C is the pseudo stiffness in the first half of the first loading cycle, C* is the 

pseudo stiffness during the remainder of the test, DMR is a normalization parameter given by 

Equation C-15,  is the torsional stress amplitude, 0,pp is the torsional stress amplitude (peak to 

peak),R is the pseudo strain,R
0,pp is the pseudo strain (peak to peak),0,pp is the peak-to-peak 

strain, h1 and h2 are nonlinear functions, G() is the strain-dependent relaxation modulus, is the 

strain-dependent reduced time variable, GR is the reference shear modulus, |G*|NL is the nonlinear 

viscoelastic modulus, P is the reduced pulse time, dSTransient is the early portion of damage 

calculation, dSCyclic is the remaining portion of damage calculation,  is the factor that relates to 

viscoelastic time dependence, B1 is the shape factor,  is the angular frequency, peak is the 

largest stress value within cycle i, and valley is the smallest stress value within cycle i. 
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The inputs for this model were obtained from temperature-frequency sweep tests (linear 

viscoelastic properties), time sweep (strain-controlled fatigue) tests, and repeated stress sweep 

(RSS) tests (to obtain nonlinear viscoelastic properties). The torque and displacement inputs 

from the time sweep tests were obtained using a stand-alone data acquisition system created in 

LabVIEW that is able to acquire a data point approximately every 0.001 second. The Prony 

coefficients (relaxation modulus and creep compliance) to be used for the model were obtained 

from the temperature-frequency tests via collocation. Strain-level nonlinearity in the 

binder/mastic RSS tests was determined for the test materials at 13°C. Details regarding the RSS 

test are explained in Underwood and Kim (2014). Figure C-12 presents a schematic 

representation of the loading history employed in the RSS test. The loading history can consist of 

multiple groups, with each group consisting of a finite number of blocks that have incremental 

stress levels. These stress levels are constant within a group, but increase from one group to 

another.  

 



 
Figure C-12. Schematic of repeated stress sweep test loading history. 

 

In the present study, two loading groups are considered. Loading group 1 consists of two 

blocks and loading group 2 consists of five blocks. Figure C-13 presents an example of the 

modulus response patterns for the loading groups. The different series shown in the figure 

correspond to a particular loading group (G) and block (B). |G*| is the primary property of 

interest in the RSS test and is denoted as |G*|RSS. This parameter in turn is affected by other 

mechanisms in addition to nonlinear viscoelasticity, and thus, additional steps must be taken to 

isolate only the nonlinear viscoelastic effects. The term |G*|NL is used in the present study to 

reflect only the nonlinear viscoelastic component of the |G*|RSS. Equation C-16 is used to 

distinguish |G*|NL from |G*|RSS. This step, along with important observations from Figure C-13, is 

explained in the following paragraphs.  
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Figure C-13. Typical modulus responses of RSS loading group as seen in B1A2G2-7 mastic. 

 

The important observations that can be made from Figure C-13 are as follows.  

 

 For both loading groups, the modulus value decreases with an increase in strain level. 

 No permanent change in the material is seen during group 1 loading, as the material 

response is the same for G-1 B-1 and G-1 B-2. 

 For group two, some permanent change in the material can be seen, but this change is not 

fully permanent, as the modulus values at the beginning of blocks 2 through 5 are higher 

than the modulus value at the end of the preceding block. For example, the modulus value 

at the beginning of block G-2 B-4 is higher than the modulus value at the end of G-2 B-3. 

 The reduction in modulus value is not fully recoverable because the modulus value at the 

smallest strain levels decreases from block to block. For example, compare the modulus 

value at the beginning of block G-2 B-2 to that at the beginning of block G-2 B-3. 

 After approximately three block repetitions, the balance between modulus recovery and 

permanent modulus change becomes stable. For example, compare the vertical distance 

between G-2 B-1 and G-2 B-3 to the vertical distance between G-2 B-3, G-2 B-4, and G-2 

B-5. 

 

Underwood and Kim (2014) postulated that the reduction in modulus value can be 

attributed partly to the nonlinear viscoelastic response of the material, whereas the pattern of 

apparent partial recovery can be attributed to microstructural damage. This damage will cause a 

proportional change in the modulus such that |G*|NL and |G*|RSS, the modulus values obtained 

from the RSS test, are related to each other, as shown in Equation C-16. The proportionality 

constant F is expected to evolve slowly and its value will change only from one block to another. 

However, within a block, its value for different strains is assumed to be the same as long as the 

|G*|RSS data collapse into a single function for subsequent blocks. 

To understand the role of this F variable, the G1 loading results shown in Figure C-13 

should be examined. The group test results (G-1 B-1 and G-1 B-2) are unaffected by the damage. 

Thus, F would be equal to one. Group one tests are insufficient to characterize |G*|NL as they 

extend only up to small strain levels of about 0.3 percent. However, group two loadings go to 

higher strain levels and the vertical separation of the modulus responses between the blocks 
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suggests that F is not equal to one for all loading blocks. The overlap of G-2 B-3, G-2 B-4, and 

G-2 B-5 provides an opportunity to separate nonlinearity from damage. Underwood and Kim 

(2014) hypothesized that this type of overlap indicates that a minimum amount of damage occurs 

during G-2 B-3 loading, and the authors assumed that the damage is now constant for all strain 

levels in blocks four and five. The value of F for G-2 B-5 was determined by calculating the ratio 

of |G*|RSS for this block between 0.01 percent and 0.1 percent from G-1 B-1 between 0.01 

percent and 0.1 percent. Upon calculating F, Equation C-16 was used to calculate |G*|NL. The 

results from the RSS tests for all the materials are denoted as a ratio of the value of |G*|NL at 

block G-2 B-5 to the average value of |G*|RSS for G-1 B-1 between 0.01 percent and 0.1 percent 

where the material is still in the linear viscoelastic region.  

Once the nonlinear viscoelastic response is characterized, it can be used along with the 

measured time, stress, and strain values, and Equations C-7 through C-14 to characterize the 

damage characteristic curves for the different materials. These curves are shown in  

Figure C-14 through Figure C-17. The data in these figures represent the best fit function 

from the individual replicate data and are shown only up to the average damage at failure for 

each of these tests. 

 
Figure C-14. C vs. S curve for B1 binder at different aging levels. 
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Figure C-15. C vs. S curve for B1A1G2 mastic at different aging levels. 

 
Figure C-16. C vs. S curve for B2 binder at different aging levels. 

 
Figure C-17. C vs. S curve for B2A2G2 mastic at different aging levels. 

 

0.0

0.2

0.4

0.6

0.8

1.0

0 10000 20000 30000 40000 50000

C

S

B1A1G2 - 0

B1A1G2 - 7

B1A1G2 - 15

0.0

0.2

0.4

0.6

0.8

1.0

0 10000 20000 30000 40000 50000

C

S

B2 - 0

B2 - 7

B2 - 15

0.0

0.2

0.4

0.6

0.8

1.0

0 10000 20000 30000 40000 50000

C

S

B2A2G2 - 0

B2A2G2 - 7

B2A2G2 - 15



The common observation that can be made for both the B1- and B2-based materials is 

that the level of damage at failure increases with an increase in aging level. However, to draw 

conclusions about the fatigue behavior of these materials, it is important to consider the C value 

at failure for these materials. For the B1-based binders and mastics, shown in  

Figure C-14 and Figure C-15, it is observed that the aged mastics and binders fail at a 

lower pseudo stiffness, C, than the unaged binders and mastics. This finding suggests that aged 

materials provide better resistance to fatigue damage than unaged materials, which is contrary to 

the common belief that fatigue resistance decreases with an increase in aging level. Also, among 

the aging levels, these figures show that materials at an aging level of 15 years exhibit better 

resistance to fatigue than those at 7 years, as they fail at a lower C value. However, for B1 binder 

at 22 years, this failure occurs at a higher C value than for B1 (7 years).  

The reason for this trend reversal could be related to the natural variability of the tests, 

and thus, the differences would not be statistically significant. The general trend obtained from 

the C versus S approach adds support to the findings that are based on Nf value. These trends 

show that for the B1 binders and corresponding mastics, longer aging results in better resistance 

to fatigue. For the B2-based binders and mastics shown in Figure C-16 and Figure C-17, the 

unaged materials fail at a lower pseudo stiffness value than the aged materials. This finding is in 

direct contradiction to the observations made from the B1 binders. However, it is seen that 

within the aging levels, the materials that correspond to 15 years of aging have lower C values at 

failure than the materials that correspond to 7 years of aging.  

Overall, the results from the binder and mastic fatigue tests show that fatigue 

performance across aging levels is a strong function of the type of binder being used. Some proof 

for the trends observed, especially with regard to the increased fatigue resistance with aging for 

the B1 binders, is available in unpublished literature by Jahangir et al. (2015). That study states 

that aging reduces the modulus gradient or the mismatch between the distinct phases in the 

binder microstructure. It is understood that crack initiation usually occurs at the interface of such 

phases, with a greater modulus mismatch between the phases leading to early cracking or 

reduced fatigue resistance. Having less modulus mismatch delays the occurrence of cracking, 

thus leading to a longer fatigue life.  

Fatigue life simulations were carried out binders B1, B2, B3 and its corresponding A2G2 

suite of mastics. Simulated data for B2 and B2A2G2 are presented in Figure C-18 and Figure C-

19. These failure envelopes were used to calculate the sensitivity of binder and mastic fatigue to 

oxidation, which will be discussed in detail in the sensitivity assessment sections. One of the 

main observations from these envelopes is that noticeable change in fatigue life occurs from 0 to 

7 years and 7 to 15 years, however with further increase in aging level, there is minimal change 

in fatigue life. The strain values at 10,000 and 100,000 cycles to failure obtained from these 

simulations were used to develop a sensitivity parameter, that was be used to quantify the 

sensitivity of binder and mastic fatigue properties to asphalt binder oxidation.  

 



 
Figure C-18. C-value at failure based failure envelope for binder B2. 

 

 
Figure C-19. C-value at failure based failure envelope for mastic B2A2G2. 

 

Fine Aggregate Matrix (FAM) 

Mix Design and Sample Preparation 

 

The compositional design for A2G2-F class of FAM materials was developed based on 

the mixture design provided by NCSU for A2G2. For the A2G1-F and A2G5-F class of FAM 

materials the compositional design was developed based on the mixture design developed by 

ASU. FAM gradation for all three gradations G1, G2, and G5 are provided in Table C-1.  

Preparation and instrumentation is explained in detail in the subsequent sections. The samples 

cored from this plug had air voids close to samples from 7.5% air void case, thus were not 

considered for testing. 

Aged binder for the FAM samples was pre-aged as done in the case of the mastics. This 

aged binder was blended with aggregate in a conventional bucket mixer, after which the blended 

FAM mix was poured into compaction mold and kept inside the oven until reaching compaction 

temperature. After reaching the correct temperature, FAM plugs were compacted in the 

Superpave gyratory compactor. After the FAM plugs had cooled, test specimens were first 
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extracted by coring and cutting and then instrumented with linear variable displacement 

transducers (LVDTs). The cored samples measured 20 mm in diameter and were cut to a height 

of 50 mm. The samples in this study were subjected to tension-compression loading and so all 

samples were glued to end platens prior to testing as shown in Figure C-20. Specialized gluing 

jigs that ensured proper vertical alignment were built and gluing was performed using Devcon 5 

minute epoxy. Due to the sample size, only two sets of LVDTs were mounted and these were 

separated by 180°. The FAM LVDTs were MHR 010 (± 0.254 mm span) with a gauge length of 

25 mm. FAM samples were tested using a BOSE Electro Force 3330 (±3 kN capacity) 

electromechanical load frame for |E*|.  

 

 
Figure C-20. FAM plug with sample cored and cut and (b) instrumented FAM sample. 

 

Test Methods 

Dynamic Modulus 

 

The dynamic modulus test was conducted in tension-compression mode at target test 

temperatures of -10, 4.4, 20.4, 30.5 and 38.6°C and at 20, 10, 5, 1, 0.5, and 0.1 Hz. The load 

amplitude was varied by temperature and frequency to maintain an on-specimen strain 

magnitude between 60 and 80 . To ensure accurate comparisons between binder, mastic, and 

FAM samples, a thermal calibration was performed prior to all testing. FAM samples were 

prepared to replicate the FAM that exists in mixtures with air void contents of 4.5% and 7.5%. 

Since FAM represents only a portion of the total mixture volume, its air void content was higher 

than the mixture air void content that it was representing. For example, for B2A2G2-F These 

target FAM air voids for mix air voids of 4.5% and 7.5% were 6.5% and 11% respectively. 

Figure C-21 to Figure C-23 shows the replicated modulus data for FAM B1A2G2 along 

with the average representative mastercurve. In Figure C-27 only the mastercurves at the 

different aging levels and at 4.5% air void content are plotted together in log-log and semi-log 

space respectively. 

 

(a) (b)



 
Figure C-21. Mastercurve for B2A2G2-F-0-4.5 showing modulus replicate data at different 

testing temperatures (°C) in: (a) log-log space and (b) semi-log space. 

 

 
Figure C-22. Mastercurve for B2A2G2-F-0-7.5 showing modulus replicate data at different 

testing temperatures (°C) in: (a) log-log space and (b) semi-log space. 

 

 
Figure C-23. Mastercurve for B2A2G2-F-22-4.5 showing modulus replicate data at 

different testing temperatures (°C) in: (a) log-log space and (b) semi-log space. 
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Figure C-24. Mastercurve for B2A2G2-F-22-7.5 showing modulus replicate data at 

different testing temperatures (°C) in: (a) log-log space and (b) semi-log space. 

 

 
Figure C-25. Mastercurve for B2A2G2-F-15-4.5 showing modulus replicate data at 

different testing temperatures (°C) in: (a) log-log space and (b) semi-log space. 

 

 
Figure C-26. Mastercurve for B2A2G2-F-15-7.5 showing modulus replicate data at 

different testing temperatures (°C) in: (a) log-log space and (b) semi-log space. 
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Figure C-27. Modulus Mastercurves for FAM, B2A2G2-F at 4.5% air voids for different 

aging levels in: (a) log-log space and (b) semi-log space. 

 

 
Figure C-28. Modulus Mastercurves for FAM, B2A2G2-F at 7.5% air voids for different 

aging levels in: (a) log-log space and (b) semi-log space. 

 

The results from the dynamic modulus tests rank per aging levels. The general trend of 

the mastercurves, is like that observed in case of the mastics, wherein the mastercurves at 

different aging levels are parallel at intermediate to high temperatures and taper in together at 

low temperatures. The aging ratios (AR) for the binder B2, mastic B2A2G2 and FAM B2A2G2-

F-4.5/7.5 are presented in Table C-9 and Figure C-29. FAM is seen to produce an apparent 

mitigation of the relative stiffening caused by binder oxidation. Also, the apparent mitigation in 

FAM is greater than the mastics. The general trend that is observed is that binder shows a larger 

increase in AR than mastic and FAM. This is due to the dual influences that aggregate particles 

impart with respect to mitigation of aging effects on modulus and overall stiffening. Also, AR 

increases with increase in temperature, which can be attributed to greater binder mobility 

resulting in greater influences from oxidation products at higher temperatures. The dual 

influences hinder sensitivity analysis based purely on AR. To better quantify sensitivity, a 

procedure based on crossover modulus was applied and will be discussed in the next section. 
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Table C-9. Aging ratios of B2 binder and B2A2G2 mastic and B2A2G2-F FAM samples at 

different aging conditions 

Material AR10 AR20 AR30 

B2-0 1.00 1.00 1.00 

B2-7 2.69 4.33 6.12 

B2-15 3.24 5.63 8.40 

B2-22 3.52 6.77 11.01 

B2A2G2-0  1.00 1.00 1.00 

B2A2G2-7  2.36 3.22 4.02 

B2A2G2-15  3.02 4.27 5.47 

B2A2G2-22  3.06 4.58 6.19 

B2A2G2-F-0-4.5 1.00 1.00 1.00 

B2A2G2-F-7-4.5 2.74 4.43 6.12 

B2A2G2-F-15-4.5 2.96 4.93 7.02 

B2A2G2-F-22-4.5 2.99 5.55 8.69 

B2A2G2-F-0-7.5 1.00 1.00 1.00 

B2A2G2-F-7-7.5 1.86 2.11 1.94 

B2A2G2-F-15-7.5 1.83 2.44 2.53 

B2A2G2-F-22-7.5 2.24 2.78 2.84 

 

 
Figure C-29. Aging ratios of B2, B2A2G2, and FAM B2A2G2-F-4.5/7.5 for different aging 

conditions at 10 rad/s: (a) 10°C; (b) 20°C; (c) 30°C. 
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Fatigue Test and Analysis 

 

Fatigue testing was conducted on FAM samples using the same equipment as the 

dynamic modulus test and at a test temperature of 18°C. Fingerprint testing was conducted at the 

same 18°C test temperature and 10 Hz frequency on all the samples before starting the fatigue 

test. The fatigue test on all the samples were conducted using constant actuator controlled strain 

at 18°C temperature and 10Hz frequency. During the testing on specimen strain was measured 

using the installed LVDTs on the sample. Testing was conducted on three replicates from each 

aging level at different strain levels. The target strain levels were set to reach a fatigue life of 

approximately 10000, 50000 and 100000 cycles. The number of cycles to failure for all the 

tested FAM materials are presented in Table C-10. 

 

Table C-10. Experimental number of cycles to failure and on-specimen strain for FAM 

fatigue tests 

Sample 

4% AV 8% AV 

Sample 

4% AV 

On-

specimen 

micro 

strain 

Number 

of failure 

cycles 

On-

specimen 

micro 

strain 

Number 

of 

failure 

cycles 

On-

specimen 

micro 

strain 

Number 

of failure 

cycles 

B2A2G2-

0-F 

827 116818 724 62837 
B1A2G2-

0-F 

785 37896 

1157 35656 886 107746 904 32058 

2031 8296 1500 7516 3620 2500 

B2A2G2-

7-F 

627 126199 687 119263 
B1A2G2-

7-F 

618 145187 

814 45449 782 54662 798 30343 

1160 11923 1190 17531 823 15462 

B2A2G2-

15-F 

705 101954 767 96717 
B1A2G2-

22-F 

564 138775 

755 47623 965 28724 684 52430 

960 16042 1362 6084 843 25319 

B2A2G2-

22-F 

536 398934 711 118136 
B3A2G5-

0-F 

1040 58958 

698 90688 883 12208 740 345741 

1128 7888 1040 12412 866 61707 

B2A2G1-

0-F 

N/A 

550 50448 
B3A2G5-

22-F 

1169 123963 

586 92395 1180 46525 

967 15435 1320 18804 

B2A2G1-

7-F 

581 105983 
B2A2G5-

0-F 

725 141378 

692 46268 725 26025 

789 19056 995 7706 

B2A2G1-

15-F 

588 95933 
B2A2G5-

22-F 

1100 152563 

700 38677 903 39883 

787 14737 903 23690 

B2A2G1-

22-F 

532 166353 

  684 34650 

785 14028 



 

The fatigue test data was analyzed using simplified viscoelastic continuum damage 

theory (S-VECD). The S-VECD formulation and its functionality are explained in research paper 

by Underwood et.al. (2010). But in short some of model equations are described below.  

 

1. The pseudo strain (εR) function in time and steady-state frequency domains; 
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2. The pseudo strain energy density function, WR; 
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2
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3. The stress, σ, to εR relationship; and  
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4. The damage evolution law with respect to time and cycles 
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where; E(t) is the LVE relaxation modulus (kPa), is the integration term, t is the time 

(s), ER is the reference modulus (taken as 1 kPa),  is the damage evolution rate, C is the pseudo 

stiffness (material integrity), S is the damage, and K1 is the loading shape factor. 

The result of the S-VECD model is the damage characteristic curve or the C vs. S curve. 

For the present study, C vs. S curves were developed for each aging level and air void content. 

Irrespective of strain levels these curves were found to collapse together at each of the aging 

levels. Once each replicate test was measured, the C-S curves were cumulatively fitted to the 

power function given in Equation C-21 below.  

 

 1 bC aS    (C-21) 

 

The C vs. S fit functions for B2A2G1-F and B1A2G2-F are shown in Figure C-30 and 

Figure C-31 and from Figure C-30 it is seen that the pseudo stiffness values at failure increase 

with increase in aging level. FAM corresponding to 22 years had the highest C value at failure 

and the control case i.e. 0 years had the lowest C value at failure. This follows the well-known 

notion of softer materials lasting longer than the stiffer materials. Also, it is seen that aged 

samples sustained more damage than the control samples. However, in Figure C-31 the damage 

characteristic curves of B1A2G2-4.5 show a completely opposite trend wherein the FAM 

material corresponding to 22 years of aging had the least C value at failure and the one 

corresponding to 0 years, the highest. In Figure C-32, a clear modulus effect is seen in the C vs S 



curves of B2A2G1-F and B2A2G2-F. FAM, B2A2G1-F, which corresponds to a coarser 

gradation possesses higher stiffness and had C values at failure higher than that of B2A2G2-F at 

same aging level. Similar trends at 22 years aging level are observed in Figure C-33 where 

B2A2G2-F is the stiffer material. The difference in C value at failure at 7 years and 0 years is 

very marginal, with B1A2G2-F having a slightly higher value.  

 

 
Figure C-30. Damage characteristic curve for B2A2G1-F at 7.5% air void content. 

 

 
Figure C-31. Damage characteristic curve for B1A2G2-F at 4.5% air void content. 
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Figure C-32. Comparison of damage characteristic curves for B2A2G1-F and B2A2G2-F 

(AV= 7.5%). 

 

 
Figure C-33. Comparison of damage characteristic curves for B1A2G2-F and B2A2G2-F 

(AV= 4.5%). 

 

Fatigue Life Simulation Analysis for FAM Materials Using the GR Approach 

 

Damage curves alone are not sufficient to understand and predict the fatigue life of FAM. 

The damage curves and |E*| of FAM should be considered to evaluate the fatigue life. To gain 

additional information on fatigue performance, fatigue life of FAM samples at different aging 

levels and under constant strain conditions is predicted using the S-VECD model.  Fatigue life 

prediction with the S-VECD model requires characterization of a failure criteria and here the rate 

of pseudo strain energy release (GR) approach (Sabouri and Kim, 2014) was adopted. Replicate 

fatigue data (GR and Nf) from each FAM were plotted together and fitted to an exponential 

Equation C-22, as shown in Figure C-34 through Figure C-36. 
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Figure C-34. GR vs. Nf relationship for B2A2G2-F-4.5. 

 

 
Figure C-35. GR vs. Nf relationship for B2A2G2-F-7.5. 
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Figure C-36. GR vs. Nf relationship for B2A2G1-F-7.5. 

 

Failure criterion lines alone are not sufficient to predict the fatigue life of FAM materials 

and can be used only for an approximate comparison of the fatigue resistance of the FAM 

materials. The damage curves, failure criterion lines, and dynamic modulus value of a mixture 

should be considered to evaluate the fatigue life of FAM materials. Figure C-37 through Figure C-

39 show the fatigue life plots determined using the S-VECD modeling Equation C-23 for different 

FAM materials at a test temperature of 18°C.  
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Figure C-37 shows the simulated fatigue life results for B2A2G2-4.5 FAM material at 

different aging levels. The figure shows that the unaged FAM material has a longer fatigue life 

than the FAM materials aged to 7 years, 15 years, and 22 years of aging. This trend corroborates 

the literature with regard to existing aged asphalt concrete materials. Similar trends also were 

observed for both B2A2G2-7.5 FAM (Figure C-38) and B2A2G1-7.5 FAM (Figure C-39) 

materials. However, the only abnormality found was in the case of the control material for the 
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B2A2G2-7.5 FAM. This material showed a shorter fatigue life  at low strain levels than the other 

aged cases and a steep slope for the fatigue line. 

 

 
Figure C-37. GR failure envelope for B2A2G2-F-4.5. 

 

 
Figure C-38. GR failure envelope for B2A2G2-F-7.5. 
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Figure C-39. GR failure envelope for B2A2G1-F-7.5. 

 

Sensitivity Assessment 

Crossover Modulus Kinetics 

 

The AR is a convenient parameter to quickly identify the mechanical effects of oxidation, 

especially when evaluated across a range of temperature and frequency combinations. However, 

drawing conclusions related to sensitivity based only on AR might be inappropriate. Consider an 

example of binder and its corresponding mastic. The differences in AR for the two materials 

reflect the influence of aggregate particles in stiffening the asphalt binder composite as well as 

any potentially mitigating physico-chemical surface reactions occurring between asphalt binder 

and aggregate. Because of this dual influence, care should be taken when directly comparing the 

differences in binder and mastic AR to compare the relative sensitivity of the two materials to 

oxidative aging products.  

To overcome this limitation, it is necessary to define a second aging quantity related only 

to the oxidation in the asphalt binder. The parameter chosen for this purpose was based on 

crossover modulus, G*c, which is defined as the modulus when the phase angle is 45° (Farrar et 

al., 2013). It is related to the shape parameter in Christensen-Anderson model (Christensen and 

Anderson, 1992) or it can be identified through direct interpolation of the temperature and 

frequency sweep data. The latter approach was adopted here and involved first plotting the 

measured |G*| versus measured , then fitting the plot in the range of  between 40° and 50°, and 

finally interpolating for 45° to compute G*c. The importance of using this quantity is that it has 

been shown to correlate to oxidation induced chemical changes in asphalt binder (Farrar et al., 

2013). In the same work, it was also reported that the inverse of G*c varied with time according 

to a 2nd order rate law. In this rate law, two relevant crossover moduli are considered; G*c from 

the un-aged case, e.g., at t=0, G*c0, and crossover modulus at different oxidation times, G*ct. 

The change in G*c over time, G*c0  G*ct, is associated with some rate, r, which is 

mathematically described by Equation C-24. 
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If this reaction obeys a 2nd order rate law, the rate can also be written as; 

 *
2

cGr k    . (C-25) 

 

Then setting Equation C-24 equal to Equation C-25 and solving for time yields;  
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Relationship between AR and AP 

 

Thus, it follows from 2nd order aging kinetics that the difference in the inverse of these 

moduli over time is a direct indication of oxidation, thus as it is shown in Equation C-26, a 

second aging metric, AP, has been defined based on the difference in the inverse of these moduli. 

The primary purpose of this parameter is to establish the level of oxidation that has occurred in 

the asphalt binder. Since sensitivity entails identifying how strongly the mechanical properties of 

a composite are affected by chemical changes in asphalt binder, assessment of sensitivity 

involves combining AR and AP quantities. Mathematically, the aging sensitivity parameter (ASP) 

is defined to be the impact of a differential change in AP of the binder on AR of a binder, mastic, 

or FAM, Equation C-27. The ASP can be determined directly by cross-plotting AR of the binder 

or mastic or FAM with the aging parameter from the asphalt binder. Since AR and AP vary with 

temperature and frequency, ASP also varies by temperature and frequency. 

 
 

( )mastic  or  binder

binder

d AR
ASP

d AP
   (C-27) 

 

The ASP from Equation C-27 is determined by cross-plotting AR of the binder, mastic, or 

FAM with AP from asphalt binder, as shown in Figure C-40, which is an example of B1 binder 

and its corresponding mastic and FAM.  



 
Figure C-40. Relationship between AR of Binder B1, Mastic B1A2G2, FAM B1A2G2-F-4.5, 

to AP of B1 for different aging conditions at 10 rad/s: (a) 10°C; (b) 20°C; (c) 30°C. 

 

Since asphalt binder is pre-aged, AP of the binder in mastic and FAM is identical and 

equal to what was measured for the non-mixed asphalt binder. The ASP’s for materials shown in 

the figure are slopes of the respective trendlines, which for B1, B1A2G2, and B1A2G2-F-4.5 are 

1.39 x 107, 1.19 x 107, and 4.86 x 107 respectively at 10°C. The slopes differ with respect to 

temperature and are shown in Figure C-21. Through Figure C-21 inferences on sensitivity can be 

made by comparing the proximity of mastics and FAM trendlines to that of binder. In this study 

sensitivity is defined as how changes in the binder properties are correlated to the changes in the 

mechanical properties of mastic and FAM. Greater proximity, as in case of B1A2G2, indicates 

greater sensitivity of mechanical properties of B1A2G2 to oxidation of binder B1 and lower 

proximity, as in case of FAM B1A2G2-F-4.5 indicates otherwise. Although, these observations 

can be quantified, generalization based on the goals of the study is difficult to achieve through 

this approach. 

 

Sensitivity Assessment Approaches 

 

Recall that the motivation for this study is to identify the accuracy with which laboratory 

aging processes should replicate in-service/field aging. In this case sensitivity can be viewed 

from two perspectives; 1) how accurately does AP of binder need to be matched to achieve a 

chosen level of accuracy in mechanical properties of AC or FAM and 2) what is the expected 
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accuracy in mechanical properties of a material for a given a level of accuracy in matching AP of 

a binder. Both approaches have been evaluated for different levels of accuracy as detailed below.  

 

Approach 1: How accurately should the laboratory process replicate binder AP in order to 

match in-service/field aging of asphalt mixture mechanical properties? 

 

To evaluate how accurately the laboratory process should replicate the binder AP to 

achieve specific level of accuracy in mechanical properties of AC, consider the effect of an 

arbitrary change in AR on AP. For this purpose, let AR1 be a given aging ratio of the material 

(binder, mastic, or FAM) at one aging level (indicated by AP1). Since there exists linear 

relationship between AP and AR with an intercept of one and a slope equal to ASP, AP1 can be 

calculated by Equation C-28. 

  1

1

1AR
AP

ASP


   (C-28) 

 

Next consider a second aging ratio, AR2, which represents aging ratio after a percentage 

change (denoted as x),  

 
2 1 1

100

x
AR AR

 
  

 
   (C-29) 

 

In this case AP2 is defined as the aging parameter corresponding to AR2, and can be 

calculated as, 

  2

2

1AR
AP

ASP


    (C-30) 

 

The accuracy required for AP of a binder to match AR of a mix within a predetermined 

level of accuracy, x, is determined by first selecting AR1. Then, a value of x is assumed and 

substituted into Equation C-29 to find AR2. Finally, Equations C-28 and C-30 are used to 

calculate AP1 and AP2 respectively. The percent difference between AP1 and AP2, Equation C-

31, represents the accuracy of binder that need to be achieved in laboratory to match the mix AR 

with in the given accuracy of x. These calculations are performed at each of the temperatures and 

frequencies evaluated, for each of 7, 15, and 22 years aging conditions, and at a range of AR 

accuracy. 

  2 1

1

% 100


 AP

AP AP
Difference

AP
   (C-31) 

 

The above described procedure is used for calculating the sensitivity of AP for given 

accuracy in the AR for different binders, mastics and FAM materials tested in this study. The 

results for B2 and two of its corresponding mastics and FAM are presented in Figure C-41(a). 

The data presented in this figure represents the accuracy required in matching the binder AP to 

achieve a 20% accuracy in AR. Note that for the sake of brevity only the 20% accuracy case is 

shown in the figure, but the conclusions and observations below were developed based on 

analysis covering a range of accuracy from 1-20%. The required accuracy in binder AP for the 



entire 1-20% range of accuracies in AR are tabulated in Table C-11. Figure C-41(a) should be 

read as follows, if a laboratory procedure can estimate AP of binder B2 at 22 years aging level 

within approximately 35% then it can be ensured that the resultant modulus of B2A2G2-F-7.5 at 

22 years and 10°C will be within 20% of its true modulus. Results are shown at only 10°C and 

30°C as they are lowest and highest common temperatures for which experimental data were 

available. They also demonstrate the lowest and highest observed sensitivities in the dataset. A 

frequency of 10 rad/s is used in this analysis, but comparable results are obtained at other 

frequencies. The main observations from this data are:  

 

 Lower accuracy is required in matching binder AP when needed to replicate aged mechanical 

properties at larger length scales. For example, mastics require a higher accuracy in AP than 

FAM to match an assumed accuracy of AR.  

 The accuracy required in AP increases with increase in aging level, i.e., a more accurate AP 

must be achieved at 22 years aging level than at 15 or 7 years aging levels to match an 

assumed accuracy of AR.  

 Higher temperatures require AP to be more closely matched. Although not shown here the 

inverse statement occurs with respect to frequency, as the frequency decreases the AP must 

be matched more closely. 

 Fine graded (G2) mastics and FAM, Figure C-41(a), require higher accuracy in AP than 

coarse graded (G1) materials, Figure C-41(b).  

 Although not shown in Figure C-41, FAM materials containing 4.5% air voids require higher 

accuracy in AP than FAM materials containing 7.5% air voids. 

  It is observed from Figure C-41(c) that, B1 binder mastics require a greater accuracy in AP 

than those prepared with B2, which in turn require a greater accuracy than those prepared 

with B3. A2G2 was the only class of mastics that was in common among the three binders. 

The relationship also holds true for any two sets of binders as well as shown in Figure C-

41(d). For example, binders B1 and B2 in class A2G1 and binders B1 and B3 in class A1G2.  

 It is observed that the ratio of required accuracy in AP to the resultant accuracy in AR varies 

from 1.1 to 1.9 for binders and mastics and from 1.5 to 3.6 for FAM. This ratio is independent 

of the value of assumed accuracy in AR, e.g., it includes results from analysis with other 

values of x that are not explicitly shown in Figure C-41 but tabulated in Table C-11. A ratio 

equal to 1 indicates that the required accuracy in AP matches the assumed accuracy in AR 

and higher the ratio, lower is the accuracy required in AP to match assumed accuracy in AR. 



 
Figure C-41. Accuracy required in binder AP to match AR within 20% for (a) B2A2G2 

based materials; (b) B2A2G1 based materials; (c) A2G2 mastics; and (d) A2G1 and A1G2 

mastics.  



Table C-11. Accuracy (%) required in binder AP, to match the mechanical property (AR) 

within 1, 2, 10, and 20% at 10, and 30°C. 

Materia

l 

Aging 

Level 

(years

) 

Accuracy Required in AP to match AR within 

1% at 

10˚C 

1% at 

30˚C 

2% at 

10˚C 

2% at 

30˚C 

10% 

at 

10˚C 

10% 

at 

30˚C 

20% 

at 

10˚C 

20% 

at 

30˚C 

B1 

7 1.59 1.20 3.18 2.39 15.92 11.95 31.83 23.91 

15 1.45 1.14 2.89 2.27 14.46 11.35 28.93 22.70 

22 1.40 1.10 2.79 2.20 13.97 11.00 27.94 22.00 

B2 

7 1.63 1.29 3.27 2.57 16.33 12.87 32.66 25.75 

15 1.56 1.22 3.11 2.44 15.56 12.21 31.11 24.42 

22 1.48 1.18 2.96 2.36 14.81 11.82 29.62 23.64 

B3 

7 1.88 1.38 3.77 2.75 18.85 13.77 37.70 27.55 

15 1.78 1.28 3.55 2.57 17.75 12.85 35.50 25.70 

22 1.58 1.21 3.16 2.41 15.81 12.07 31.63 24.13 

B1A1G

2 

7 1.48 1.17 2.97 2.34 14.83 11.71 29.66 23.42 

15 1.45 1.14 2.89 2.29 14.46 11.44 28.93 22.89 

22 1.38 1.11 2.76 2.22 13.79 11.08 27.58 22.16 

B1A2G

1 

7 1.58 1.20 3.15 2.40 15.75 12.02 31.51 24.04 

15 N/A N/A N/A N/A N/A N/A N/A N/A 

22 1.43 1.12 2.86 2.25 14.30 11.23 28.61 22.45 

B1A2G

2 

7 1.57 1.20 3.15 2.39 15.75 11.95 31.49 23.91 

15 1.51 1.17 3.02 2.33 15.10 11.66 30.20 23.32 

22 1.50 1.13 3.01 2.26 15.03 11.30 30.05 22.60 

B2A2G

1 

7 1.84 1.36 3.69 2.71 18.43 13.55 36.86 27.10 

15 N/A N/A N/A N/A N/A N/A N/A N/A 

22 1.45 1.16 2.90 2.33 14.50 11.63 28.99 23.27 

B2A2G

2 

7 1.74 1.33 3.47 2.66 17.35 13.31 34.71 26.62 

15 1.50 1.22 2.99 2.45 14.95 12.24 29.90 24.47 

22 1.49 1.19 2.97 2.39 14.85 11.93 29.71 23.85 

B3A1G

2 

7 1.95 1.44 3.90 2.88 19.52 14.42 39.05 28.85 

15 1.79 1.34 3.57 2.68 17.87 13.42 35.75 26.85 

22 1.68 1.28 3.36 2.56 16.80 12.82 33.61 25.65 

B3A2G

2 

7 1.81 1.41 3.63 2.82 18.13 14.12 36.26 28.23 

15 N/A N/A N/A N/A N/A N/A N/A N/A 

22 1.58 1.26 3.17 2.52 15.85 12.60 31.70 25.19 

B2A2G

1-F-7.5 

7 3.56 2.61 7.12 5.21 35.60 26.06 71.20 52.13 

15 3.05 2.24 6.11 4.48 30.53 22.42 61.05 44.85 

22 2.38 1.77 4.76 3.55 23.82 17.73 47.65 35.45 

B2A2G

2-F-7.5 

7 2.16 1.91 4.31 3.82 21.57 19.12 43.14 38.25 

15 2.05 1.81 4.11 3.61 20.53 18.06 41.07 36.11 

22 1.81 1.54 3.62 3.09 18.09 15.45 36.18 30.89 

B2A2G

2-F-4.5 

7 2.21 1.74 4.42 3.49 22.12 17.43 44.24 34.86 

15 2.00 1.56 4.00 3.12 19.99 15.59 39.99 31.17 

22 1.80 1.48 3.60 2.96 18.01 14.81 36.02 29.62 



B1A2G

2-F-4.5 

7 2.16 2.07 4.32 4.13 21.59 20.67 43.18 41.35 

15 N/A N/A N/A N/A N/A N/A N/A N/A 

22 2.20 1.65 4.40 3.30 22.01 16.52 44.02 33.03 

 

Approach 2: How accurately can asphalt mixture properties be matched at different levels of AP 

accuracy? 

 

To answer second sensitivity related question, consider the effect of an arbitrary error in 

AP of binder on AR of asphalt mix. Like in the derivation to answer the first question, let AR1 be 

a given aging ratio of the material (binder, mastic, or FAM) and AP1 be AP at AR1. The 

relationship between AP1 and AR1 is given by Equation C-28. Next consider a second aging 

parameter, AP2, which represents the aging parameter after a percentage error (denoted as y) is 

factored in, 

 
2 1 1

100

y
AP AP

 
  

 
 (C-32) 

 

In this case AR2 is defined as the aging ratio corresponding to AP2, and can be calculated 

as;  

 
2 2( ) 1  AR AP ASP  (C-33) 

 

The percent difference between AR1 and AR2, Equation C-34, represents the resulting 

error in AR because of the arbitrary percentage error in AP.  

  2 1

1

%  = 100


AR

AR AR
Error

AR
 (C-34) 

 

The above procedure is used to answer the second question for several materials tested in 

this study. The results of this analysis for B2 and two of its corresponding mastics and FAM are 

presented in Figure C-42 and Table C-12 The data presented in this figure shows the resulting 

error in AR of asphalt material due to a given percentage error in AP of binder, which in this 

case is set at 20%. The data from Figure C-42(a) should be interpreted as follows, if error in 

matching AP of binder B2 at 7 years aging level is 20% then the resultant error in AR at 7 years 

aging level at 30°C for binder B2 is 15.5%, mastic B2A2G2 is 15.0%, but for FAM B2A2G2-F-

7.5 it is only approximately 10.5%. This shows that for a fixed accuracy in AP the error in 

estimated mechanical properties would be less for FAM than for binders and mastics. Since the 

analysis relies on the same ASP values as in Approach 1, other major findings with respect to 

impacts from temperature, gradation, and binder aggregate interactions essentially remain the 

same. 



.  

Figure C-42. Error (%) in mechanical property (AR) due to 20% error in binder AP for (a) 

B2A2G2 based materials; and (b) B2A2G1 based materials.  
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Table C-12. Error (%) in mechanical property (AR) due to 1, 2, 10, and 20% error in 

binder AP at 10°C and 30°C 

Materia

l 

Aging 

Level 

(Years) 

The Resulting Error in AR when the Error in AP is  

1% at 

10˚C 

1% at 

30˚C 

2% at 

10˚C 

2% at 

30˚C 

10% 

at 

10˚C 

10% 

at 30˚ 

C 

20% 

at 

10˚C 

20% 

at 

30˚C 

B1 

7 0.63 0.84 1.26 1.67 6.28 8.37 12.57 16.73 

15 0.69 0.88 1.38 1.76 6.91 8.81 13.83 17.62 

22 0.72 0.91 1.43 1.82 7.16 9.09 14.32 18.18 

B2 

7 0.61 0.78 1.22 1.55 6.12 7.77 12.25 15.54 

15 0.64 0.82 1.29 1.64 6.43 8.19 12.86 16.38 

22 0.68 0.85 1.35 1.69 6.75 8.46 13.51 16.92 

B3 

7 0.53 0.73 1.06 1.45 5.31 7.26 10.61 14.52 

15 0.56 0.78 1.13 1.56 5.63 7.78 11.27 15.57 

22 0.63 0.83 1.26 1.66 6.32 8.29 12.65 16.58 

B1A1G

2 

7 0.67 0.85 1.35 1.71 6.74 8.54 13.49 17.08 

15 0.69 0.87 1.38 1.75 6.91 8.74 13.83 17.48 

22 0.73 0.90 1.45 1.80 7.25 9.02 14.51 18.05 

B1A2G

1 

7 0.63 0.83 1.27 1.66 6.35 8.32 12.70 16.64 

15 N/A N/A N/A N/A N/A N/A N/A N/A 

22 0.70 0.89 1.40 1.78 6.99 8.91 13.98 17.82 

B1A2G

2 

7 0.64 0.84 1.27 1.67 6.35 8.37 12.70 16.73 

15 0.66 0.86 1.32 1.72 6.62 8.58 13.24 17.15 

22 0.67 0.88 1.33 1.77 6.66 8.85 13.31 17.70 

B2A2G

1 

7 0.54 0.74 1.09 1.48 5.43 7.38 10.85 14.76 

15 N/A N/A N/A N/A N/A N/A N/A N/A 

22 0.69 0.86 1.38 1.72 6.90 8.60 13.80 17.19 

B2A2G

2 

7 0.58 0.75 1.15 1.50 5.76 7.51 11.53 15.02 

15 0.67 0.82 1.34 1.63 6.69 8.17 13.38 16.34 

22 0.67 0.84 1.35 1.68 6.73 8.38 13.46 16.77 

B3A1G

2 

7 0.51 0.69 1.02 1.39 5.12 6.93 10.24 13.87 

15 0.56 0.74 1.12 1.49 5.59 7.45 11.19 14.90 

22 0.60 0.78 1.19 1.56 5.95 7.80 11.90 15.59 

B3A2G

2 

7 0.55 0.71 1.10 1.42 5.52 7.08 11.03 14.17 

15 N/A N/A N/A N/A N/A N/A N/A N/A 

22 0.63 0.79 1.26 1.59 6.31 7.94 12.62 15.88 

B2A2G

1-F-7.5 

7 0.28 0.38 0.56 0.77 2.81 3.84 5.62 7.67 

15 0.33 0.45 0.66 0.89 3.28 4.46 6.55 8.92 

22 0.42 0.56 0.84 1.13 4.20 5.64 8.40 11.28 

B2A2G

2-F-7.5 

7 0.46 0.52 0.93 1.05 4.64 5.23 9.27 10.46 

15 0.49 0.55 0.97 1.11 4.87 5.54 9.74 11.08 

22 0.55 0.65 1.11 1.29 5.53 6.47 11.05 12.95 

B2A2G

2-F-4.5 

7 0.45 0.57 0.90 1.15 4.52 5.74 9.04 11.48 

15 0.50 0.64 1.00 1.28 5.00 6.42 10.00 12.83 

22 0.56 0.68 1.11 1.35 5.55 6.75 11.11 13.51 



B1A2G

2-F-4.5 

7 0.46 0.48 0.93 0.97 4.63 4.84 9.26 9.67 

15 N/A N/A N/A N/A N/A N/A N/A N/A 

22 0.45 0.61 0.91 1.21 4.54 6.05 9.09 12.11 

 

Modulus Sensitivity (|G*| Based) 

 

During the course of the study, it was also of interest to find sensitivity of mechanical 

property (AR) of mastics and FAM not to AP, which is a calculated quantity, but to |G*| directly. 

Figure C-43 below shows ASP values calculated based on linear assumption of the AR vs |G*| plot. 

The linear approximation with AP still holds good. Hence, all the calculations presented for AR vs 

AP, including those in approaches 1 and 2, will be equivalent to a |G*| based assessment also. 

Thus, the sensitivity values presented in Table C-11 and Table C-12 will not change for |G*| based 

sensitivity assessment. 

 

 
Figure C-43. Relationship between AR of Binder B1, Mastic B1A2G2, FAM B1A2G2-F-4.5, 

to |G*| of B1 for different aging conditions at 10 rad/s and 30°C. 

 

Sensitivity of Binder and Mastic Fatigue to Binder Oxidation 

 

The strain ratio (SR), shown in Equation C-35, was used to evaluate the fatigue sensitivity 

of the FAM materials as a function of the aging parameter (AP) of the binder. This SR parameter 

is based on the ratio of the strain level (SL) that is required to achieve a given number of failure 

cycles. 

 
after aging

before aging

SL
SR

SL
 (C-35) 

 

The SR was calculated at two levels of number of cycles to failure. One at 10,000 cycles 

and another at 100,000 cycles. The SR values were calculated for the binders B1, B2, and B3 and 

their corresponding A2G2 suite of mastics as this mastic was common to all the three binders. 

The relationship between SR and AP was fit using a polynomial, Equation C-36, where A, B, and 

C are the fitting parameters. The relationships and coefficients of the fitting are shown in Figure 

C-44 and Figure C-45. 
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Figure C-44. Relationship between strain ratio (SR) at 10,000 cycles and AP of 

corresponding binder for (a) B1 and B1A2G2; (b) B2 and B2A2G2; and (c) B3 and 

B2A2G2. 

 

 
Figure C-45. Relationship between strain ratio (SR) at 100,000 cycles and AP of 

corresponding binder for (a) B1 and B1A2G2; (b) B2 and B2A2G2; and (c) B3 and 

B2A2G2. 

 

The fitted polynomial equation that corresponds to each binder/mastic was used to 

calculate the sensitivity of the SR with respect to the change in the AP of the binder. For this 

purpose, let SR1 be a given strain ratio of the material (binder or mastic) and AP1 be the aging 

parameter at SR1. Next, consider a second aging parameter, AP2, and its corresponding strain 

ratio, SR2 (determined directly from Equation C-36. AP2 represents the aging parameter after a 

percentage error (denoted as y) is factored in, see Equation C-37. 

 

 
2 1 1

100

 
  

 

y
AP AP  (C-37) 

 

The change in SR for the corresponding change in AP is calculated by Equation C-38. 
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The percentage error values as calculated from Equation C-38 for the materials shown in 

Figure C-44 are presented in Table C-13 for 10,000 cycles to failure, in Table C-14for 100,000 

cycles to failure, and in graphical form in Figure C-46. 

 

Table C-13. Error (%) in mechanical property (SR) at 10,000 cycles to failure due to 1, 2, 

10, and 20% error in binder AP 

Material 
Aging Level 

(Years) 

The Resulting Error in SR at 

10,000 cycles when the Error in 

AP is  

1% 2% 10% 20% 

B1 
7 0.16 0.31 1.41 2.48 

22 0.65 1.32 7.33 16.49 

B1A2G2 
7 0.03 0.07 0.42 1.00 

22 0.47 0.94 4.99 10.69 

B2 
7 0.18 0.36 1.91 4.14 

22 1.02 2.05 10.77 22.88 

B2A2G2 
7 0.33 0.66 3.31 6.65 

22 0.88 1.76 8.86 17.87 

B3 
7 0.26 0.54 3.40 8.51 

22 4.73 9.56 51.68 113.08 

B3A2G2 
7 0.26 0.53 2.77 5.90 

22 0.65 1.31 6.84 14.45 

 

Table C-14. Error (%) in mechanical property (SR) at 100,000 cycles to failure due to 1, 2, 

10, and 20% error in binder AP 

Material 

Aging 

Level 

(Years) 

The Resulting Error in SR at 

100,000 cycles when the Error in 

AP is  

1% 2% 10% 20% 

B1 
7 0.13 0.25 1.14 1.98 

22 0.65 1.32 7.29 16.30 

B1A2G2 
7 0.02 0.04 0.14 0.10 

22 0.42 0.86 4.63 10.10 

B2 
7 0.15 0.31 1.69 3.71 

22 0.95 1.92 10.11 21.55 

B2A2G2 
7 0.32 0.64 3.24 6.51 

22 0.86 1.73 8.70 17.56 

B3 
7 0.20 0.40 2.49 6.19 

22 2.56 5.18 27.98 61.16 

B3A2G2 
7 0.31 0.62 3.33 7.23 

22 0.85 1.71 9.03 19.23 

 

The data presented in Table C-13 should be interpreted as follows. If the error in 

matching AP at 7 years aging level for binder B1 is 10%, then the resultant error in the 



mechanical property SR for binder B1 is 1.41%, and for mastic B1A2G2 it is 0.42%. Similar 

results can be seen with binders B2, B3, and their corresponding mastics. This result shows that 

resultant error (for a fixed error in AP) is lower in mastics than binders. The only exception to 

the trend is B2 and B2A2G2 at 7 years. This can also be inferred as the required accuracy in AP 

for a fixed error in SR will be lower for mastics than asphalt binders. This finding is consistent to 

the findings with respect to modulus sensitivity, where it is found that the required accuracy in 

AP for a fixed error in AR reduces with increasing length scales. The error values increase with 

aging level. Thus, the mechanical properties of binders/mastics at higher aging levels need to be 

more accurately matched. In comparison to the error values obtained from the modulus based 

sensitivity, the values are very comparable. Thus, the general conclusion that can be made is that 

the resulting error in the mechanical properties of mastics (AR or SR) is either lower or equates to 

observed error in binder properties (AP).     

 

 
Figure C-46. Sensitivity of strain ratio of B2 and B2A2G2 a given percentage error in the 

aging parameter for (a) high number of failure cycles and (b) low number of failure cycles. 

 

Sensitivity of FAM Fatigue to Binder Oxidation 

 

The SR, Equation C-35, was also used to evaluate the fatigue sensitivity of the FAM 

materials as a function of the aging parameter (AP) of the binder. In this analysis, both a low 

failure cycle condition (20,000 cycles) and a high failure cycle condition (90,000) were chosen. 

Once the SL values were obtained, the SR values calculated from Equation (12) and 

corresponding AP of the binder were plotted and fitted to a polynomial equation, as shown in 

Figure C-47. 
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Figure C-47. Relationship between strain ratio (SR) and aging parameter (AP) for (a) 

B2A2G2-F-4.5, (b) B2A2G2-F-7.5, and (c) B2A2G1-F-7.5. 

 

The fitted polynomial equation that corresponds to each FAM mix was used to calculate 

the sensitivity of the SR with respect to the change in the AP of the binder as was done for the 

mastics. The sensitivity of the SR of the FAM for a given percentage error in the AP is calculated 

for both high and low numbers of failure cycles, as shown in Figure C-48(a) and (b), 

respectively. 

 
Figure C-48. Sensitivity of strain ratio of FAM for a given percentage error in the aging 

parameter for (a) high number of failure cycles and (b) low number of failure cycles. 
 

Figure C-48 shows the equality lines that represent the same quantity of error in the SR 

for a given percentage error in the AP of the binder. For example, if the error in the AP of the 

binder is 10 percent, then the corresponding percentage error in the SR is also 10 percent. These 

lines are plotted to show how the percentage error in the SR is sensitive to the error in the AP of 

the binder. Sensitivity analysis of all the FAM mixtures was conducted at fixed AP percentage 

errors of 1, 2, 5, 10 and 20%. Because the relationship between the AP of a binder and the 

corresponding SR of a FAM is represented by a polynomial function, the sensitivity of the SR 

does not increase significantly even though the error in the AP increases. For example, in Figure 

C-48, in the case of ‘B2A2G2-F-4.5_Low’, the error in the SR increased only from 2.2 percent to 

5.6 percent for 1 percent to 20 percent increase in the error of the AP. Similarly, for ‘B2A2G2-F-

4.5_High’, the error in the SR increased only from 1.2 percent to 3.6 percent for an increase in 

the AP error from 1 percent to 20 percent. Similar observations were made for all the other FAM 

materials, except for the B2A2G2-F-7.5 material that shows a significant increase in sensitivity 

of the SR at 15 and 22 years of aging cases from 5.7 percent to 22.1 percent for an increase in the 

AP error from 1 percent to 20 percent. Figure C-48 shows that the B2A2G2-F-7.5 material has a 
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larger curvature than the other materials, which causes an overall higher sensitivity of the SR to 

the error in the AP of the binder. From the sensitivity analysis study, it can be stated that the 

fatigue life is not as sensitive as the AR to the error in the AP of binder. At this point, it can be 

inferred that, for FAM materials, sensitivity with respect to the modulus is the factor that governs 

the overall sensitivity of the phenomenon. 

However, from the FAM fatigue sensitivity study some generalized conclusions can be 

made. Finer gradation, higher air void content and higher PG grade are the factors that are more 

sensitive to the SR with unit change in AP of the binder. As higher air void content and stiffer 

binder grades are prone to less fatigue resistance, the same factors are also contributing more to 

sensitivity in fatigue behavior for a unit change in AP of binder. 

 

Research Comparisons 

 

To understand the factors contributing to differences in sensitivity, the binder, mastic, 

and FAM experimental results are compared in a pairwise way. Figure C-49 shows the various 

comparisons that are made to address first order effects, which are aggregate, and binder source, 

as well as the interaction effects. Comparisons are made based on the AP – to – AR relationship 

described above. 

 

 
Figure C-49. Summary of subtask 3.4 research comparisons and goal. 
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Mastic Comparisons 

 

The sensitivity data from approach 1 and 2 are shown in Table C-11 and Table C-12 

respectively. Consider the temperature of 10˚C for both approaches and for approach 1 assume 

the accuracy required in material AR is 10% and for approach 2 assume the error in AP as 10%. 

The value 10% is chosen as a representative value here because in the field of asphalt concrete 

testing, 10% is often used as a reasonable estimate for variability in experimentation and for 

prediction accuracies. All data shown here for mastic comparisons will be based on these 

assumed conditions, but others were evaluated through the course of the study and the same 

conclusions can be drawn.  

 

Binder Source Influence 

B1A2G1 vs B2A2G1 

 

The sensitivity data from approach 1 and 2 are presented in Table C-15 and Table C- 16. 

The general interpretation from both approaches is that mastics prepared with binder B1 are 

more sensitive than mastics prepared with binder B2. Also, it is seen that the difference in 

sensitivities between the mastics is reduces with increase in aging level. Thus, it can be 

concluded that binder influences on sensitivity are more profound at lower aging levels. 

 

Table C-15. Accuracy required in binder AP to match material AR with assumed accuracy 

for B1A2G1 and B2A2G1 

Material 
Aging 

(years) 

Accuracy Required in AP to match AR within 

1% 2% 10% 20% 

10˚C 30˚C 10˚C 30˚C 10˚C 30˚C 10˚C 30˚C 

B1A2G1 
7 1.58 1.20 3.15 2.40 15.75 12.02 31.51 24.04 

22 1.43 1.12 2.86 2.25 14.30 11.23 28.61 22.45 

B2A2G1 
7 1.84 1.36 3.69 2.71 18.43 13.55 36.86 27.10 

22 1.45 1.16 2.90 2.33 14.50 11.63 28.99 23.27 

 

Table C- 16. The resulting errors in AR of materials for an assumed error in binder AP for 

B1A2G1 and B2A2G1 

Material 
Aging 

(years) 

The Resulting Error in AR when the Error in AP is 

1% 2% 10% 20% 

10˚C 30˚C 10˚C 30˚C 10˚C 30˚C 10˚C 30˚C 

B1A2G1 
7 0.63 0.83 1.27 1.66 6.35 8.32 12.70 16.64 

22 0.70 0.89 1.40 1.78 6.99 8.91 13.98 17.82 

B2A2G1 
7 0.54 0.74 1.09 1.48 5.43 7.38 10.85 14.76 

22 0.69 0.86 1.38 1.72 6.90 8.60 13.80 17.19 

 

 

 



B1A2G2 vs B3A2G2 

 

The sensitivity data from approach 1 and 2 are presented in Table C-17 and Table C-18 

respectively. Even in this comparison the mastic prepared with B1 binder is found to be more 

sensitive than that prepared with B3 binder. Even in this case, the difference in sensitivities 

reduces with increase in aging level.  

 

Table C-17. Accuracy required in binder AP to match material AR with assumed accuracy 

for B1A2G2 and B3A2G2 

Material 
Aging 

(years) 

Accuracy Required in AP to match AR within 

1% 2% 10% 20% 

10˚C 30˚C 10˚C 30˚C 10˚C 30˚C 10˚C 30˚C 

B1A2G2 

7 1.57 1.20 3.15 2.39 15.75 11.95 31.49 23.91 

15 1.51 1.17 3.02 2.33 15.10 11.66 30.20 23.32 

22 1.50 1.13 3.01 2.26 15.03 11.30 30.05 22.60 

B3A2G2 
7 1.81 1.41 3.63 2.82 18.13 14.12 36.26 28.23 

22 1.58 1.26 3.17 2.52 15.85 12.60 31.70 25.19 

 

Table C-18. The resulting errors in AR of materials for an assumed error in binder AP for 

B1A2G2 and B3A2G2 

Material 
Aging 

(years) 

The Resulting Error in AR when the Error in AP is 

1% 2% 10% 20% 

10˚C 30˚C 10˚C 30˚C 10˚C 30˚C 10˚C 30˚C 

B1A2G2 

7 0.64 0.84 1.27 1.67 6.35 8.37 12.7 16.73 

15 0.66 0.86 1.32 1.72 6.62 8.58 13.24 17.15 

22 0.67 0.88 1.33 1.77 6.66 8.85 13.31 17.70 

B3A2G2 
7 0.55 0.71 1.10 1.42 5.52 7.08 11.03 14.17 

22 0.63 0.79 1.26 1.59 6.31 7.94 12.62 15.88 

 

B1A1G2 vs B3A1G2 

 

The sensitivity data from approach 1 and 2 are presented in Table C-19 and Table C-20 

respectively. The change in aggregate from A2 to A1 does not change the interpretation 

regarding higher sensitivity of B1. However, the magnitude of difference in sensitivities between 

the two mastics is higher than that observed with A2 aggregate and G2 gradation.  

  



 

Table C-19. Accuracy required in binder AP to match material AR with assumed accuracy 

for B1A1G2 and B3A1G2 

Material 
Aging 

(years) 

Accuracy Required in AP to match AR within 

1% 2% 10% 20% 

10˚C 30˚C 10˚C 30˚C 10˚C 30˚C 10˚C 30˚C 

B1A1G2 

7 1.48 1.17 2.97 2.34 14.83 11.71 29.66 23.42 

15 1.45 1.14 2.89 2.29 14.46 11.44 28.93 22.89 

22 1.38 1.11 2.76 2.22 13.79 11.08 27.58 22.16 

B3A1G2 

7 1.95 1.44 3.90 2.88 19.52 14.42 39.05 28.85 

15 1.79 1.34 3.57 2.68 17.87 13.42 35.75 26.85 

22 1.68 1.28 3.36 2.56 16.80 12.82 33.61 25.65 

 

Table C-20. The resulting errors in AR of materials for an assumed error in binder AP for 

B1A1G2 and B3A1G2 

Material 
Aging 

(years) 

The Resulting Error in AR when the Error in AP is 

1% 2% 10% 20% 

10˚C 30˚C 10˚C 30˚C 10˚C 30˚C 10˚C 30˚C 

B1A1G2 

7 0.67 0.85 1.35 1.71 6.74 8.54 13.49 17.08 

15 0.69 0.87 1.38 1.75 6.91 8.74 13.83 17.48 

22 0.73 0.90 1.45 1.80 7.25 9.02 14.51 18.05 

B3A1G2 

7 0.51 0.69 1.02 1.39 5.12 6.93 10.24 13.87 

15 0.56 0.74 1.12 1.49 5.59 7.45 11.19 14.9 

22 0.60 0.78 1.19 1.56 5.95 7.80 11.90 15.59 

 

B2A2G2 vs B3A2G2 

 

The sensitivity data from approach 1 and 2 are presented in Table C-21 and Table C-22 

respectively. From approach 1 mastic prepared with B2 binder requires higher precision in 

binder AP for fixed AR, than those prepared with B3 binder. Thus, it can be inferred that the 

sensitivity of the mechanical properties to binder oxidation is higher for B2A2G2 than B3A2G2.  

  



 

Table C-21. Accuracy required in binder AP to match material AR with assumed accuracy 

for B2A2G2 and B3A2G2 

Material 
Aging 

(years) 

Accuracy Required in AP to match AR within 

1% 2% 10% 20% 

10˚C 30˚C 10˚C 30˚C 10˚C 30˚C 10˚C 30˚C 

B2A2G2 

7 1.74 1.33 3.47 2.66 17.35 13.31 34.71 26.62 

15 1.5 1.22 2.99 2.45 14.95 12.24 29.9 24.47 

22 1.49 1.19 2.97 2.39 14.85 11.93 29.71 23.85 

B3A2G2 
7 1.81 1.41 3.63 2.82 18.13 14.12 36.26 28.23 

22 1.58 1.26 3.17 2.52 15.85 12.60 31.70 25.19 

 

Table C-22. The resulting errors in AR of materials for an assumed error in binder AP for 

B2A2G2 and B3A2G2 

Material 
Aging 

(years) 

The Resulting Error in AR when the Error in AP is 

1% 2% 10% 20% 

10˚C 30˚C 10˚C 30˚C 10˚C 30˚C 10˚C 30˚C 

B2A2G2 

7 0.58 0.75 1.15 1.5 5.76 7.51 11.53 15.02 

15 0.67 0.82 1.34 1.63 6.69 8.17 13.38 16.34 

22 0.67 0.84 1.35 1.68 6.73 8.38 13.46 16.77 

B3A2G2 
7 0.55 0.71 1.10 1.42 5.52 7.08 11.03 14.17 

2 0.63 0.79 1.26 1.59 6.31 7.94 12.62 15.88 

 

Some of the important observations from binder source comparisons are: 

 

1. The mechanical properties of the mastics prepared with softer binders will be more 

sensitive to oxidation than those prepared with stiffer binders. 

2. For two mastics containing same aggregate and gradation but different binder, the 

magnitude of difference in sensitivities reduces with increase in aging level. 

Overall, it can be said that binder source does influence the sensitivity of mechanical 

properties of mastic to binder oxidation. However, the degree of influence is also affected by the 

type of aggregate present. 

 

Aggregate Source Influence 

B1A2G2 vs. B1A1G2 

 

As seen from Table C-23 and Table C-24 mastic prepared with aggregate A1 requires 

greater precision in binder AP than the B1A2G2 mastic, which is prepared with A2 aggregate. 

From approach 2 it is seen that for 10% error in binder AP, the error in mechanical properties is 

higher for B1A1G2 mastic than B1A2G2 mastic. However, the differences between the two 

mastics are very marginal and are unlikely to be significant. The effect of aggregate source in 

cognizance with binder B1 can be considered weak or very marginal. 

 



Table C-23. Accuracy required in binder AP to match material AR with assumed accuracy 

for B1A1G2 and B1A2G2 

Material 
Aging 

(years) 

Accuracy Required in AP to match AR within 

1% 2% 10% 20% 

10˚C 30˚C 10˚C 30˚C 10˚C 30˚C 10˚C 30˚C 

B1A1G2 

7 1.48 1.17 2.97 2.34 14.83 11.71 29.66 23.42 

15 1.45 1.14 2.89 2.29 14.46 11.44 28.93 22.89 

22 1.38 1.11 2.76 2.22 13.79 11.08 27.58 22.16 

B1A2G2 

7 1.57 1.20 3.15 2.39 15.75 11.95 31.49 23.91 

15 1.51 1.17 3.02 2.33 15.10 11.66 30.20 23.32 

22 1.50 1.13 3.01 2.26 15.03 11.30 30.05 22.60 

 

Table C-24. The resulting errors in AR of materials for an assumed error in binder AP for 

B1A1G2 and B1A2G2 

Material 
Aging 

(years) 

The Resulting Error in AR when the Error in AP is 

1% 2% 10% 20% 

10˚C 30˚C 10˚C 30˚C 10˚C 30˚C 10˚C 30˚C 

B1A1G2 

7 0.67 0.85 1.35 1.71 6.74 8.54 13.49 17.08 

15 0.69 0.87 1.38 1.75 6.91 8.74 13.83 17.48 

22 0.73 0.90 1.45 1.80 7.25 9.02 14.51 18.05 

B1A2G2 

7 0.64 0.84 1.27 1.67 6.35 8.37 12.70 16.73 

15 0.66 0.86 1.32 1.72 6.62 8.58 13.24 17.15 

22 0.67 0.88 1.33 1.77 6.66 8.85 13.31 17.70 

 

B3A2G2 vs. B3A1G2 

 

The sensitivity data from approach 1 and 2 are shown in Table C-25 and Table C-26 

respectively. Using approach 1 we see that higher accuracy is required in binder AP for mastics 

prepared with B3 binder and A2 aggregate than those prepared with A1 aggregate. From 

approach 2 we see that error in AR for fixed error in AP will be higher for mastics prepared with 

A2 aggregate. As seen with the mastics of B1 binder, the difference between the sensitivities is 

very low (1-2%), suggesting that for mastics prepared with same binder, the influence of 

different aggregate source on sensitivity is marginal.  

  



 

Table C-25. Accuracy required in binder AP to match material AR with assumed accuracy 

for B3A1G2 and B3A2G2 

Material 
Aging 

(years) 

Accuracy Required in AP to match AR within 

1% 2% 10% 20% 

10˚C 30˚C 10˚C 30˚C 10˚C 30˚C 10˚C 30˚C 

B3A1G2 

7 1.95 1.44 3.90 2.88 19.52 14.42 39.05 28.85 

15 1.79 1.34 3.57 2.68 17.87 13.42 35.75 26.85 

22 1.68 1.28 3.36 2.56 16.80 12.82 33.61 25.65 

B3A2G2 
7 1.81 1.41 3.63 2.82 18.13 14.12 36.26 28.23 

22 1.58 1.26 3.17 2.52 15.85 12.60 31.70 25.19 

 

Table C-26. The resulting errors in AR of materials for an assumed error in binder AP for 

B3A1G2 and B3A2G2 

Material 
Aging 

(years) 

The Resulting Error in AR when the Error in AP is 

1% 2% 10% 20% 

10˚C 30˚C 10˚C 30˚C 10˚C 30˚C 10˚C 30˚C 

B3A1G2 

7 0.51 0.69 1.02 1.39 5.12 6.93 10.24 13.87 

15 0.56 0.74 1.12 1.49 5.59 7.45 11.19 14.90 

22 0.60 0.78 1.19 1.56 5.95 7.80 11.90 15.59 

B3A2G2 
7 0.55 0.71 1.10 1.42 5.52 7.08 11.03 14.17 

22 0.63 0.79 1.26 1.59 6.31 7.94 12.62 15.88 

 

 

Filler Content and Concentration Interaction 

B1A2G1 vs. B1A2G2 

 

The sensitivity data from approach 1 and 2 are presented in Table C-27 and Table C-28 

respectively. From both approaches it is seen that for mastics prepared with binder B1, gradation 

does not have a big impact on sensitivity of mechanical properties to oxidation. The only 

noticeable finding is that coarser gradations have a greater sensitivity at higher aging levels.  

 

Table C-27. Accuracy required in binder AP to match material AR with assumed accuracy 

for B1A2G1 and B1A2G2 

Material 
Aging 

(years) 

Accuracy Required in AP to match AR within 

1% 2% 10% 20% 

10˚C 30˚C 10˚C 30˚C 10˚C 30˚C 10˚C 30˚C 

B1A2G1 
7 1.58 1.2 3.15 2.40 15.75 12.02 31.51 24.04 

22 1.43 1.12 2.86 2.25 14.30 11.23 28.61 22.45 

B1A2G2 

7 1.57 1.20 3.15 2.39 15.75 11.95 31.49 23.91 

15 1.51 1.17 3.02 2.33 15.10 11.66 30.20 23.32 

22 1.50 1.13 3.01 2.26 15.03 11.30 30.05 22.60 



 

Table C-28. The resulting errors in AR of materials for an assumed error in binder AP for 

B1A2G1 and B1A2G2 

Material 
Aging 

(years) 

The Resulting Error in AR when the Error in AP is 

1% 2% 10% 20% 

10˚C 30˚C 10˚C 30˚C 10˚C 30˚C 10˚C 30˚C 

B1A2G1 
7 0.63 0.83 1.27 1.66 6.35 8.32 12.7 16.64 

22 0.70 0.89 1.40 1.78 6.99 8.91 13.98 17.82 

B1A2G2 

7 0.64 0.84 1.27 1.67 6.35 8.37 12.70 16.73 

15 0.66 0.86 1.32 1.72 6.62 8.58 13.24 17.15 

22 0.67 0.88 1.33 1.77 6.66 8.85 13.31 17.70 

 

B2A2G1 vs. B2A2G2 

 

The sensitivity data from approach 1 and 2 are presented in Table C-29 and Table C-30 

respectively. For the mastics prepared with binder B2, it is seen that mastic with finer gradation 

(G2) is sensitive at lower aging levels and the mastic with coarser gradation is sensitive at higher 

aging levels. The latter observation was true for mastics made with B1 binder also. Overall, the 

difference in sensitivities between the gradations was less than 1% at low as well as high levels 

for both binder types. Thus, it is unlikely that it would be significantly affect the sensitivity of 

mechanical properties to binder oxidation.   

 

Table C-29. Accuracy required in binder AP to match material AR with assumed accuracy 

for B2A2G1 and B2A2G2 

Material 
Aging 

(years) 

Accuracy Required in AP to match AR within 

1% 2% 10% 20% 

10˚C 30˚C 10˚C 30˚C 10˚C 30˚C 10˚C 30˚C 

B2A2G1 
7 1.84 1.36 3.69 2.71 18.43 13.55 36.86 27.10 

22 1.45 1.16 2.90 2.33 14.5 11.63 28.99 23.27 

B2A2G2 

7 1.74 1.33 3.47 2.66 17.35 13.31 34.71 26.62 

15 1.50 1.22 2.99 2.45 14.95 12.24 29.90 24.47 

22 1.49 1.19 2.97 2.39 14.85 11.93 29.71 23.85 

 

  



 

Table C-30. The resulting errors in AR of materials for an assumed error in binder AP for 

B2A2G1 and B2A2G2 

Material 
Aging 

(years) 

The Resulting Error in AR when the Error in AP is 

1% 2% 10% 20% 

10˚C 30˚C 10˚C 30˚C 10˚C 30˚C 10˚C 30˚C 

B2A2G1 
7 0.54 0.74 1.09 1.48 5.43 7.38 10.85 14.76 

22 0.69 0.86 1.38 1.72 6.90 8.60 13.80 17.19 

B2A2G2 

7 0.58 0.75 1.15 1.50 5.76 7.51 11.53 15.02 

15 0.67 0.82 1.34 1.63 6.69 8.17 13.38 16.34 

22 0.67 0.84 1.35 1.68 6.73 8.38 13.46 16.77 

 

Aggregate and Binder Source Interaction 

(B3A2G2 vs. B3A1G2) vs. (B1A2G2 vs. B1A1G2) 

 

From Table C-23 it can be seen that for the mastics prepared with binder B1, those 

containing A1 aggregate have a greater sensitivity than those containing A2 aggregate. However, 

when we look at Table C-25, the trends are reversed. The mastics in Table C-25 are prepared 

with B3 binder and it is seen that mastics containing A2 (granite) aggregate have a greater 

sensitivity than those containing A1 (limestone) aggregate. The data in these tables show that 

there is an interaction between binder and aggregate sources and that no two binders interact the 

same way with a particular aggregate type. Another example of the aggregate binder interaction 

can be explained by observing the data in Table C-17 and Table C-19. The difference in 

sensitivities for B1A1G2 and B3A1G2 in Table C-19 are in the range of 3-5%, whereas the 

difference in sensitivities for B1A2G2 and B3A2G2 in Table C-17 are in the range of 1-3%. 

 

FAM Comparisons 

Particle Structure Effects (B2A2G1-F vs. B2A2G2-F) 

 

The sensitivity data from approach 1 and 2 are presented in Table C-31 and Table C-32 

respectively. It can be easily inferred from Table C-31 that the FAM materials possessing finer 

aggregate gradation exhibit greater sensitivity. The effect of gradation can be more easily 

observed in FAM than in mastics, as the magnitude of difference in sensitivities is in the order of 

5-15%.   

  



 

Table C-31. Accuracy required in binder AP to match material AR with assumed accuracy 

for B2A2G1-F and B2A2G2-F 

Material 
Aging 

(years) 

Accuracy Required in AP to match AR within 

1% 2% 10% 20% 

10˚C 30˚C 10˚C 30˚C 10˚C 30˚C 10˚C 30˚C 

B2A2G1-

F-7.5 

7 3.56 2.61 7.12 5.21 35.60 26.06 71.20 52.13 

15 3.05 2.24 6.11 4.48 30.53 22.42 61.05 44.85 

22 2.38 1.77 4.76 3.55 23.82 17.73 47.65 35.45 

B2A2G2-

F-7.5 

7 2.16 1.91 4.31 3.82 21.57 19.12 43.14 38.25 

15 2.05 1.81 4.11 3.61 20.53 18.06 41.07 36.11 

22 1.81 1.54 3.62 3.09 18.09 15.45 36.18 30.89 

 

Table C-32. The resulting errors in AR of materials for an assumed error in binder AP for 

B2A2G1-F and B2A2G2-F 

Material 
Aging 

(years) 

The Resulting Error in AR when the Error in AP is 

1% 2% 10% 20% 

10˚C 30˚C 10˚C 30˚C 10˚C 30˚C 10˚C 30˚C 

B2A2G1-

F-7.5 

7 0.28 0.38 0.56 0.77 2.81 3.84 5.62 7.67 

15 0.33 0.45 0.66 0.89 3.28 4.46 6.55 8.92 

22 0.42 0.56 0.84 1.13 4.2 5.64 8.40 11.28 

B2A2G2-

F-7.5 

7 0.46 0.52 0.93 1.05 4.64 5.23 9.27 10.46 

15 0.49 0.55 0.97 1.11 4.87 5.54 9.74 11.08 

22 0.55 0.65 1.11 1.29 5.53 6.47 11.05 12.95 

 

It can be concluded that the sensitivity of mechanical properties to binder oxidation is 

higher for fine graded FAM mixtures than coarse graded FAM mixtures. 

 

Void Structure Effects (B2A2G2-F, 4.5% vs 7.5%) 

 

The sensitivity data from approach 1 and 2 are presented in Table C-33 and Table C-34 

respectively. It is observed from these tables that FAM material containing higher void 

percentage, B2A2G2-F-7.5 is more sensitive than B2A2G2-F-4.5. However, the difference in the 

sensitivities is small; suggesting that sensitivity of mechanical properties to oxidation of binder is 

a weak function of the percentage air voids. It should be recalled that the FAM samples were 

fabricated using binder that was pre-aged at 7, 15 and 22 years aging levels and that no aging has 

been performed once the sample has been fabricated. In other words, the effect of these air voids 

should not be confused with the effect of air voids on an unaged mixture that is subjected to 

oxidation.   

 



Table C-33. Accuracy required in binder AP to match material AR with assumed accuracy 

for B2A2G2-F-7.5 and B2A2G2-F-4.5 

Material 
Aging 

(years) 

Accuracy Required in AP to match AR within 

1% 2% 10% 20% 

10˚C 30˚C 10˚C 30˚C 10˚C 30˚C 10˚C 30˚C 

B2A2G2-

F-7.5 

7 2.16 1.91 4.31 3.82 21.57 19.12 43.14 38.25 

15 2.05 1.81 4.11 3.61 20.53 18.06 41.07 36.11 

22 1.81 1.54 3.62 3.09 18.09 15.45 36.18 30.89 

B2A2G2-

F-4.5 

7 2.21 1.74 4.42 3.49 22.12 17.43 44.24 34.86 

15 2.00 1.56 4.00 3.12 19.99 15.59 39.99 31.17 

22 1.80 1.48 3.60 2.96 18.01 14.81 36.02 29.62 

 

Table C-34. The resulting errors in AR of materials for an assumed error in binder AP for 

B2A2G2-F-7.5 and B2A2G2-F-4.5 

Material 
Aging 

(years) 

The Resulting Error in AR when the Error in AP is 

1% 2% 10% 20% 

10˚C 30˚C 10˚C 30˚C 10˚C 30˚C 10˚C 30˚C 

B2A2G2-

F-7.5 

7 0.46 0.52 0.93 1.05 4.64 5.23 9.27 10.46 

15 0.49 0.55 0.97 1.11 4.87 5.54 9.74 11.08 

22 0.55 0.65 1.11 1.29 5.53 6.47 11.05 12.95 

B2A2G2-

F-4.5 

7 0.45 0.57 0.9 1.15 4.52 5.74 9.04 11.48 

15 0.50 0.64 1.00 1.28 5.00 6.42 10.00 12.83 

22 0.56 0.68 1.11 1.35 5.55 6.75 11.11 13.51 

 

Binder Source and Structural Interaction (B1A2G2-F vs. B2A2G2-F) 

 

The sensitivity data from approach 1 and 2 are presented in Table C-35 and Table C-36. 

It can be seen that at lower aging levels for the aggregate structure A2G2, FAM prepared with 

B1 binder has a greater sensitivity, but at higher aging levels FAM prepared with B2 binder has 

higher sensitivity. It can be said that the effects of binder source and aggregate interaction are 

seen only at higher aging levels where the magnitude of difference in the sensitivities was higher.  

  



 

Table C-35. Accuracy required in binder AP to match material AR with assumed accuracy 

for B1A2G2-F-4.5 and B2A2G2-F-4.5 

Material 

Aging 

(years

) 

Level of Accuracy for Material AR 

1% 2% 10% 20% 

10˚C 30˚C 10˚C 30˚C 10˚C 30˚C 10˚C 30˚C 

B1A2G2

-F-4.5 

7 2.16 2.07 4.32 4.13 21.59 20.67 43.18 41.35 

22 2.20 1.65 4.40 3.30 22.01 16.52 44.02 33.03 

B2A2G2

-F-4.5 

7 2.21 1.74 4.42 3.49 22.12 17.43 44.24 34.86 

15 2.00 1.56 4.00 3.12 19.99 15.59 39.99 31.17 

22 1.80 1.48 3.60 2.96 18.01 14.81 36.02 29.62 

 

Table C-36. The resulting errors in AR of materials for an assumed error in binder AP for 

B1A2G2-F-4.5 and B2A2G2-F-4.5 

Material 
Aging 

(years) 

The Resulting Error in AR when the Error in AP is 

1% 2% 10% 20% 

10˚C 30˚C 10˚C 30˚C 10˚C 30˚C 10˚C 30˚C 

B1A2G2-

F-4.5 

7 0.46 0.48 0.93 0.97 4.63 4.84 9.26 9.67 

22 0.45 0.61 0.91 1.21 4.54 6.05 9.09 12.11 

B2A2G2-

F-4.5 

7 0.45 0.57 0.90 1.15 4.52 5.74 9.04 11.48 

15 0.50 0.64 1.00 1.28 5.00 6.42 10.00 12.83 

22 0.56 0.68 1.11 1.35 5.55 6.75 11.11 13.51 

 

Summary Based on Research Comparisons 

 

Following is the summary from the comparisons to evaluate the effect of different 

variables on the sensitivity of modulus to binder oxidation 

For Mastics 

1. Aggregate source influence: For mastics prepared with B1 binder, those containing A1 

aggregate were more sensitive. For mastics prepared with B3, those containing A2 

aggregate were more sensitive. However, the differences between the two mastics are 

very marginal and are unlikely to be significant. 

2. Binder source influence: Some of the important observations from binder source 

comparisons are: 

a. The mechanical properties of the mastics prepared with softer binders will be 

more sensitive to oxidation than those prepared with higher modulus binders. 

b. For two mastics containing the same aggregate and gradation but different binder, 

the magnitude of difference in sensitivities reduces with increase in aging level. 

c. Overall, it can be said that binder source does influence the sensitivity of 

mechanical properties of mastic to binder oxidation. However, the degree of 

influence is also affected by the type of aggregate present.   



3. Filler content and concentration interaction: The difference in sensitivities between the 

gradations was less than 1% for both binder types. Thus, it is unlikely that filler content 

would substantially affect the sensitivity of mechanical properties of mastic to binder 

oxidation for dense graded mixtures. 

4. Aggregate and binder source interaction: The isolated influences of aggregate and 

binder sources show that there is an interaction between binder and aggregate sources 

and that no two binders interact the same way with a particular aggregate type. 

For FAM 

1. Particle structure effects: The sensitivity of mechanical properties to binder oxidation is 

higher for fine graded FAM mixtures than coarse graded FAM mixtures. The effect of 

gradation can be more easily observed in FAM than in mastics. 

2. Void structure effects: It is found that the FAM materials containing higher void 

percentage are more sensitive than those containing lower voids. However, the difference 

in the sensitivities is small; suggesting that sensitivity of mechanical properties to 

oxidation of binder is a weak function of the percentage air voids. 

3. Binder source and structural interaction: The effects of binder source and aggregate 

interaction are seen only at higher aging levels, where for A2 aggregate and G2 gradation 

B2 binder was found to be more sensitive than B1 binder. 

 

Conclusions 

 

The main goal of this study was to estimate the sensitivity of the mechanical properties of 

asphalt concrete to asphalt binder oxidation. In this regard, experimental characterization was 

performed at multiple length scales. Testing was performed on asphalt binder to establish 

baseline properties, on asphalt mastic to consider physico-chemical aspects, and FAM to 

consider air voids and aggregate interaction effects. Dynamic modulus and fatigue experiments 

were run on these materials at different levels of oxidation. Subsequently, these experiments 

were analyzed to determine how sensitive the material response was to binder oxidation. Based 

on these experiments and the requisite analysis, the following conclusions are made: 

 

 The accuracy levels required in the binder aging parameter (either |G*| or difference of 

inverse of crossover modulus) to match mixture aging ratios at 1%, 10%, and 20% levels 

of accuracy are 1.5 – 3.6%, 14.8 – 35.6%, and 29.6 – 71.2% respectively. Stated 

differently to a given error in matching the aging parameter of the asphalt binder will 

result in approximately 28-67% of this error in matching the properties of the mixture.  

 The accuracy levels required in the binder aging parameter to match the mastic aging 

ratio at 1%, 10%, and 20% levels of accuracy are 1.1 – 1.9%, 11.1 – 19.5%, and 22.2 – 

39% respectively. Again stated differently, a given error in matching the aging parameter 

of the asphalt binder will result in approximately 50-90% of this error in matching the 

properties of the mastic.  

 The specific level of sensitivity is dependent upon the specific type of aggregate used and 

to a lesser extent the aggregate gradation adopted with limestone aggregates and fine 

gradations being more sensitive. 

 



The significance of these findings is two-fold. First, they demonstrate with a unique 

laboratory experiment that the properties of asphalt concrete are not proportionally sensitive to 

changes in asphalt binder modulus. Second, they show that for a laboratory aging procedure to 

replicate the impacts of binder oxidation on the modulus of asphalt concrete with a given level of 

accuracy (say 10%), the desired binder oxidation can be replicated at accuracy of between 15 and 

36%. Conversely if a laboratory aging procedure is found to match the in-service level of binder 

oxidation with certain amount of error (say 10%), then the expected error in in the resulting 

modulus of an asphalt mixture tested after being subjected to that laboratory process will be 6.7 – 

2.8%.  

 

References 

 

Applied Research Associates (ARA). (2004). 2002 Design Guide: Design of New and 

Rehabilitated Pavement Structures. Final Report for NCHRP 1-37A Project, National 

Cooperative Highway Research Program. National Research Council. Washington, D.C. 

 

Christensen, D.W. and D.A. Anderson (1992). Interpretation of Mechanical Test Data for Paving 

Grade Asphalt Cements. Journal of the Association of Asphalt Paving Technologists, Vol. 

61, pp. 67-116. 

 

Farrar, M.J., T.F. Turner, J.P. Planche, J.F. Schabron, and P.M. Harnsberger (2013). Evolution of 

the Crossover Modulus with Oxidative Aging: A Method to Estimate the Change in 

Viscoelastic Properties of an Asphalt Binder with Time and Depth on the Road. Transportation 

Research Record: Journal of the Transportation Research Board, Vol. 2370, pp. 76-83. 

 

Jahangir, R., D. Little and A. Bhasin (2015). Evolution of Asphalt Binder Microstructure due to 

Tensile Loading Determined using AFM and Image Analysis Techniques. International 

Journal of Pavement Engineering, Vol. 16, No. 4, pp. 337-349. 

Sabouri, M. and Y.R. Kim (2014). Development of a Failure Criterion for Asphalt Mixtures 

under Different Modes of Fatigue Loading. Transportation Research Record: Journal of the 

Transportation Research Board, Vol. 2447, pp. 117-125. 

 

Underwood, B.S., Kim, Y.R., and M.N. Guddati (2010). Improved Calculation Method of 

Damage Parameter in Viscoelastic Continuum Damage Model. International Journal of 

Pavement Engineering, Vol. 11, No. 6, pp. 459-476. 

 

Underwood, B.S. (2011). Multiscale Constitutive Modeling of Asphalt Concrete. Ph.D. 

Dissertation, North Carolina State University, Raleigh, NC. 

 

Underwood, B.S. and Y.R. Kim (2014). A Four Phase Micro-Mechanical Model for Asphalt 

Mastic Modulus. Mechanics of Materials, Vol. 75, pp. 13-33. 

 

Willmott, C.J. and K. Matsura (2009). Terrestrial Air Temperature and Precipitation: Monthly 

Climatologies (1950-2005). Online. <http://climate.geog.udel.edu/~climate/html_pages/Global2_ 

Clim/README.global2_clim.html>. Accessed: February 2014. 



APPENDIX D 
 
Evaluation of Different Chemical and Rheological Aging Index 
Properties 
 

Introduction 
 
Asphalt binder is an organic end product that reacts with oxygen in the environment. The 

oxidation of asphalt binder is a physicochemical reaction that causes permanent hardening and 
reduces the flexibility of the asphalt binder. Consequently, oxidation increases a pavement’s 
susceptibility to cracking under traffic loading and thermal stress. Thus, given the importance of 
asphalt binder oxidation to pavement performance, it is imperative to define practical aging 
index properties (AIPs) that can be used effectively to determine oxidation levels. The AIPs then 
can be used to calibrate kinetics diffusion models and, by extension, be used within pavement 
performance prediction models. For an AIP to be effective, it must be easy to quantify and must 
relate directly to oxidative aging in an asphalt binder. AIPs generally are divided into two main 
categories: chemical functional groups and rheological parameters. Although numerous AIPs 
have been proposed in the literature, a comprehensive paper that examines the chemistry-based 
and rheology-based AIPs that best correlate to binder oxidation levels is currently missing. 

The chemistry-based AIPs provide the most direct indicators of oxygen uptake and can 
be measured using Fourier transform infrared spectroscopy (FTIR) techniques. Carbonyls and 
sulfoxides are the two primary chemical functional groups that are produced upon oxidation of 
asphalt binder. The carbonyl chemical functional group has long been used to indicate the level 
of oxidation within asphalt binder (Petersen 2009). The ketone functional group is the major 
component of the carbonyl infrared absorption region. Ketone formation changes the polarity of 
the associated aromatic ring components within an asphalt binder, which leads to an increase in 
the asphaltene content, thereby increasing viscosity (Petersen 2009, Petersen and Glaser 2011). 
The production of sulfoxides by the oxidation of asphalt has received less attention in the past. 
However, Petersen and Glaser (2011) conducted a thorough study to understand the effect of 
sulfoxide formation on oxidative age hardening in asphalt binders. Their work demonstrated that 
the sulfoxides produced during oxidation have a significant impact on viscosity, especially for 
high sulfur content asphalts. Chemical AIPs have been represented by both absorbance peaks 
(e.g., Petersen 2009, Petersen and Glaser 2011) and areas (e.g., Han, 2012, Jin et al. 2011, 
Lamontage et al. 2001, Zhang et al. 2011).  

Different rheological-based AIPS also have been introduced and include, for example, 
the crossover modulus, low shear viscosity, etc. (Petersen 2009, Underwood et al. 2010, Farrar et 
al. 2013). Rheological AIPs are advantageous over chemical AIPs because they do not require 
infrared spectroscopy devices and can be correlated more directly to the mechanical properties of 
an asphalt mixture than chemical AIPs (Glaser et al. 2013). However, a comprehensive study to 
determine the rheological properties that relate most directly to the chemical changes caused by 
oxidation is currently missing in the literature. 

 
  



Objectives 
 

The objectives of this study are to: 
 

• Evaluate different chemical AIPs based on their sensitivity to oxidation. 
• Evaluate the relationship between rheological AIPs and the chemical changes induced by 

oxidation. 
• Identify suitable chemical and rheological AIPs for tracking the oxidation of asphalt. 

 
Test Method and Analysis Procedure  

 
Table D-1 presents details about the six asphalt mixtures evaluated and the aging trials 

conducted in this study. The materials encompass a wide range of binder types. All of the 
mixtures were subjected to laboratory loose mixture aging and were fabricated using original, 
component materials.  

 
Table D-1. Summary of different aging trials 

Material Source Binder Aging Temperature (°C) Aging Duration 

NC PG 64-22 

70 10, 12, 35 days 

85 8, 10, 15 days 

95 10, 17, 26 days 

FHWA ALF Control PG 70-22  
70 10, 35 days 

95 12, 14, 18 days 

FHWA ALF  

SBS-LG 

PG 70-28  

(SBS-modified) 

70 10, 35 days 

85 8, 10, 20 days 

95 8, 10, 18, 22 days 

SHRP AAD-1 PG 58-28 
70 10, 18, 21 days 

95 10, 15, 27 days 

SHRP AAG-1 PG 58-10  
70 10, 18 days 

95 10, 15, 22, 27 days 

WesTrack PG 64-22 
70 12, 18 days 

95 10, 15, 20 days 

 
To evaluate the changes in the chemical and rheological AIPs in terms of oxidation, the 

loose mixtures were subjected to laboratory aging at multiple temperatures and for various 
durations in an oven under ambient pressure. To prepare the loose mixtures for long-term aging, 
the component materials were combined according to the original mix design and subjected to 
short-term aging at 135°C for four hours in accordance with AASHTO R 30. A mix design was 
not available for the SHRP AAD-1 and SHRP AAG-1 binders. Therefore, these SHRP binders 



were combined with the FHWA ALF (Federal Highway Administration Accelerated Load 
Facility) aggregate according to the FHWA ALF mix design.  

The short-term aged loose mixture was spread in a single layer in metal trays such that 
the thickness of the mix was equal to or less than the largest aggregate size in the mix. The thin 
layer of loose mixture was used to ensure homogenous exposure to the heat and oxygen during 
the laboratory aging process. Also, it was assumed that using a thin layer of asphalt loose mix 
would expedite oxidative aging in the binder film, as most of the mixture was in direct contact 
with circulating hot air. Three aging temperatures, 70°C, 85°C, and 95°C, were used for long-
term aging the loose mixtures. Samples were collected at different time intervals for binder 
extraction and recovery and subsequent AIP testing to track the oxidation levels. The micro-
extraction and recovery method developed by the Western Research Institute (WRI) (Farrar et al. 
2015) was used to obtain the binder samples from the aged loose mixtures.  

 
Micro-Extraction and Recovery 

 
Qualitative micro-extraction and recovery of the asphalt binder from the asphalt mixtures 

was accomplished following a proposed AASHTO specification prepared by the WRI (Farrar et 
al. 2015). This procedure uses a solvent mixture of toluene and ethanol (85:15) for extraction and 
recovery. The mixture sample size is limited to 200 g to produce approximately 10 g of asphalt 
binder per extraction, which is adequate for both the FTIR with attenuated total reflectance 
(FTIR-ATR) sampling technique and dynamic shear rheometer (DSR) testing. In order to 
prevent further aging of the binder sample during the extraction and recovery procedure, a rotary 
evaporator balloon was subjected to vacuum pressure of 80.0 ± 0.7 kPa (600 ± 5 mm of Hg) 
under nitrogen gas. The extraction and recovery process consists of the application of 
temperatures ranging from 70°C to 170°C at different stages. FTIR-ATR testing was conducted 
following extraction and recovery to ensure that no residual solvent was evident. 

 
Measurement of Aging Index Properties (AIPs) 

 
The chemical and rheological AIPs were measured using FTIR-ATR spectrometry and 

DSR tests, respectively. The micro-extraction and recovery process was conducted in order to 
collect asphalt binder from loose mixtures for the AIP measurements. Summaries of the of FTIR 
and DSR procedures follow. 

 
FTIR-ATR Spectroscopy  

 
            FTIR-ATR spectroscopy allows absorbance data to be collected within a wide 

). Peaks in the spectra can be used to detect the presence of 1-to 4000 cm 1-spectral range (400 cm
chemical functional groups. In this study, the ATR spectra were collected using 64 scans at a 

with a minimum of two replicates. For each binder, all replicates under 1 -resolution of 4 cm
. 1-different conditions were normalized to the same absorbance value at wave number 1375 cm

This wave number was selected for normalization because absorbance is not affected by the level 
of oxidation. The chemical AIPs evaluated in this study are the carbonyl area (CA), carbonyl 
plus sulfoxide area (C+S area), and carbonyl plus sulfoxide peaks (C+S peaks). Changes in the 

, 1-and 1032 cm 1-carbonyl and sulfoxides peaks were tracked at wave numbers 1702 cm
respectively. The carbonyl areas were determined according to the area under the FTIR 



The sulfoxide areas were . 
1-to 1820 cm1 -absorbance curves from wave numbers 1650 cm

-determined according to the area under the FTIR absorbance curve from wave numbers 1000 cm
. The trapezoidal rule was used to determine numerically the area under the band 1-to 1050 cm 1

between the specified wave number ranges. It should be noted that the absorbance peaks are 
direct measurements taken from the FTIR spectrum band, whereas the area-based measurements 
require numerical integration under the absorbance spectrum. The absorbance peak-based AIP is 
the easiest AIP to determine and involves less error or bias with regard to the method of 
calculation compared to the area-based AIPs. 

 
Dynamic Shear Rheometer Procedure 
 

Frequency sweep testing was conducted at frequencies ranging from 0.1 Hz to 30 Hz at 
multiple temperatures (5°C, 20°C, 35°C, 50°C, and/or 64°C) in an ARG-2 DSR from TA 
Instruments. The tests were conducted using an 8-mm parallel plate spindle with a strain 
amplitude of 1 percent. The four rheological AIPs that were calculated using the DSR are 
described in the following. 
 
Dynamic Shear Modulus (G*) 
 

The dynamic shear modulus (G*) is a property that can be measured directly and used to 
track the rheological changes caused by oxidation. The use of the G* as an AIP is advantageous 
because it is a direct output of the DSR and is the most commonly used parameter that relates the 
physical properties of asphalt binder to asphalt pavement performance. This study found that 
oxidative age hardening affects the G* most significantly at high temperatures and/or low 
frequencies, which is demonstrated by the asphalt binder mastercurves presented in Figure D-1. 
The results shown in Figure D-1 correspond to a single-source asphalt binder (FHWA ALF-SBS) 
that had been conditioned to produce various age levels. The figure shows that at lower reduced 
frequencies (and correspondingly, higher temperatures), the differences among the G* values are 
most significant. Therefore, the G* value at 64°C and 10 rad/s was selected as one of the 
rheological AIPs to evaluate herein. 
  



 

 
Figure D-1. Comparison between dynamic shear modulus (G*) mastercurves for asphalt 

binders extracted and recovered from FHWA ALF-SBS asphalt mixture aged at different 
levels. 

 
Crossover Modulus (G*c) 
 

The crossover modulus (G*c) is defined as the G* value that corresponds to the reduced 
frequency where the storage modulus (G’) and loss modulus (G”) mastercurves cross (i.e., where 
the phase angle equals 45°). The crossover modulus is a parameter that is found in the widely 
applied Christensen-Anderson (CA) model (Christensen and Anderson 1992) and has been 
proposed as an AIP to study the evolution of oxidative aging in asphalt binders (Farrar et al. 
2013). Several different methods have been proposed for calculating the crossover modulus (e.g., 
data smoothing, interpolation, and curve fitting). In this study, the method developed by Farrar et 
al. (2013) was applied. This method determines the crossover modulus as follows: 
 

1. Examine the data in black space and remove any spurious points. Such points are 
particularly troublesome at the highest test frequencies. 

2. Use the Christensen-Anderson-Marasteanu (CAM) model to pre-smoothen the G* 
data and obtain mastercurves for both the G* and phase angle. 

3. Sort the measured data points according to reduced frequency in ascending order.  
4. Apply a polynomial fit of the black space plot (phase angle versus logarithm of G*) 

to the as-measured data in the neighborhood of 45° (40° to 50°).  
5. Interpolate the polynomial fit for the crossover modulus by finding the value of G* 

when the phase angle is exactly 45°.  
 
Figure D-2 presents the crossover modulus values estimated from a black space diagram 

for the binder extracted and recovered from the FHWA ALF SBS loose mixture after 20 days of 
conditioning at 85°C. As shown in Figure D-2, the binder is not perfectly thermorheologically 
simple, thus leading to differences in the data obtained from different isotherms. Therefore, the 
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estimation of the crossover modulus value requires interpolation between the data that 
correspond to different isotherms within the black space diagram. Consequently, the 
determination of the crossover modulus may be subject to more variability than is the case for 
parameters that are direct measurements (e.g., G*).  

Oxidative aging leads to a decrease in the crossover modulus (G*c) value. To achieve a 
positive relationship with the aging duration, the inverse of the log of the crossover modulus 
(1/log G*c) is used as a rheological AIP (Farrar et al. 2013). Farrar et al. (2013) found a linear 
relationship is found between the oxygen uptake and 1/log G*c for a given binder.  

 

 
Figure D-2.Crossover modulus (G*c) values for binders extracted and recovered from 

FHWA ALF SBS loose mix after 20 days of aging at 85°C. 
 
Zero Shear Viscosity (ZSV) 
 

Zero shear viscosity (ZSV) also was considered as a rheological AIP in this study. ZSV is 
defined as the viscosity when the shear rate reaches zero (Binard et al. 2004, Brio et al. 2009). 
ZSV can be determined from creep or frequency sweep testing. In this study, frequency sweep 
test results were used to estimate ZSV values using the method proposed by Marasteanu and 
Anderson (2002). To apply their method, the Christensen-Anderson-Marasteanu (CAM) model, 
(i.e., Equation D-1), was fitted to the frequency sweep test results. If the parameter m in the 
CAM model is larger than one, the CAM model is shifted to a reference temperature of 60°C by 
dividing the crossover modulus value by the time-temperature shift factor that corresponds to 
60°C.  
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G*g = glassy modulus (Pa), 
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m = CAM model shift factor, and 
k = CAM model parameter.  

Then, the Cox-Merz rule, shown in Equation D-2, is applied to convert the G* value to viscosity. 
 

G*/ω = Viscosity     (D-2) 
 

Lastly, the limit of the function, as the frequency goes to zero, is used to obtain the ZSV, as 
shown in Equation D-3. 
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where 𝜔𝜔c,ref T=60°C  is the crossover frequency at the reference temperature (rad/s). 
If m < 1, then the CAM model is refitted to the data with m = 1, and the same algorithm is 
applied. 

 
Glover-Rowe (G-R) Parameter 
 

The Glover-Rowe (G-R) parameter also was evaluated in this study as a rheological AIP. 
The G-R parameter was proposed by Rowe based on his analysis of Glover et al.’s (2005) work 
on low temperature ductility (King et al. 2012). Glover et al. (2005) used the Maxwell 
mechanical analog model to derive a rheological parameter that is related to ductility, i.e., 
Gʹ/(ηʹ/Gʹ), termed the ‘Glover parameter’. This parameter has been proposed by Glover et al. 
(2005) as an indicator of pavement cracking potential. Rowe et al. (2014) simplified Glover’s 
parameter to arrive at Equation D-4.  
 

2*(cos )
sin

G δ
δ

      (D-4) 

where 
G* = dynamic shear modulus measured at 15°C and 0.005 rad/s (Pa) and 
δ = phase angle measured at 15°C and 0.005 rad/s (°).  
 
Testing at 0.005 rad/s is not possible. Therefore, the G* and phase angle values at a reduced 
frequency that corresponds to 15°C and 0.005 rad/s were determined from the G* and phase 
angle mastercurves constructed from temperature-frequency sweep DSR testing and frequency-
temperature shift factors. 
 

Results  
Evaluation of Chemical AIPs 

 
The chemical AIPs were evaluated based on their correlation to the aging duration. 

Asphalt materials exhibit relatively similar kinetics, with an initial fast reaction period (also 
known as the spurt), followed by a slower reaction period that has an approximately constant rate 



(Glaser et al. 2013a, Han 2012, Jin et al. 2011, Petersen 1998, Petersen et al. 1996). The focus 
herein is long-term aging. Therefore, the chemical AIPs were evaluated within the constant rate 
period because this period corresponds to higher age levels.  

Figure D-3 presents comparisons of the three chemical AIPs evaluated (i.e., carbonyl 
area, C+S area, and C+S peaks) with respect to aging duration. The rate of oxidation is 
temperature-dependent. Therefore, the chemical AIPs measured from long-term aging at 
different temperatures for a given mixture are plotted separately. All of the data included in the 
analysis of the chemical AIPs correspond to aging trials where extracted and recovered binders 
were analyzed for at least three aging durations to compare the correlations. Conditions with 
fewer than three aging conditions were excluded from the evaluation. As shown in Figure D-3, 
generally all three chemical AIPs are strongly correlated with the aging duration. However, it can 
be noted that the effect of the sulfoxide functional group on the chemical AIP-based aging rates 
is of great importance. Although the C+S area and C+S peaks show very similar aging rates and 
rankings, the carbonyl area versus aging duration shows a different ranking of the materials. The 
literature indicates that sulfoxides have a significant effect on rheology, and thus, this 
observation suggests that it is important to consider the sulfoxide functional group when tracking 
oxidative aging. The C+S peaks versus aging duration graph exhibits the overall highest R2 
values. Furthermore, the C+S peaks can be calculated using the direct output of the ATR-FTIR 
data, whereas the calculation of the C+S area requires numerical integration under the infrared 
spectrum. Therefore, C+S peaks is an easy parameter to calculate and is not sensitive to the 
method chosen for the calculation. Thus, in this study C+S peaks was selected as the most 
promising chemical AIP identified and was used in the subsequent analysis of the rheological 
AIPs. 



   

  

  
Figure D-3. Sensitivity of different chemical AIPs to aging duration: (a) carbonyl area, (b) 

C+S area, and (c) C+S peaks. 
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Evaluation of Rheological AIPs 
 
The correlation between the rheological AIPs and C+S peaks for each mixture was used 

to evaluate the rheological AIPs. Data that correspond to different aging temperatures ranging 
from 70°C to 95°C were included in the evaluation. Past studies have demonstrated that the 
relationship between chemistry and rheology is not affected by aging temperature if the 
temperature is below 100°C (Petersen 2009, Yousefi Rad et al. 2017). Therefore, the data for 
multiple aging temperatures are included for each mixture evaluated. 

Figure D-4 presents the correlations between log G* at 64°C and 10 rad/s and C+S peaks 
for all of the mixtures evaluated. Each data point corresponds to a different aging duration and/or 
aging temperature. A log scale of the rheological parameters was used to produce a linear 
relationship to C+S peaks. The results demonstrate that G* at 64°C and 10 rad/s is highly 
correlated with the chemical changes induced by oxidation for all of the mixtures evaluated.   
 

  

 

Figure D-4. Correlations between log G* at 64°C, 10 rad/s and C+S peaks for six 
mixtures. 

 
Figure D-5 presents the correlations between 1/log G*c and C+S peaks. The results 

demonstrate that the crossover modulus is highly correlated with the chemical changes caused by 
oxidation. However, for certain highly aged mixtures, including the NC mix aged at 95°C for 20 
days, FHWA ALF SBS aged at 95°C for 28 days, and SHRP AAD-1 aged at 95°C for 22 and 27 
days, the G*c could not be estimated due to calculation difficulties and high variability. These 
difficulties and variability are caused by differences between the results from different isotherms 
in the black space, which led to inconsistent crossover modulus values from two test replicates. 
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In addition, Figure D-5 shows that the slopes of the 1/log G*c versus C+S peaks lines are very 
low for many of the mixtures evaluated. Thus, although a good correlation exists, the crossover 
modulus changes relatively little as the C+S peaks values change, thereby indicating that the 
crossover modulus is not very sensitive to oxidation.  

 

  

 

Figure D-5. Correlations between log 1/G*c and C+S peaks for six mixtures. 
 
Figure D-6 presents the correlation between the ZSV at 60°C and C+S peaks for each 

mixture evaluated. It is noted that relatively significant differences among the ZSV values for 
different test replicates were observed for some asphalt binder samples, which was attributed to 
the variability involved in the extrapolation process to estimate the ZSV from G* mastercurves. 
The same data that caused the variability in the ZSV values were used to calculate other 
rheological AIPs and resulted in considerably less variability, indicating the weakness of the 
ZSV parameter as a reliable AIP. These problematic data were not included in Figure D-6. The 
results in Figure D-6 demonstrate that ZSV is highly correlated with C+S peaks for all of the 
mixtures evaluated with the exception of FHWA ALF-SBS. Note that the FHWA ALF-SBS 
mixture is the only mixture in this study that contains polymer-modified binder.  
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Figure D-6. Correlations between log ZSV at 60°C and C+S peaks for six mixtures. 
 
Figure D-7 presents the correlation between the G-R parameter and C+S peaks for each 

of the mixtures evaluated. The results demonstrate that the G-R parameter is highly correlated 
with the chemical changes that result from oxidation for all of the mixtures evaluated.  
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Figure D-7. Correlations between log G-R and C+S peaks for six mixtures. 
 

Based on the results presented, the most promising rheological AIPs for tracking 
oxidation levels are G* at 64°C and 10 rad/s and the G-R parameter. The ZSV and crossover 
modulus values proved problematic in some instances. The problems associated with ZSV and 
the crossover modulus are related to the interpolation and extrapolation of the data. In addition, 
the crossover modulus is less sensitive to the chemical changes caused by oxidation compared to 
the other rheological parameters evaluated. With the exception of the crossover modulus, all of 
the rheological AIPs evaluated correspond to low reduced frequencies. Low reduced frequencies 
are achieved by evaluating the properties either at a high temperature or at slow rates (i.e., low 
frequencies). Although the G-R parameter was evaluated at 15°C, it was evaluated at a very low 
frequency (0.005 rad/s) and, therefore, constitutes a relatively low reduced frequency within the 
mastercurve. For example, the condition of 15°C and 0.005 rad/s is equivalent to approximately 
45°C and 10 rad/s based on typical binder time-temperature shift factors. Hence, the G-R 
parameter also represents high-temperature characteristics of the asphalt binder. 
 Figure D-8 presents the correlations between log G* 64°C and 10 rad/s and log G-R. 
Figure D-8 shows that G* at 64°C and 10 rad/s and the G-R parameter are highly correlated, 
indicating that either can be used effectively as an AIP. The G-R parameter requires frequency 
sweep testing at multiple temperatures and the fitting of both a mastercurve and time-
temperature shift factor function to the rheological data because testing at 0.005 rad/s is not 
possible. In contrast, G* at 64°C and 10 rad/s is a single-point measurement that can be acquired 
directly from testing at a single temperature and frequency. Therefore, the G* at 64°C and 10 
rad/s constitutes the most efficient and effective rheological AIP of those evaluated.  
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Figure D-8. Correlation between G* at 64°C and 10 rad/s and G-R parameter in (a) 
arithmetic scale and (b) log-log scale. 

 
Conclusions and Recommendations 
 

The main conclusions and recommendations drawn from this study are: 
 

• The consideration of sulfoxides is critical when evaluating the chemical changes caused by 
oxidation in asphalt materials. Comparing the oxidation rates of different materials based 
on the combined effects of carbonyl and sulfoxide can lead to significantly different 
conclusions than when considering carbonyl alone. C+S peaks is an effective chemical AIP 
for tracking oxidation and can be obtained directly from FTIR-ATR spectrometry data. 

• The two most promising rheological AIPs for tracking oxidation levels are G* at 64°C 
and 10 rad/s and the G-R parameter. The ZSV and crossover modulus AIPs are 
problematic in some instances due to the required interpolation and/or extrapolation of 
the data used to determine the AIP values. 
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• The G* 64°C and 10 rad/s and the G-R parameter are highly correlated, indicating that 
either can be used effectively as an AIP. The G-R parameter requires frequency sweep 
testing at multiple temperatures and the fitting of a mastercurve and time-temperature 
shift factor function to the rheological data. In contrast, G* at 64°C and 10 rad/s is a 
single-point measurement that can be acquired directly from testing at a single 
temperature and frequency. Therefore, the G* at 64°C and 10 rad/s constitutes the most 
efficient, effective rheological AIP evaluated.  
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APPENDIX E 
 

Factors Affecting Oxidation Reaction Mechanisms in Asphalt 
Concrete 
 
Introduction 
 

The accurate characterization and prediction of asphalt mixture properties in terms of the 
service life of a pavement are becoming more important factors as increasingly powerful pavement 
design and performance prediction methods are being implemented. Oxidative aging has long been 
recognized as a major distress mechanism of asphalt concrete pavements. Aging causes the 
material to stiffen and embrittle, which leads to a high potential for cracking. Pavement oxidation 
is a complex phenomenon that is affected by material properties, volumetric properties, climate, 
and structure. In addition, oxidation reaction mechanisms can be affected by temperature, material 
state, and external pressure. Sulfoxides can decompose and the microstructure can become 
compromised when the binder is subjected to high temperatures, which then affects oxidation 
products (Yousefi Rad et al. 2017, Petersen and Glaser 2011, Petersen 2009, Petersen and 
Harnsberger 1998, Herrington 1994). In addition, oxidation reactions can be diffusion- or kinetics-
controlled, depending on the availability of oxygen to the asphalt binder within the asphalt 
concrete. Field oxidative aging is diffusion-controlled below the pavement surface because oxygen 
must percolate through the air void structure and asphalt binder film within the pavement (Das et 
al. 2015, Glaser et al. 2013, Dickinson 1984). In laboratory aging, the state of the asphalt during 
oxidation (i.e., as asphalt binder, loose mix, or compacted asphalt concrete), temperature, and 
pressure can all affect the degree to which the oxidation reaction is diffusion- versus kinetics-
controlled (Petersen and Glaser 2011, Domke et al. 1997). An improved understanding of the 
factors that affect oxidation reactions will inform improved laboratory aging procedures and 
predictive oxidation models. 

Asphalt binder is the asphalt concrete constituent that undergoes oxidative aging. 
Therefore, the oxidation of pavements is best characterized using asphalt binder properties. The 
binder properties that are used to measure the extent of oxidation are referred to as aging index 
properties (AIPs). AIPs generally are divided into two main categories: chemical functional groups 
and rheological parameters. Chemical functional groups provide an indication of the oxygen 
uptake and can be measured using Fourier transform infrared (FTIR) spectroscopy techniques 
(Petersen and Glaser 2011, Petersen 2009, Farrar et al. 2013). The rheological properties provide 
an indication of any change in the viscoelastic binder properties due to oxidation and can be 
measured using a dynamic shear rheometer (DSR). 

The primary oxidation products in asphalt binders are ketones and sulfoxides, detected by 
carbonyl and sulfoxide IR absorption peaks. Ketone formation changes the polarity of the 
associated aromatic ring components, leading to an increase in the asphaltenes, which in turn 
increases viscosity (Petersen and Glaser 2011, Petersen 2009). Sulfoxides are polar and, hence, 
serve to increase asphalt binder viscosity (Petersen and Glaser 2011). The specific ketone and 
sulfoxides that are formed, combined with the physico-chemical interactions between the asphalt 
binder constituents, affect the binder rheology (Petersen 2009). 

The relationship between chemical and rheological AIPs can be used to detect changes in 
oxidation reaction mechanisms. The relationship between chemical and rheological AIPs is unique 



to a binder, given that the oxidation reaction mechanism is consistent. However, if the chemical 
oxidation products change, the relationship between the chemical and rheological AIPs will 
change, which can lead to performance consequences. Yousefi Rad et al. (2017) recently 
demonstrated that, even if the rheology of binders within asphalt mixtures is the same after long-
term aging, chemical differences can affect the performance test results. Many researchers have 
studied the relationship between rheological and chemical AIPs (Petersen and Glaser 2011, 
Petersen 2009, Farrar et al. 2013, Elwardany et al. 2016, Morian et al. 2015, Glover et al. 2014, 
Morian et al. 2013, Petersen et al. 1996). However, past efforts have not elucidated the critical 
factors that affect oxidation products. 

 
Objectives 

 
The objectives of this study are to: 
• Evaluate the effects of temperature, material state (i.e., binder, loose mixture, 

compacted mixture), and pressure on oxidation reaction mechanisms during 
laboratory aging.  

• Evaluate the differences in the oxidation reaction mechanisms of laboratory-aged 
material versus field-aged material. 

 
Experimental Plan 

 
Table E-1 provides the specific details of the experimental plan. Laboratory-aged binder, 

laboratory-aged mixtures, and field cores were evaluated in this study. 
 

Materials 
 
Seven asphalt mixtures (detailed in Table E-1) were evaluated in this study. All mixtures 

were prepared using component aggregate and binder. The ‘NC’ mix is a typical North Carolina 
mix prepared with crushed granite. Two mixtures from an earlier Federal Highway Administration 
(FHWA) Accelerated Loading Facility (ALF) study also were evaluated. These ALF mixtures 
include unmodified binder and modified binder, prepared with the same source asphalt and same 
limestone aggregate (Gibson et al. 2012). Field cores from the ALF study also were analyzed in 
this study. Two WesTrack mixtures also were evaluated. Both WesTrack mixtures were prepared 
with PG 64-22 binder, but the binders were from different sources. The WesTrack 1995 mix is 
fine-graded whereas the WesTrack 1997 mix is coarse-graded. Both WesTrack mixtures were 
prepared with andesite and granite aggregate. WesTrack field cores also were analyzed. Two 
Strategic Highway Research Program (SHRP) binders were included in the testing due to their 
known differences in chemical composition and oxidative behavior (Petersen 2009). SHRP AAD-1 
has high sulfur content (6.9%) and is highly structured (incompatible), leading to high 
temperatures and hardening susceptibility upon oxidation. SHRP AAG-1 has low sulfur content 
(1.3%) and is less structured (more compatible) than SHRP AAD-1. Therefore, SHRP AAD-1 is 
expected to be more susceptible to temperature sensitivity and hardening during oxidation than 
SHRP AAG-1. 



Table E-1. Experimental plan: summary of different aging trials 
Material 
Source 

Material 
Type Aging Test Temperature 

(°C) 
Pressure 

(MPa) Duration 

NC 

(PG 64-22) 

Binder 

RTFO 163 -- 85 min 

RTFO + PAV 100 2.1 20 hr 

USAT 100 -- Various 
Durations 

Loose Mix 
Oven 70, 85, 95 -- Various 

Durations 

PAV 85 2.1 Various 
Durations 

Compacted 
Specimen Oven 85 -- Various 

Durations 

ALF Control 

(PG 70-22) 

Binder 

RTFO 163 -- 85 min 

RTFO + PAV 100 2.1 20 hr 

USAT 85 -- Various 
Durations 

Loose Mix Oven 70, 85, 95 -- Various 
Durations 

Field Core 8 Years Old in McLean, VA 

ALF SBS LG 

(PG 70-28) 

Binder 
RTFO 163 -- 85 min 

RTFO + PAV 100 2.1 20 hr 

Loose Mix Oven 70, 85, 95, 135 -- Various 
Durations 

Field Core 8 Years Old in McLean, VA 

WesTrack 

1995 

(PG 64-22) 

Loose Mix Oven 70, 85, 95 -- Various 
Durations 

Field Core 19 Years Old in western Nevada (NV) 

WesTrack 
1997 

(PG 64-22) 

Loose Mix Oven 70, 85, 95 -- Various 
Durations 

Field Core 17 Years Old in western NV 

SHRP AAD-
1 Binder 

RTFO 163 -- 85 min 

RTFO + PAV 100 2.1 20 hr 



 

 

Aging Methods 
Laboratory Aging of Asphalt Binders 
 

Standard binder aging tests, i.e., rolling thin film oven (RTFO) tests and RTFO plus 
pressure aging vessel (PAV), i.e., RTFO+PAV tests, were performed using four binders (NC, ALF 
Control, ALF SBS, and SHRP AAD-1). The Universal Simple Aging Test (USAT), developed at 
the Western Research Institute (WRI), was performed using the NC and ALF Control binders. In 
the USAT method, hot binder is poured in casted slots of a metal plate to form 0.3-mm thick 
samples. The metal plates are placed in an oven on a level surface for aging. The USAT has been 
proposed as an alternative procedure to the conventional standard RTFO and PAV aging methods. 
The major feature of the USAT that distinguishes it from the other binder aging methods is the use 
of thin binder film (0.3-mm thick) that is expected to reduce the oxygen diffusion path and, hence, 
expedite oxidation (Farrar et al. 2015). 
 
Laboratory Aging of Asphalt Mixtures 

 
Both loose mixture aging and compacted specimen aging were performed in this study, as 

detailed in Table E-1. Prior to all long-term aging trials, the loose mix was short-term aged at 
135°C for four hours as per AASHTO R 30 (2010). All seven mixtures were subjected to long-
term aging in a loose mix state in a forced-draft oven at temperatures that were varied between 
70°C and 135°C. In addition, the NC loose mixture was aged in the binder PAV at 85°C and 2.1 
MPa pressure. In all the loose mix aging trials, the loose mixture was spread onto metal trays in a 
thin layer that was equal to the thickness of the mixture’s nominal maximum aggregate size 
(NMAS) to maximize the availability of the oxygen to the binder. The long-term aged loose mix 
samples were collected at different intervals during the aging process to assess their oxidation 
levels. The NC mix also was subjected to compacted specimen aging at 85°C in an oven. These 
compacted specimens had 100-mm diameters and were 178-mm tall. Wire mesh supports were 
utilized to minimize specimen distortion of the compacted specimens under self-weight during 
aging. Compacted specimens typically are expected to experience a gradient in the oxidation level 
due to less availability of oxygen at the specimen’s center compared to its periphery. Therefore, in 
this study, samples were extracted from the compacted specimens at various distances from the 
specimen periphery to minimize smearing the material data with differing oxidation levels. 
 

(PG 58-28) Loose Mix Oven 70, 85, 95, 135 -- Various 
Durations 

SHRP AAG-
1 

(PG  

58-10) 

Loose Mix Oven 70, 85, 95, 135 -- Various 
Durations 



Field-Extracted Material 
 

In addition to laboratory aging trials, field cores were acquired from the FHWA ALF and 
WesTrack projects, as detailed in Table E-1. Field cores were sliced prior to the extraction and 
recovery of the binders to evaluate oxidation at multiple pavement depths. 
 
Micro-Extraction and Recovery 

 
A micro-extraction and recovery process was used to obtain asphalt binders from the aged 

mixtures (Farrar et al. 2015). The micro-extraction mixture sample size was 200 g, which allowed 
for approximately 10 g of asphalt binder as the resultant sample. A solvent mixture of toluene and 
ethanol (85:15) was used to dissolve the asphalt from the mixtures. After centrifugation, the 
asphalt-solvent solutions were separated in a rotary evaporator for approximately 2.5 hours under 
vacuum pressure of 80.0 ± 0.7 kPa. Nitrogen gas was used in place of oxygen to minimize 
oxidation during the recovery process. FTIR spectroscopy was performed using the recovered 
binder samples to ensure complete solvent removal prior to AIP testing. 
 
Measurement of Aging Index Properties 
 
FTIR Spectroscopy 
 

Attenuated total reflectance (ATR) FTIR spectroscopy was performed to measure the 
chemical AIPs. This technique simultaneously collects absorbance data within a wide spectral 
range (400 cm-1 to 4000 cm-1). The ATR spectra were collected using 64 scans of each sample 
using a resolution of 4 cm-1. Peaks in the spectral data were used to detect the presence of 
chemical functional groups. A minimum of two replicates was used for each aging condition. 
Replicates were normalized to the same absorbance value at wave number 1375 cm-1, which is not 
affected by the level of oxidation. Changes in the concentration of the carbonyl and sulfoxides can 
be used to measure the extent of oxygen uptake in the asphalt (Petersen and Glaser 2011, Petersen 
2009). In this study, changes in the carbonyl and sulfoxides peaks were tracked at wave numbers 
1702 cm-1 and 1032 cm-1, respectively. In addition, the carbonyl and sulfoxide areas were 
measured as the areas under the FTIR absorbance curves at wave numbers ranging from 1650 cm-
1 to 1820 cm-1 and 1000 cm-1 to 1050 cm-1, respectively. In this study, the carbonyl plus 
sulfoxide absorbance peak (referred to as ‘C+S’) was used as the primary chemical AIP because it 
encompasses the effects of both carbonyl and sulfoxide oxidation products. It was shown in 
Appendix D that C+S is generally the most reliable chemical AIP for evaluating both laboratory- 
and field-aged binders. In addition, the carbonyl area was used in limited analyses to evaluate the 
effects of sulfoxide decomposition when the aging temperature exceeds 100°C. 

 
Dynamic Shear Rheometer 

 
Temperature-frequency sweep tests were performed in a TA ARG2 DSR to measure the 

rheological properties of the extracted binders. The loading frequencies ranged from 0.1 Hz to 30 
Hz. Temperatures ranged from 5°C to 64°C. Most of the tests were conducted using an 8-mm 
parallel plate set-up with a strain amplitude of 1 percent. However, lesser aged materials were 
tested using a 25-mm parallel plate set-up at 64°C. Data acquired from DSR testing can be 



analyzed to obtain different rheological AIPs, including the crossover modulus, zero shear 
viscosity, and/or the dynamic shear modulus (G*) and phase angle at a given temperature and 
frequency. Appendix D compared different rheological AIPs and found that the dynamic shear 
modulus at a specific temperature and frequency can be used as a simple and reliable rheological 
AIP. The dynamic shear modulus can be measured directly and does not depend on a fitting 
algorithm or require extrapolation that can decrease reliability (Appendix D). The dynamic shear 
modulus value at 64°C and 10 Hz is used as the rheological AIP herein. The temperature of 64°C 
was selected because aging effects generally are most pronounced at high temperatures.  

 
  



Results and Discussion 
Effects of Laboratory Aging Temperature 
  

Loose mix aging trials were performed to study the effects of the laboratory aging 
temperature on the oxidation reaction. It is well documented in the literature that laboratory 
aging temperatures above 100°C can alter oxidation kinetic mechanisms and cause degradation 
of the binder microstructure (Yousefi Rad et al. 2017, Petersen and Glaser 2011, Petersen 2009, 
Petersen and Harnsberger 1998, Herrington 1994). Therefore, the effects of the aging 
temperature were studied in two steps. First, the results of loose mix aging trials conducted at 
temperatures below 100°C were evaluated. Second, the effects of oxidation temperatures over 
100°C were evaluated.  

 
Aging Temperature below 100°C 
  

Figure E-1 presents correlations between the rheological and chemical AIPs for binders 
extracted from laboratory-aged loose mixtures conditioned at 70°C, 85°C, and 95°C. Short-term 
aged loose mix results also are included for reference. In general, the results demonstrate a 
strong linear relationship between log G* and C+S that is independent of the laboratory aging 
temperature for each binder. However, note that the relationship between log G* and C+S is 
binder-dependent. The slope of the log G* versus C+S lines can be used to infer hardening 
susceptibility. SHRP AAG-1 demonstrates the highest slope, indicating that this binder hardens 
rapidly with oxidation. This finding matches expectations, because SHRP AAG-1 is known to be 
a highly structured asphalt. The ALF Control and ALF SBS lines have similar slopes. ALF 
Control and ALF SBS contain the same source binder, with the ALF SBS binder containing the 
addition of polymer as a modification. Thus, the results suggest that hardening susceptibility 
with oxidation is related to the base asphalt rather than to the modifier. Note that, although both 
WesTrack mixtures and the NC mix contain the same PG 64-22 binder, their hardening 
susceptibility varies, indicating that the binder source can have a significant impact on the 
oxidation susceptibility of binders, even if their performance grades are the same. Also note that 
the NC loose mix results correspond to oven aging durations that range from one day to 35 days. 
Oxidation generally progresses in two phases, commonly referred to as the initial spurt and the 
constant rate phase (Petersen and Glaser 2011). One day of aging is within the initial spurt 
whereas aging beyond several days will be within the constant rate phase. Thus, the results 
suggest that the relationship between chemistry and rheology is independent of the oxidation 
phase, which agrees with reports in the literature (Petersen and Glaser 2011).  

 



 

 

 

 

Figure E-1. Relationships between chemical and rheological AIPs for binders extracted and 
recovered from loose mixtures aged at different temperatures below 100°C (70°C to 95°C): 

(a) NC Mix, (b) ALF Control, (c) ALF SBS, (d) WesTrack 1995, (e) WesTrack 1997, (f) 
SHRP AAD-1, and (g) SHRP AAG-1. 
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Aging Temperatures that Exceed 100°C 
 

Figure E-2 presents correlations between the rheological and chemical AIPs for binders 
extracted from the laboratory-aged loose mixtures, including those conditioned at 135°C. Note 
that only SHRP materials and FHWA ALF SBS were subjected to loose mix aging at 135°C. 
Here, both the C+S and carbonyl area are used as the chemical AIPs to allow for the assessment 
of sulfoxide decomposition. Figure E-2 demonstrates a clear shift in the relationship between log 
G* and C+S for SHRP AAD-1 and ALF SBS when the aging temperature is increased from 
95°C to 135°C. Comparatively, a relatively small change in the relationship between the 
carbonyl area and log G* at 135°C is observed. These results suggest that sulfoxide 
decomposition is significant when SHRP AAD-1 and ALF SBS are aged at 135°C. Recall that 
SHRP AAD-1 has a high sulfur content and thus high potential for sulfoxide decomposition. 
Thus, the observed trends match expectations. The SHRP AAG-1 results shown in Figure E-2 (a) 
demonstrate only a minor shift in the relationship between log G* and C+S when the aging 
temperature is increased from 95°C to 135°C and show negligible effects of the aging 
temperature on the relationship between log G* and carbonyl area. Recall that SHRP AAG-1 is 
compatible with low sulfur content, and thus, these findings also match expectations.  

The findings presented in Figure E-2 have important practical implications for laboratory 
aging. Several recent studies have proposed loose mix long-term aging at 135°C as an efficient 
alternative to the aging procedure recommended in current AASHTO specification (AASHTO R 
30 2012, Blankenship 2015, Dukatz 2015, Braham et al. 2009). However, the results herein 
indicate that it is not possible to reflect both field chemistry and rheology using laboratory aging 
at temperatures that exceed 95°C. Yousefi Rad et al. (2017) demonstrated that the differences in 
binder chemistry that result from different aging temperatures can affect mixture performance 
even if the binder rheology is consistent between two mixtures.   



 

              

  

  

   

Figure E-2. Effects of aging temperatures above 100°C on the relationship between log G* 
and carbonyl + sulfoxide absorbance peaks: (a) SHRP AAG-1, (c) SHRP AAD-1, and (e) 
ALF SBS. Effects of aging temperature on the relationship between log G* and carbonyl 

absorbance area: (b) SHRP AAG-1, (d) SHRP AAD-1, and (f) ALF SBS. 
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Effects of Material State 
Loose Mixture Aging vs. Compacted Specimen Aging 

 
The state of the asphalt mixture during aging may impact the oxidation mechanisms. In 

compacted specimen aging, the oxidation reaction is expected to be diffusion-controlled. Oxygen 
must percolate through air voids and binder film in compacted specimens for the oxidation 
reaction to occur. As a result, the oxidation reaction in compacted specimens is expected to be 
limited by the local partial pressure of the oxygen within the specimen. Thus, compacted 
specimens experience oxidation gradients in accordance with the distance from the sample 
periphery (Elwardany et al. 2016). Loose mix aging is anticipated to be uniform and kinetics-
controlled because the mixture is aged in thin layers, and thus, the binder has ample exposure to 
oxygen. Figure E-3 presents the correlations between the rheological and chemical AIPs for the 
binders extracted and recovered in compacted specimen aging trials conducted at 85°C and 
laboratory loose mix aging trials conducted at 70°C, 85°C, and 95°C. A clear difference is 
evident in the relationship between log G* and C+S in compacted specimen aging versus loose 
mix aging. It is speculated that this difference indicates that oxidation in compacted specimen 
aging is diffusion-controlled whereas the oxidation that takes place in loose mix aging is 
kinetics-controlled. However, it is not fully understood why diffusion-controlled oxidation leads 
to a reduction in hardening susceptibility. Thus, the chemical changes induced by a diffusion-
controlled versus kinetics-controlled oxidation reaction merits investigation in future work. 

 

 

Figure E-3. Correlation between log G* and carbonyl plus sulfoxide peaks for binders 
extracted and recovered from different aging conditions. 

 
Mixture Aging vs. Binder Aging 

 
Oxidation mechanisms may be affected by factors such as the presence of aggregate, film 

thickness, and pressure. Therefore, the relationships between chemistry and rheology for loose 
mixture aging and binder aging were compared in this study. 
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USAT vs. Loose Mixture Aging 
 

It can be assumed that both USAT binder aging and loose mixture aging are kinetics-
controlled reactions. Farrar et al. (2015) proposed that the USAT procedure induces kinetics-
controlled oxidation with no diffusion effects because the film thickness is small (300 μm). 
Similarly, loose mix aging is assumed to be kinetics-controlled because the film thickness of the 
binder on the aggregate likewise is small (less than 300 μm). Therefore, comparing USAT and 
loose mix test results can be used to elucidate the effects of the aggregate on the oxidation 
mechanisms. The selective adsorption of asphaltenes by the aggregate and filler can alter the 
oxidation mechanism because adsorbed asphaltenes are unavailable for oxidation (Petersen 
2009). Figure E-4 (a) and (b) present correlations between the rheological and chemical AIPs 
obtained from USAT binder aging and loose mix oven aging for the NC mix and ALF Control 
mix, respectively. Loose mix oven aging trials were conducted at 70°C, 85°C, and 95°C. USAT 
aging was conducted at 100°C for the NC binder and 85°C for the ALF Control binder. Figure E-
4 (a) demonstrates a potential difference in the relationship between chemistry and rheology but 
additional data are needed to draw a firm conclusion for the NC mixture. Figure E-4 (b) 
demonstrates relatively good agreement between the USAT and loose mix aging test results. 
Thus, these results indicate that the presence of aggregate has only a minor effect on the 
oxidation reaction.  

 

  
Figure E-4. Correlation between log G* and carbonyl plus sulfoxide peaks for loose mix 

aging and USAT binder aging: (a) NC Mix and (b) ALF Control. 
 

Standard RTFO and PAV Aging vs. Loose Mix Aging 
 

The relationships between rheology and chemistry in standard binder aging procedures 
(RTFO and PAV) were compared to those in loose mixture aging to allow for the general 
assessment of the ability of different binder aging procedures to reflect mixture aging. It should 
be noted that multiple factors may impact the differences in loose mix aging versus standard 
binder aging. Temperature, pressure, film thickness, and aggregate-asphalt interactions could all 
impact the results. As discussed, oxidative aging at temperatures that exceed 100°C can 
significantly impact the oxidation reaction. RTFO aging utilizes 163°C, which is significantly 
higher than the mixture short-term aging temperature (135°C). In addition, several research 
studies suggest that the application of pressure can alter the oxidation mechanism, which may 
impact the relative amounts of chemical functional groups formed upon oxidation, which in turn 
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affects the hardening susceptibility (Petersen and Glaser 2011, Domke et al. 1997). Therefore, 
comparisons between standard binder aging results and loose mix aging results cannot be used to 
identify the effects of individual factors on oxidation mechanisms.    

Figure E-5 presents the correlations between the rheological and chemical AIPs for 
binders aged using standard RTFO and PAV procedures and binders extracted and recovered 
after laboratory loose mix aging conducted at 70°C, 85°C, and 95°C. The RTFO aging results 
tend to deviate from the trends of the other aging trials, which is speculated to be related to the 
relatively high temperature used in RTFO aging (163°C) compared to that used for mixture 
short-term aging (135°C), but could be related also to the effects of the aggregate in the mixture 
aging process, which are absent in binder aging. The results somewhat surprisingly indicate that 
the relationship between log G* and C+S for the RTFO+PAV aged binder is generally close to 
that of the binder extracted from aged loose mix. However, this finding does not necessarily 
imply good agreement between the oxidation reaction mechanisms, but rather a potential 
cancelling-out effect of the various factors that differ between standard binder aging and loose 
mix aging.  
 

 

 
Figure E-5. Correlation between log G* and carbonyl plus sulfoxide peaks for loose mix 

aging versus standard binder RTFO and RTFO+PAV aging: (a) NC Mix, (b) ALF Control, 
(c) ALF SBS, and (d) SHRP AAD-1. 
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Effect of Pressure 
 

As discussed, pressure may affect the relationship between rheology and chemistry. 
However, comparing the loose mixture aging results and the binder PAV aging results does not 
allow for a direct assessment of the effect of pressure on the oxidation mechanism. Therefore, a 
comparison of binders extracted from loose mix aged with and without the application of 
external pressure was made using the NC Mix to study the effects of pressure on oxidation 
products directly. Figure E-6 presents the results. The results indicate a clear difference in the 
relationship between log G* and C+S in oven aging versus pressure aging. These results also 
agree with past study results (Petersen and Glaser 2011, Domke et al. 1997). Petersen and Glaser 
(2011) suggested that oxidation occurs deeper in the microstructure of the binder when pressure 
is applied during aging, which has less effect on the rheology than the oxidation reactions that 
occur in the absence of external pressure. Thus, for a given C+S value, it is expected that the G* 
value would be lower for PAV-aged material than for oven-aged material.  

 

 

Figure E-6. Correlation between log G* and carbonyl plus sulfoxide absorbance peaks for 
loose mix aging with and without applied pressure. 

 
Laboratory Aging vs. Field Aging 
 

Laboratory and field aging may lead to differences in oxidation reaction mechanisms. 
Therefore, the relationships between log G* and C+S for binders extracted from laboratory-aged 
loose mix and binders extracted from varying depths of field cores were compared. Figure E-7 
presents the results. Generally, the field results fall below the laboratory loose mix aging results. 
This finding is analogous to the findings presented in Figure E-3 where the compacted specimen 
results fall below the loose mix results. These results suggest that field oxidation is diffusion-
controlled below the surface of the pavement, whereas loose mix aging is kinetics-controlled. 
Although the results for the binders extracted from the surface of field cores are generally close 
to the laboratory loose mix aging results, they also differ slightly from the laboratory aging 
results, indicating that other mechanisms may affect the field oxidation reaction. For example, 
ultraviolet photo-oxidation may affect the oxidation of the surface of pavements, which is an 
effect that is absent in laboratory aging (Das et al. 2014). Therefore, the possibility of fully 
replicating field-aged material in the laboratory is unlikely. However, the results also indicate 
that loose mix aging can be used to produce oxidized material that has the same rheology and 
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relatively similar chemistry to the surface of field-aged material, thereby allowing for reasonable 
performance testing and predictions of asphalt mixtures. Compacted specimen aging is not 
recommended because it leads to a gradient in oxidation with distance from the specimen 
periphery, which leads to variable properties in specimens and thus is problematic for 
performance testing and prediction (Elwardany et al. 2016). It remains to be proven or disproven 
whether compacted specimen aging better matches the field reaction mechanisms than loose mix 
aging. However, fully reflecting field conditions is probably impossible due to the potential 
effects of pavement structure, densification, and moisture. 
 

 

 

  

Figure E-7. Correlations between log G* and carbonyl plus sulfoxide peaks for binders 
extracted and recovered from laboratory loose mixtures aged at different temperatures 
below 100°C and binders extracted and recovered from different depths of in-service 

asphalt pavement: (a) ALF Control (8 years old), (b) ALF SBS (8 years old), (c) WesTrack 
1995 (19 years old), and (d) WesTrack 1997 (17 years old). 
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Conclusions and Recommendations 
 

The following conclusions and recommendations can be drawn from this study: 
 
• The relationship between chemical and rheological AIPs can be used to identify 

changes in oxidation reaction mechanisms.  
• The evaluation of loose mix aging at multiple temperatures indicates that a significant 

change in the relationship between binder rheology and chemistry occurs when the 
aging temperature is increased from 95°C to 135°C. This finding implies a change in 
the reaction mechanism, and therefore, laboratory aging above 95°C should be 
avoided. Laboratory aging at or below 95°C indicates no change in the reaction 
mechanism based on observed trends in the relationship between rheology and 
chemistry. 

• The hardening susceptibility of asphalt binders, defined as the slope of the rheology 
versus chemistry AIP lines, depends on the asphalt binder source. Thus, binders with 
the same performance grade (PG) may age differently. 

• The results indicate that the physico-chemical interaction between asphalt and 
aggregate has only a minor impact on oxidation reaction products. However, this 
finding should be verified using a broader set of materials in future work. 

• The application of pressure leads to a change in the oxidation reaction mechanism. 
The results confirm the literature findings that an application of pressure leads to a 
decrease in hardening susceptibility.  

• A comparison of binders extracted from laboratory-aged loose mixture, laboratory-
aged compacted specimens, and field cores suggests that field aging is diffusion-
controlled below the pavement surface. In addition, the oxidation at the pavement 
surface differs from that of laboratory-aged loose mixture even though both the 
pavement surface and laboratory-aged loose mix are speculated to experience 
kinetics-driven oxidation. This result suggests that ultraviolet photo-oxidation and/or 
other field variables affect pavement oxidation, which cannot be easily replicated in 
the laboratory. 
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APPENDIX F 
 
Evaluation of Asphalt Mixture Laboratory Long-Term Aging 
 
Introduction 
 

Aging has long been recognized as a major distress mechanism for asphalt concrete and, 
by extension, asphalt pavements. Aging causes the material to stiffen and embrittle, which leads 
to a high potential for cracking. The issue of oxidative aging of asphalt binder has been 
recognized and studied for almost a century. Hubbard and Reeve (1913) published the first 
results of a study that examined the effects of a year of outdoor weathering on the physical 
(weight, hardness, etc.) and chemical (solubility) properties of paving grade asphalt cements. 
Subsequent studies confirmed their basic finding that oxidation, and not volatilization alone, is 
responsible for changes in asphalt properties that occur due to exposure (Thurston and Knowles 
1936, Corbett and Merz 1975). Significant research also has been conducted to investigate the 
chemical aspects of the aging process, and an excellent review of these studies can be found in 
Petersen (2009). For some of these studies, researchers conducted sophisticated experiments and 
proposed conceptual, empirical, and/or analytical models to explain the aging phenomenon of 
asphalt binder (Liu et al. 1996, Petersen and Harnsberger 1998, Glover et al. 2008). Although a 
significant amount of effort has been placed on understanding the aging process of asphalt 
binder, relatively less work has been put forth to develop laboratory aging procedures for 
producing aged mixture specimens for performance testing. In addition, very little effort has 
been made to validate the laboratory aging methods with field measurements. 

The accurate characterization of asphalt mixture properties in terms of the service life of 
a pavement is becoming more important as more powerful pavement design and performance 
prediction methods are implemented. Both an accurate aging model and an optimal laboratory 
conditioning procedure are required to simulate long-term aging for performance testing and 
prediction in order to integrate the effects of long-term aging into pavement prediction models 
and other mechanistic design and analysis methods. This study seeks to evaluate existing 
laboratory asphalt mixture aging methods to assess their ability to produce oxidation of 
specimens efficiently and to maintain specimen integrity for performance testing. 

 
Existing Asphalt Mixture Aging Methods 
 

Several asphalt mixture laboratory aging procedures have been utilized in past studies. 
These procedures can be broadly classified based on the (a) state of the material during aging 
(compacted specimen vs. loose mix) and (b) pressure level (oven aging vs. pressurized aging). 
Thus, the discussion of the laboratory aging of asphalt mixtures in this study focuses on these 
two factors. 

 
Compacted Specimen Aging versus Loose Mixture Aging 
 

The standard method used to assess the long-term aging of asphalt mixtures in the United 
States is American Association of State Highway and Transportation Officials (AASHTO) R 30 
(2001). In this method, compacted asphalt mixture specimens are subjected to short-term aging 
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at 135°C for four hours. Then, the short-term aged mixtures are compacted. The compacted 
specimen is cored or sawn to the required dimensions and then placed in a forced draft oven for 
long-term aging. The long-term aging simulation is performed at 85°C ± 3°C for 120 ± 0.5 hours 
to represent five to ten years of aging in the field. Additional compacted specimen aging 
procedures (oven aging at different temperatures with and without pressure) have been tried and 
are cited in the literature (e.g., Partl et al. 2013, Mollenhauer and Mouillet 2011, Reed 2010, 
Houston et al. 2005, Hachiya et al. 2003, Korsgaard et al. 1996, Bell et al., 1994a, and Von 
Quintus et al. 1992). Two specimen integrity issues have been found using compacted specimen 
aging: 

 
(1) Distortion: Changes in air void content and geometry due to compression under self-weight 

have been reported when using AASHTO R 30 (Reed 2010). To overcome this problem, the 
National Research Cooperative Highway Research Project (NCHRP) 9-23 protocol 
recommends wrapping specimens in metal wire mesh secured with three clamps to prevent 
the samples from geometry distortion (Houston et al. 2005). However, this approach has 
been reported only to reduce, but not eliminate, specimen distortion during aging (Reed 
2010).  

(2) Oxidation gradient: The NCHRP 9-23 project (2005) demonstrated that the long-term oven 
aging of compacted specimens leads to both radial and vertical oxidation gradients in 
mixture specimens, which is a concern for the use of long-term oven aging of compacted 
specimens in performance testing because properties throughout a specimen differ (Houston 
et al. 2005). 
 

It is important to take in to consideration that the objective of the laboratory aging 
method should not be to replicate the field aging gradient. The objective of this study is to select 
an aging method that yields uniform aging throughout the specimen at the material level. In order 
to prepare specimens for performance testing and model their behavior in the laboratory, the 
representative volume element (RVE) requirements should be fulfilled. An aging gradient would 
lead to multiple |E*| values within the specimen and also variable fatigue performance 
throughout the specimen. 

In addition, the aging gradient in a laboratory-aged specimen does not replicate field 
aging gradients. In the field, aging is greatest at the surface and reduces with depth. However, in 
laboratory-aged specimens, aging is greatest at the periphery and reduces towards the center of 
the specimen. Hence, the direction of aging gradients differ between field cores and compacted 
specimens prepared in the laboratory (Houston et al. 2005). 

Although less common than aging compacted specimens, the laboratory aging of loose 
(uncompacted) asphalt mixtures also has been tried (e.g., Arega et al. 2013, Partl et al. 2013, 
Mollenhauer and Mouillet 2011, Van den Bergh 2011, Reed 2010). Several studies recommend 
aging loose mixtures in the laboratory to simulate the aging of asphalt pavements instead of 
aging compacted specimens (Mollenhauer and Mouillet 2011, Van den Bergh 2011). It should be 
noted that some of the laboratory aging studies conducted on loose mixtures were designed to 
prepare reclaimed asphalt pavement (RAP) materials rather than to investigate compaction and 
subsequent performance testing (Partl et al. 2013, Mollenhauer and Mouillet 2011, Van den 
Bergh 2011). Geometry distortion is not a concern with loose mix aging because the specimens 
are compacted following aging. In addition, aging gradients are not a problem, because the loose 
mix is aged as a single layer of coated aggregate particles and, thus, oxygen and heat can 
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circulate easily throughout the mix. Also, the increased surface area of the binder film that is 
exposed to oxygen is believed to accelerate aging in loose mixtures compared to compacted 
specimens. However, the compaction of aged loose mix for performance testing can lead to a 
potential specimen integrity concern, because aged binder is very stiff and thus is expected to be 
less compactable than unaged material. For example, a study on the loose mix aging of an 
asphalt rubber friction course (ARFC) indicated that significantly more effort is required to 
compact long-term aged loose mix than short-term aged loose mix (Reed 2010). However, it is 
important to note that an ARFC represents an extreme case with rubber-modified asphalt and 
relatively thick asphalt film. It also has been found that the increased force/effort that is required 
to reach target air void contents when using compacted aged loose mixtures may cause 
degradation in the aggregate structure and alter the mixture properties (Gatchalian 2006). 

Based on a thorough review of the literature (Arega et al. 2013, Partl et al. 2013, 
Mollenhauer and Mouillet 2011, Reed 2010, Harrigan 2007, Houston et al. 2005), the advantages 
and disadvantages of compacted specimen aging and loose mix aging have been compiled and 
are summarized in Table F-1. 
 
Table F-1. Comparison between loose mix aging and compacted specimens aging methods 

Loose Mix 

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

Cons 
• Difficulties associated with compaction of aged loose mix, which limits its use for 

producing specimens for performance testing 
• Limited amount of materials can be aged in standard PAV chamber  

Compacted 
Specimen 

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

Cons 
• Slower oxidation rate than loose mix 
• Integrity of the specimens is compromised at high temperatures and pressures due 

to slump and cracking upon pressure release 
• Oxidation gradients exist radially and throughout height of the specimen 

 
Oven Aging versus Pressure Aging 
 

Long-term oven aging is the most common method that is used to simulate the oxidative 
aging of asphalt mixtures in the laboratory. As discussed, the current standard procedure, 
AASHTO R 30, consists of conditioning compacted asphalt concrete specimens in an oven at 
85°C for five days. However, other oven aging procedures have been tried and are cited in the 
literature. Although these procedures are somewhat similar in terms of methodology, the long-
term oven aging procedures differ in terms of temperature and duration (e.g., Bell et al. 1994, 
Houston et al. 2005, Reed 2010).  

The summaries of compacted and loose mixture aging trials (refer to Appendix A) 
demonstrate that long-term oven aging requires considerable time to produce oxidation levels 
that correspond to field conditions near the end of a pavement’s service life. Hence, researchers 
have attempted to conduct long-term aging trials using both loose mix and compacted specimens 
under air pressure to expedite oxidative aging (e.g., Kumar and Goetz 1977, Von Quintus et al. 
1988, Bell et al. 1994). Different pressure and temperature combinations were tried in these 
studies. Generally, these earlier studies suggest that air/oxygen pressure expedites oxidative 



 

F - 4 
 

aging. However, in the case of aging compacted specimens, the loss of integrity during aging is a 
concern unless low temperatures are used, which can adversely affect the aging rate.  

The standardized pressure aging equipment that is widely used in the asphalt industry is 
the pressurized aging vessel (PAV). The PAV has been used to age both loose mix and 
compacted specimens. One of the main shortcomings of PAV aging compared to oven aging is 
the amount of material that can be aged. Based on previous studies of loose mixture aging, in 
order to obtain uniform aging, a uniform thin layer of loose mix should be placed in the PAV, 
which reduces the capacity of the equipment to a very low level (around 1 kilogram) (Partl et al. 
2013). Despite this capacity problem, however, it is believed that the air/oxygen pressure in the 
PAV can expedite aging and reduce the time required to achieve a certain level of aging in an 
asphalt mixture specimen. Furthermore, if a smaller geometry for asphalt mixture cores is used, 
more specimens can be aged at once. However, concern remains with respect to maintaining 
compacted specimen integrity during pressure aging and upon pressure release, which needs to 
be considered carefully when assessing PAV aging of compacted mix specimens (Bell et al. 
1994). Table F-2 presents a brief summary of the pros and cons of conducting oven versus 
pressurized aging.  
 

 
Table F-2. Comparison between oven and PAV aging methods 

Oven 
Aging 

Pros • Available and easy to perform and control 
• Large amount of material can be aged  

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

temperatures 

Pressure 
Aging 

Pros 
• Pressure can expedite the aging process 
• More reliable than oven aging due to less equipment variability between 

laboratories 

Cons 
• Due to limited capacity of the vessel, less material can be aged in each aging 

cycle unless new device is developed 
• Integrity of compacted samples during and after testing is a major concern 

 
Objectives 

 
The objectives of this study are to: 

(1) Evaluate aging of loose mix and compacted specimens. 
(2) Evaluate laboratory aging with and without the application of pressure 
(3) Select the most promising aging method for performance testing and prediction based 

on efficiency in oxidizing specimen, integrity of the aged specimens for performance 
testing, cost, and versatility.  

 
Materials and Methods 
Aging Methods 
Compacted Specimen Aging 
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To evaluate compacted specimen aging as rigorously as possible, various compacted 
specimen aging methods were tried in this study. To overcome the specimen integrity issues 
associated with AASHTO R 30, including distortion and oxidation gradients, two potential 
remedial approaches were tried:  

 
(1) Application of pressure to increase the diffusion of oxygen and, hence, potentially reduce 

oxidation gradients. 
(2) Use of small specimens, 38 mm in diameter and 100 mm in height, to reduce the diffusion 

path distances and reduce slump under self-weight.  
 

The compacted specimen aging trials included pressurized and oven aging of both large 
and small specimens. To prepare the specimens, mixtures were first prepared using component 
materials and subjected to short-term oven aging. Then, the mixtures were compacted in a 
Superpave Gyratory Compacter (SGC) to fabricate Ø150-mm × 178-mm specimens. 
Subsequently, large specimens for aging were obtained through coring to obtain Ø100-mm × 
178-mm specimens. The ends of the cored large specimens were not sawn before aging because 
of the high probability of an aging gradient that could affect the performance test results. To 
fabricate the small specimens, Ø38-mm cylindrical specimens were cored horizontally from the 
initial specimens (Ø150 mm × 178 mm). 

For the oven aging trials of the large specimens, wire mesh supports were utilized to 
minimize distortion under self-weight. A single aging temperature, 85°C (as specified by 
AASHTO R 30), was used for the aging trials. Pressure aging trials were conducted in a standard 
asphalt binder PAV. A pressure level of 300 kPa was selected for the PAV aging trials because 
higher pressure levels had been found to damage specimens upon pressure release in the 
Strategic Highway Research Program (SHRP) (Bell et al. 1994a). In addition, in order to reduce 
the stress on the large specimens under self-weight in the PAV, a wire mesh hammock-like 
support was developed to allow the specimen weight to be distributed over a larger area on its 
sides than if it were positioned vertically, as shown in Figure F-1. 

 

 
Figure F-1. Simple set-up for holding large specimens during aging in the PAV. 

 
Loose Mix Aging 

 
Long-term aging of loose mix with and without pressure also was tried. Prior to all the 

long-term aging trials, the loose mix was first subjected to short-term aging. The oven aging of 
the loose mix was accomplished by separating the mix into several pans such that each pan had a 
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relatively thin layer of loose mix (approximately equal to the nominal maximum aggregate size 
(NMAS) of the aged mix), as shown in Figure F-2 (a). The loose mix was agitated several times 
during oven aging, and the pans in the oven were rotated systematically to minimize any effects 
of an oven temperature gradient and/or draft on the degree of aging. After long-term aging, the 
materials were taken out of the oven and mixed together in order to obtain a uniform mixture, 
and then the mixture was left to cool to room temperature. The loose mixture was then reheated 
to the compaction temperature for 75 minutes. Specimens were compacted following aging for 
performance testing. Because the compactability of the aged loose mix was a potential concern, 
the effect of increasing the compaction temperature on the compactability of the aged loose mix 
was investigated. 

The pressure aging trials for the loose mix utilized the standard binder PAV pressure of 
2.1 MPa, because pressure was not anticipated to induce any integrity concerns regarding the 
loose mixture samples, as compaction follows the aging process. The specimen set-up is shown 
in Figure F-2 (b) and Figure F-2 (c). The loose mix was dispersed in thin layers, consistent with 
the process for oven aging. The size of the binder PAV prohibited aging a large quantity of mix 
efficiently, and thus, any gain in the oxidation rate had to be balanced with the amount of 
material that could be aged at one time or, conversely, the associated costs in developing a 
mixture-specific pressure aging device. Due to the capacity constraints of the PAV, the long-
term aging trials of the loose mix in the PAV were limited to simply assessing how much 
pressure would expedite the oxidation of the loose mix. Insufficient quantities of material were 
aged to produce compacted specimens. However, extracted binder also was tested, which 
allowed the extent of the oxidation to be determined and, hence, allowed an assessment of the 
efficiency gains due to pressure in oxidizing the loose mix.  

 

 
  (a)         (b)           (c) 

Figure F-2. Long-term aging of loose mix: (a) loose mix separated into pans in thin layers 
for long-term aging in oven, (b) loose mix separated in thin layers in rack developed for 

long-term aging in PAV, and (c) rack placed in standard binder PAV. 
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Evaluation of Oxidation Level 
 
Modelling the extent of oxidation in a pavement requires ‘tracking’ the property with 

respect to time, which is related directly to the oxidation level in the pavement. Asphalt binder is 
the component in asphalt mixture that undergoes oxidative aging; hence, the oxidation of a 
pavement is best tracked using the binder properties. Thus, the extent of oxidation achieved in 
the asphalt mixture aging trials was evaluated through the extraction and recovery of the binder 
following a proposed standard AASHTO specification by the Western Research Institute (WRI) 
(Farrar et al. 2015); the extent of oxidation was evaluated using rheology and chemistry, also. 
The binder properties that were used to measure the extent of oxidation are referred to herein as 
the aging index properties (AIPs). 

Binder also was extracted from the short-term aged loose mix and tested in order to 
provide a point of reference to assess the oxidation that was induced during long-term aging. In 
addition, the AIPs of the binders that were aged using standard rolling thin-film oven (RTFO) 
aging and RTFO plus PAV aging (i.e., RTFO + PAV) were measured to provide an additional 
reference, as it is known that the binder PAV is expected to simulate five to ten years of aging in 
the field.  

The chemical and rheological AIPs used to evaluate the oxidation were the C+S 
absorbance peaks and the binder dynamic shear modulus values (G*) at 64°C and 10 Hz loading 
frequency. Rheology testing was conducted using a TA ARG2 Dynamic Shear Rheometer 
(DSR). The DSR tests utilized an 8-mm parallel plate spindle with a strain level of 1 percent. 
Attenuated total reflectance (ATR) Fourier transform infrared (FTIR) spectroscopy 
simultaneously collected the absorbance data within a wide spectral range (400 cm-1 to 4000 cm-

1). Peaks in the spectral data were used to detect the chemical functional groups. Functional 
groups that contain oxygen include carbonyls and sulfoxides. Hence, changes in the 
concentration of the carbonyls and sulfoxides could be applied to the AIPs to measure the extent 
of oxygen uptake in the asphalt binder (Petersen and Glaser 2011, Petersen 1998, Petersen and 
Harnsberger 1998). Changes in the carbonyl and sulfoxide peaks were tracked at wave numbers 
1702 cm-1 and 1032 cm-1, respectively. The C+S absorbance peaks was found to be the chemical 
AIP that was most sensitive to oxidation level. FTIR data presented in this study are based on a 
minimum of two replicates. Based on a sensitivity investigation (Gundla et al. 2016, Kim 2015), 
a two percent change in the carbonyl + sulfoxide absorbance and a 15 percent change in the 
binder dynamic shear modulus both correspond to approximately a 10 percent change in the 
mixtures’ dynamic modulus values. A 10 percent change in the dynamic modulus value is 
considered a reasonable threshold of significance and, hence, a two percent change in the 
carbonyl + sulfoxide absorbance peaks and 15 percent change in the dynamic shear modulus 
values at 64°C and 10 Hz were used as thresholds for detecting significant differences when 
interpreting the AIP results. 

 
Evaluation of Specimen Integrity 
Compacted Specimen Aging 
 

Three criteria were used to evaluate the integrity of the specimens subjected to 
compacted specimen aging:  
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(1) Initial integrity check: Specimen integrity was evaluated initially by visual inspection, 
dimension measurements, and air void content comparisons before and after aging to 
determine if the specimen was damaged during the laboratory aging process. If an aging 
method was found to disturb specimen integrity, it was eliminated from further 
consideration.   

(2) Performance testing: Performance test data were analyzed to detect any integrity issues that 
were not related to measurable geometry changes (e.g., micro-cracking). Dynamic modulus 
tests (AASHTO TP 79-12) were conducted to determine the linear viscoelastic 
characteristics of the asphalt mixtures. The dynamic modulus mastercurve was obtained by 
fitting a sigmoidal function and the time-temperature shift factors simultaneously using least 
squares optimization. Additionally, cyclic direct tension fatigue tests following the 
Simplified Viscoelastic Continuum Damage (S-VECD) procedure (AASHTO TP 107-14) 
were conducted. The S-VECD model is a rigorous mechanistic model that describes the 
fatigue behavior of asphalt mixtures under a wide range of loading and environmental 
conditions. Damage characteristic relationship and pseudo energy-based failure criterion are 
determined from the fatigue tests. In this study, these properties of the long-term aged 
mixtures were compared to those from the short-term aged mixtures to determine if 
specimen integrity was affected during aging. 

(3) Oxidation gradient: Oxidation gradients in the aged specimens were evaluated through 
FTIR-ATR and DSR testing of binders extracted and recovered from locations in an aged 
specimen that varied in terms of distance from the specimen periphery. Differences in the 
rheology and chemical compositions, along with the distance from the specimen periphery, 
were used to detect the presence (if any) of an aging gradient. 
 

Loose Mix Aging 
 
Two criteria were used to evaluate the integrity of the specimens that were compacted 

following loose mix aging:  

 

(1) Initial integrity check: The number of gyrations required to meet the target air void content 
was compared with that for the short-term aged mix in order to assess compactability. Air 
void content measurements were used to verify that the desired compaction level was met. In 
addition, digital imaging processing software was used to analyze the internal coarse 
aggregate structure of the compacted short-term and long-term aged loose mixes to determine 
if the aggregate structure was degraded by compacting the mixes following long-term aging. 

(2) Performance testing: Performance tests, including dynamic modulus tests (AASHTO TP 79-
12) and cyclic fatigue tests (AASHTO TP 107-14), were conducted on specimens that were 
compacted following loose mix aging to assess any further potential integrity problems (e.g., 
dynamic modulus decrease upon aging). 

 
Criteria for Selection of the Most Promising Aging Method 

 
The ultimate outcome of this study is to select the most promising aging method. In order 

to do so, compacted and loose mix aging methods were compared based on the following 
criteria:  
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(1) Specimen integrity: Specimen integrity, as related to compacted and loose mix aging, as 

previously discussed, is important for reliable performance evaluation.  
(2) Efficiency: The relative rate of oxidation achieved in each method, as evaluated through 

comparisons of chemical and rheological AIPs, was quantified using FTIR-ATR and DSR 
temperature-frequency sweep testing, respectively. 

(3) Practicality and versatility: The relative cost and availability of the required equipment 
were considered in selecting the most promising aging method. Furthermore, the versatility 
of the specimen geometries that can be produced for performance testing was an important 
consideration.  
 

Materials 
Phase 1 – Preliminary Evaluation of Aging Methods 

 
In order to evaluate candidate methods, preliminary aging trials were conducted on a 

typical North Carolina mix with 9.5 mm NMAS and PG 64-22 binder, hereinafter referred to as 
the ‘NC mix’. Loose mixtures were prepared in the laboratory from the original component 
materials. For the long-term aging of loose mix in the oven using the NC mix at 85°C, specimens 
were compacted following long-term aging for performance testing at two temperatures, 144°C 
(consistent with specifications for short-term aged material) and 157°C, to determine if the 
increased temperature aided the compactability of the mix. The latter temperature is the 
recommended temperature for compacting less workable mixtures fabricated with high PG 
binders following the equiviscosity and equiphase angle concepts presented in a study conducted 
by the National Center for Asphalt Technology (NCAT) (West et al. 2010) that used the SGC to 
produce 178-mm tall specimens.  

 
Phase 2 – Verification of the Selected Aging Method 
 

Selection of loose mixture aging was the eventual outcome of the Phase 1 aging trials. To 
verify the findings of Phase 1 using the NC mix, the Federal Highway Administration (FHWA) 
Accelerated Loading Facility (ALF) styrene-butadiene-styrene (SBS) modified mix, hereinafter 
referred to as ‘FHWA ALF SBS’, was used because it is known to be both difficult to compact 
and highly susceptible to hardening with oxidation (Gibson et al. 2012). Loose mixtures were 
prepared in the laboratory from the original component materials. Asphalt binder was extracted 
and recovered from a field core obtained after eight years in service at the FHWA ALF in 
McLean, VA for comparison to the loose mix aging trial results. Loose mix aging trials were 
conducted at 70°C, 85°C, and 95°C to determine the time required to match the level of 
oxidation of the surface layer of the field core at varying depths. To evaluate the integrity of the 
specimens that were compacted following loose mix aging, two laboratory aging conditions were 
considered: eight days at 85°C, consistent with Phase 1 of this study, and 21 days at 95°C, which 
was found to match the level of oxidation of the binder extracted from the surface of the field 
core. Note that this latter condition is thought to represent an ‘extreme’ level of oxidation, as 
oxidation levels dissipate drastically with the depth of the pavement. The conditioning 
temperature of 95°C was selected because it can expedite aging faster than 85°C but is not 
expected to lead to volatilization or degradation of the polymers (Petersen 2009). 
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Experimental Plan 
 
Figure F-3 provides a summary of the experimental plan used to evaluate and select the 

most promising aging method. The experimental plan was designed to include high temperature 
conditioning of loose mixtures and compacted specimens with and without pressure. As 
previously mentioned, the experimental plan was divided to two phases: Phase I – Preliminary 
evaluation of aging methods, and Phase II – Verification of the selected aging method. For the 
compacted specimens, two geometries were considered: standard 100 mm diameter specimens 
and small specimen geometry 38 mm diameter. The small specimen geometry was suggested by 
the FHWA in its forensic evaluation of ALF pavements (Mbarki et al. 2012). It is important to 
note that performance assessment in this study was based on dynamic modulus and cyclic direct 
tension fatigue tests. 
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Figure F-3. Summary of the experimental plan. 

 
Table F-3 provides a summary of the experiments conducted in this study. Note that only 

a subset of the aged materials was subjected to performance testing due to time constraints. 
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Table F-3. Summary of aging trials and naming scheme description 

Mixture Material Aging 
Method 

Temp. 
(°C) Duration 

Air 
Pressure 

(kPa) 
Sample ID Performance 

Testing* 

NCS9.5B 
 

Binder RTFO 163 85 min - RTFO-NC -- 
PAV 100 20 hr 2100 PAV-NC -- 

Loose Mix 

STA 135 4 hr - S-NC Yes 

Oven 

85 
8 days, 

Compacted 
at 144°C  

- 
L-O-85-8D-
NC-(C144) Yes 

85 
8 days, 

Compacted 
at 157°C  

- 
L-O-85-8D-
NC-(C157) Yes 

PAV 85 2 days 2100 L-P21-85-2D-
NC No 

Compacted 
Specimen 

Small 
PAV 85 

1 day 300 C-P3-85-1D-
NC-S No 

3 days 300 C-P3-85-3D-
NC-S No 

Oven 85 8 days - C-O-85-8D-
NC-S No 

Large 
PAV 85 1 day 300 C-P3-85-1D-

NC-L Yes 

Oven 85 8 days - C-O-85-8D-
NC-L Yes 

FHWA 
ALF-

SBS-LG 

Binder RTFO 163 85 min - RTFO-SBS -- 
PAV 100 20 hr 2100 PAV-SBS -- 

Loose Mix 

STA 135 4 hr - S-SBS Yes 

Oven 

70 35 days - L-O-70-35D-
SBS No 

85 
8 days - L-O-85-8D-

SBS Yes 

10 days - L-O-85-10D-
SBS No 

95 21 days - L-O-95-21D-
SBS Yes 

*Performance testing was conducted only for a select set of aged specimens. Note: STA is short-
term aging. 
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Results of Phase 1 
Initial Integrity Check Results 
Compacted Specimen Aging 

 
The initial integrity checks of the compacted specimens included visual inspection, air 

void content, and dimensions of the specimens. In cases where integrity issues were encountered, 
remedial strategies were developed to eliminate air void content and dimensional integrity 
problems. These strategies are detailed in Table F-4.  

 
Table F-4. Summary of findings from integrity check of compacted specimen long-term 

aging 

Material State Temperature Pressure Recommendation to Avoid Integrity 
Problems 

Compacted Large 
Specimen 85°C - Wire mesh support used for specimens 

Compacted Large 
Specimen 85°C 0.30 MPa Specimen placed in a hammock-like support 

on its side 

Compacted Small 
Specimen 85°C - Specimen placed in the oven on its side on a 

flat surface 

Compacted Small 
Specimen 85°C 0.30 MPa 

Controlled air pressure application 
considered and specimen placed on its side 

on a flat surface 

 
The comparison of the specimen air void contents before and after aging are shown in 

Figure F-4 for the aging trials that utilized the strategies detailed in Table F-4. The results 
indicate that very minor air void changes occurred during the aging of both the small and large 
specimens with and without pressure. Note that the initial integrity checks for the small 
specimens aged in the oven at 85°C for eight days indicate that no wire mesh was needed to 
avoid geometry distortion due to the relatively low weight of the small specimens. In addition to 
the assessment of air voids, the dimensions of compacted specimens were measured before and 
after long-term aging to assess integrity. For each specimen, top and bottom diameters, height at 
three points, and straightness of specimen sides were evaluated. No dimensional changes were 
observed for the aging trials that utilized the strategies detailed in Table F-4. 

However, visual changes were observed for all the specimens that were subjected to oven 
and PAV aging. A representative example of such visual change is shown in Figure F-5. It can 
be seen that the exposed aggregate particles appear largely to be coated in asphalt after aging. 
Although the reason for this visual change is not fully understood, it is thought to be related to 
the absorption of the binder by the aggregate at the elevated temperatures that were used during 
aging and/or bleeding of the asphalt binder to the surface of the mix. This visual change also has 
been reported by other researchers (e.g., Tarbox 2011). The research team speculates that 
aggregate porosity, binder viscosity, and mixture air void content may influence the visual 
change observed. 
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Figure F-4. void measurements for (a) large specimens (100 mm × 178 mm) before and 

after aging in the oven at 85°C for 8 days, (b) large specimens (100 mm × 178 mm) before 
and after aging in the PAV at 85°C, 300 kPa air pressure for 24 hours, (c) small specimens 

(38 mm × 100 mm) before and after aging in the oven at 85°C for 8 days, and (d) small 
specimens (38 mm × 100 mm) before and after aging in the PAV at 85°C, 300 kPa air 

pressure for 24 hours. 

(a)                                                                            (b)

(c)                                                                             (d)
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Figure F-5. NC mix specimen before (left) and after (right) long-term aging in the oven. 

 

Loose Mix Aging 
 
The number of gyrations needed to reach the target air void contents and analysis of the 

coarse aggregate structure were used as initial integrity checks for loose mix aging because the 
primary integrity concern was the ability to compact aged material for performance testing. Two 
compaction temperatures were tried: 144°C and 157°C. The numbers of gyrations required to 
reach the target air void contents for both the short-term and long-term aged materials are shown 
in Figure F-6. The results indicate no significant difference in the compaction effort required for 
the short-term and long-term aged materials. The results indicate that it is possible to compact 
aged loose mix with no adjustment to the compaction temperature.  

As an additional check of specimen integrity, the coarse aggregate structures of the 
specimens that were compacted following the short-term aging and long-term aging (with 
compaction at 144°C) were analyzed using the image processing software, Image Processing and 
Analysis System (iPas), developed at the University of Wisconsin-Madison and Michigan State 
University (Kutay et al. 2010, Coenen et al. 2011, Roohi et al. 2011). To apply iPas, the samples 
were cut vertically to form four sections, as depicted in Figure F-7 (a). Using a scanner, two-
dimensional images of the faces (numbers 2, 3, 4 and 5 shown in Figure F-7 (b)) were obtained 
and used as inputs for the iPas software. The iPas software outputs several quantities that can be 
used to quantify an aggregate structure, most notably the number of aggregate particle contacts 
and the contact length. A contact point is regarded as any point where two aggregate particles are 
in contact. The contact length is the length between the aggregate particle contacts. The iPas 
results are shown in Figure F-7 (c) and Figure F-7 (d). The results indicate no reduction in the 
number of contact points or contact length for the compacted aged material in this study, 
indicating no integrity problems associated with compacting the aged loose mix. 
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Figure F-6. Number of compaction gyrations required to achieve target air void content. 

 
 

                      
(a)                                (b) 

 
          (c)                              (d) 

Figure F-7. Course aggregate structure assessment for integrity check of long-term aging 
trials performed on loose mix (NCS9.5B mix) using iPas software: (a) SGC sample 

prepared for scanning, (b) schematic shows faces analyzed using iPas (2,3,4, and 5), (c) 
comparison between the number of contact points of course aggregate structure, and (d) 

comparison between the total contact length calculated between course aggregates. 
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Performance Test Results 

 
Following the initial integrity checks, the specimen integrity of the aged mixtures was 

assessed using performance testing. Only a limited number of aging conditions was selected for 
performance testing due to the time constraints detailed in Table F-3. For specimens that were 
aged using compacted specimen aging, the strategies detailed in Table F-4 were utilized to 
minimize integrity issues.  
 
Dynamic Modulus Results 

 
The dynamic modulus mastercurves are shown in Figure F-8. The results presented in 

Figure F-8 correspond to the average values of two replicates. No meaningful difference is 
evident between the dynamic modulus values of the short-term aged and PAV-aged compacted 
specimens, indicating that either (a) no significant aging occurred or (b) the application of 
pressure damaged the specimens. The specimens aged using other methods show a significant 
increase in dynamic modulus values.  

Loose mix aging led to slightly higher dynamic modulus values than compacted 
specimen aging in the oven for the same duration, indicating that aged loose mix can be 
compacted for performance testing. In addition, these results suggest that higher levels of 
oxidation can be achieved using loose mix aging compared to compacted specimen aging, given 
the same temperature and duration of conditioning in an oven. The compaction temperature 
utilized for the aged loose mixes had little effect on the dynamic modulus values. 
 

  
                                            (a)                                                                              (b) 

Figure F-8. Dynamic modulus test results: (a) log-log scale and (b) semi-log scale. 
 
Fatigue Performance Testing Results 

 
Figure F-9 presents the damage characteristic curves obtained from the S-VECD model 

analysis of the cyclic direct tension test results for both the short-term and long-term aged 
materials. In accordance with AASHTO TP 107-14, each material was tested at three different 
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cross head displacement amplitudes that are expected to yield to fatigue lives (Nf) that falls in 
specific ranges as follows: Nf less than 5000 cycles, Nf between 5000 and 25000 cycles, and Nf 
greater than 25000 cycles. Typically, damage characteristic curves are used to describe the 
relationship between material integrity and damage and are path-independent (i.e., independent 
of loading and thermal history). The curves presented in Figure F-9 represent the average of the 
curves obtained from three different crosshead displacement amplitudes used in the tests. The 
damage characteristic curves of the stiffer materials usually are higher than the damage 
characteristic curves of the softer mixtures, as demonstrated also in Hou et al. (2010) and 
Norouzi et al. (2015). Because aging is expected to increase the stiffness of asphalt mixtures, it is 
expected that the damage characteristic curves of the long-term aged mixtures would be higher 
than those of the short-term aged mixtures, unless an integrity problem existed in the specimen. 
The results demonstrate that all the oven-aged specimens (both aged loose mix and aged 
compacted specimens) have higher damage characteristic curves than the short-term aged 
specimens, indicating no integrity issues. In other words, the compaction of aged loose mix does 
not appear to lead to integrity problems. Furthermore, the results of the long-term aged loose 
mixture trials show similar damage characteristic curves regardless of the compaction 
temperature, indicating that specimen integrity can be achieved without elevating the compaction 
temperature. In addition, the results show that the oven-aged loose mix specimens have slightly 
higher damage characteristic curves than the oven-aged compacted specimens, which is 
consistent with the dynamic modulus test results.   

 

 
Figure F-9. Comparison of damage characteristic curves from the NC mixtures subjected 

to different aging conditions. 
 
The research team compared two sets of specimens for the compacted specimens that 

were subjected to oven aging: aged 178-mm tall specimens, whereby the specimen ends were cut 
following aging to reduce the height to 130 mm for testing, and 130-mm tall specimens aged in 
the oven following cutting the ends of the specimens. The damage characteristic curves were 
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similar for the two sets of samples. However, the specimens that were aged at a height of 130 
mm (i.e., ends cut before aging) demonstrated a high propensity for end failure, indicating a 
higher level of oxidation at the ends of the specimen and, hence, a testing concern. The damage 
characteristic curves of the PAV-aged compacted specimens lie below those of the short-term 
aged specimens, indicating that the specimens were damaged by the application and/or release of 
pressure during aging. Thus, the application of pressure when aging compacted specimens 
should be avoided. 

A new fatigue failure criterion, so-called DR, (Wang and Kim 2017) was used to evaluate 
mixtures with different aging levels. The DR criterion uses the average reduction in pseudo 
stiffness (i.e., C) up to failure. The DR value is calculated as the summation of (1 – C), illustrated 
in Figure F-10, divided by the fatigue life (number of cycles to failure) for individual test 
replicates. DR is a material constant that is independent of mode of loading, temperature, and 
stress/strain amplitude. Note that the calculation of DR is in arithmetic scale rather than in log-log 
scale. Consequently, DR results are not as much affected by test variability as another pseudo 
energy based failure criterion, so-called GR, that is calculated in log-log scale (Sabouri and Kim 
2014). 

 

 
Figure F-10. Illustration of summation of (1-C). 

 
Figure F-11 depicts the DR energy-based failure criterion plots. Average DR values for 

different aging conditions are presented in Table F- 5. For severely aged materials, it is 
anticipated that the DR failure criterion lines will fall below those of short-term aged materials 
due to the loss of fatigue resistance associated with embrittlement imposed by oxidation. Any 
integrity problem in the specimens is also expected to result in lower DR values. Thus, the failure 
criterion results for the PAV-aged compacted specimens indicate a potential integrity problem, 
as the dynamic moduli values for the PAV-aged compacted specimens were lower than those 
from the short-term aged mixtures. All the other failure criterion lines fall close to that of the 
short-term aged materials, which indicates no integrity problems. 
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Figure F-11. DR failure criterion lines of NC mix subjected to different aging conditions. 

 
Table F- 5. Average DR values for NC mix subjected to different aging conditions 

Mix ID Average DR 
Short-Term Aged, Compacted at 144°C 0.574 
Oven-Aged Loose Mix, 85°C, 8 Days, Compacted at 144°C 0.541 
Oven-Aged Loose Mix, 85°C, 8 Days, Compacted at 157°C 0.535 
Oven-Aged Compacted Spec., 85°C, 8 Days 0.494 
PAV-Aged Compacted Spec., 300 kPa, 85°C, 1 Day 0.454 

 
Evaluation of Aging Gradient in Compacted Specimen Aging 
 

In compacted specimen aging, the oxygen diffusion from the periphery to the specimen 
center is impeded by the binder film and aggregate, thus leading to a high possibility of an 
oxidation gradient within specimens aged in a compacted state. The extraction and recovery of 
binder from differing distances from the periphery of compacted specimens following long-term 
aging allows for the assessment of aging gradients. This assessment was accomplished in this 
study by first coring and cutting the specimens into slices from which the binder was recovered. 
For the small specimens, the outer segments were obtained by slicing the specimens vertically, as 
depicted in Figure F-12 (a). The large specimens were cored using a 38-mm core bit and 75-mm 
core bit to obtain radial slices, as shown in Figure F-12 (b). Binder extraction and recovery was 
carried out only for the outer layer, middle layer, and core of the oven-aged large specimens.  
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                              (a)                                                                        (b) 

Figure F-12. Schematics of components used to evaluate oxidation gradients: (a) 
components of small specimen (38 mm × 100 mm) and (b) components of large specimen 

(100 mm × 150 mm). 
 
The results of the AIP tests of the different specimen components for all the compacted 

specimen aging trials are shown in Figure F-13 (Note that the logs of the dynamic shear modulus 
test results are presented to facilitate a comparison to the C+S absorbance peaks results). 
Considering the two percent threshold for significant changes in carbonyl + sulfoxide 
absorbance, the results indicate that significant oxidation occurred during all the compacted 
aging trials, as evident by the increase in the carbonyl + sulfoxide absorbance and dynamic shear 
modulus values between the long-term and short-term aged materials (uncompacted S-NC-UC); 
however, the extent of aging that was achieved is slightly less than that between the RTFO aged 
and PAV aged binder. The AIP measurements for the binders that were extracted and recovered 
from the different layers of the large specimens that were long-term aged in the oven (8 days at 
85°C) reveal significant changes between the cores and outer portions of the specimens in terms 
of both rheological and chemical AIPs, thereby indicating the existence of an aging gradient 
within the specimens. The small specimens aged in the oven exhibited levels of oxidation that 
are similar to those of the large specimens, based on the AIP values. However, the AIP values for 
the binders extracted and recovered from the outer segments and from the cores of the small 
specimens that were long-term aged in the oven (8 days at 85°C) indicate no significant aging 
gradient, thus confirming that shorter diffusion paths can mitigate oxidation gradient concerns. 
The small specimens aged in the PAV show a higher level of oxidation than the oven-aged 
specimens, based on the binder dynamic shear modulus values and FTIR spectra, indicating that 
pressure does expedite the oxidation of the mixtures, as these PAV specimens were aged for only 
three days at 85°C compared to oven-aged specimens that were conditioned for eight days. 
However, for the small specimens aged in the PAV (3 days at 85°C and 300 kPa), a significant 
aging gradient can be observed based on the chemical and rheological AIPs, indicating that 
pressure does not alleviate the effects of an oxidation gradient.  
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Figure F-13. Comparison between C+S absorbance peaks and log G* at 64°C and 10 rad/s 
for extracted and recovered binders from different compacted specimen aging processes, 

loose mix aging trials, and aged binders. 
 
Evaluation of Aging Efficiency of Loose Mix and Compacted Specimen Aging with 
and without Pressure 

 
In addition to evaluating the aging gradients in the compacted specimens, the AIP 

measurements of the binders extracted from both the aged loose mix and compacted specimens 
were used to assess the relative rate at which the different methods oxidized the binder. The AIP 
results of all the long-term aging trials in addition to those of the short-term aged mix and the 
asphalt binder aged using standard methods are provided in Figure F- 14. The results 
demonstrate first that the level of oxidation in the short-term aged mixtures surpasses the level of 
oxidation produced by the RTFO-aged binder. As discussed, the oven aging of the compacted 
specimens, both large and small, at 85°C for eight days (i.e., SHRP-A-390 recommendations for 
long-term aging level 3 (Bell et al. 1994b)) led to oxidation levels that were somewhat lower 
than those of the PAV aged binder. The application of pressure to the compacted specimens 
during aging expedited the oxidation process, as discussed, but led to integrity problems in terms 
of both the aging gradient and the damaging effects that can affect performance test results. The 
long-term aging of the loose mix in an oven for eight days at 85°C led to a level of oxidation 
based on chemical and rheological AIPs that exceeded that of the oven aging of the compacted 
specimens for the same duration and also exceeded the level of RTFO+PAV binder aging. Thus, 
aging loose mix appears to expedite oxidation significantly compared to aging compacted 
specimens. The long-term aging of the loose mix in the PAV for two days at 85°C and 2.1 MPa 
led to a level of oxidation similar to that of the loose mix oven aging for eight days at the same 
temperature. These results suggest that the addition of pressure can greatly expedite aging almost 
four times faster than a conventional oven for aging. However, it is important to note that a 
standard binder PAV does not allow sufficient space for aging sufficient quantities of material 
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for performance testing in a single trial. Thus, if PAV aging of loose mix were to be adopted for 
this project, a new (larger) PAV would have to be developed.  

 

 
Figure F- 14. Comparison between carbonyl+sulfoxide absorbance peaks and log G* at 

64°C and 10 rad/s for extracted and recovered binders from different compacted specimen 
aging processes, loose mix aging trials, and aged binders. 

 
Figure F-15 presents the correlations between log G* at 64°C and 10 Hz and the C+S 

absorbance peaks for the binders extracted and recovered from the NC mixes aged in the oven. 
The results indicate a strong relationship between each rheological AIP and C+S absorbance peaks 
and thus suggest that both rheology and chemistry can be used as oxidation level indicators.  
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Figure F-15. Correlations between log G* and C+S absorbance peaks for binders extracted 

and recovered from aged NC mix. 
 
In summary, the Phase 1 results indicate that aging large (100-mm diameter) compacted 

specimens with and without pressure leads to the development of an aging gradient within the 
specimen. The lack of uniform properties throughout the specimen is of concern for performance 
testing. Aging small specimens (38-mm diameter) in an oven shortens the diffusion paths and 
eliminates the development of oxidation gradients in specimens. However, this aging approach 
precludes the use of test geometries other than 38-mm diameter cylinders. In addition, the 
performance test results of the long-term aged compacted specimens in the PAV indicate that the 
application and/or release of pressure can damage specimens, which thereby precludes their use 
for performance testing. The compaction of long-term aged loose mix is possible without 
adjustment to the compaction temperature without negatively impacting performance based on 
findings of dynamic modulus and S-VECD testing. In addition, aging loose mix is more efficient 
than aging compacted specimens due to the increased surface area of the binder film that is 
exposed to oxygen. Also, pressure expedites loose mix aging. However, the current binder PAV 
does not allow sufficient quantities of mix to be aged for efficient performance testing. 
Therefore, the oven aging of loose mix is expected to be the most promising method for long-
term aging of asphalt specimens for performance testing.  

 
Results of Phase 2 
Evaluation of Loose Mix Aging Conditions Required to Match Oxidation Level of 
Eight-Year-Old Field Core 

 
The eight-year-old field core obtained from the FHWA ALF was cut (sawn) to obtain 

three half-inch thick slices, as shown in Figure F-16. The asphalt binder was extracted and 
recovered from the field core slices, and the AIPs were determined. The results were used to 
evaluate the oxidation level of the field core in terms of depth for comparison to the oxidation 
levels of the laboratory-aged samples. The C+S absorbance peaks and G* at 64°C and 10 Hz 
frequency results are shown in Figure F-17. The results demonstrate that a significant oxidation 
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gradient was found within the field core, with the surface of the field core being oxidized more 
severely than deeper within the pavement. 

 

 
Figure F-16. ALF-SBS field core: top layer slicing details. 

 

  
Figure F-17. Chemical and rheological AIP results of field core aging gradient after eight 

years of service in McLean, VA. 
 
C+S absorbance peaks was used as the AIP to compare the lab- and field-aged materials 

in order to select the laboratory aging conditions that correspond to those of the field core. 
Samples that were subjected to extraction and recovery after varying durations of oven 
conditioning at three different aging temperatures, 70°C, 85°C, and 95°C, were used to establish 
the laboratory oxidation rates by linear fitting and to determine the oven conditioning time 
required to match the oxidation level of the field core. The linear fitting was deemed reasonable, 
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as only data points following the initial oxidation ‘spurt’ were utilized. The results of the 
laboratory aging trials are presented in Figure F-18. These results demonstrate that, as the 
temperature decreased, oxidation occurred at a slower rate, as expected.  

Table F-6 shows the aging durations for each temperature that were needed to meet the 
oxidation level of each field core slice. For example, the results indicate that at the conditioning 
temperature of 85°C, 41 days of oven conditioning were required to match the level of aging of 
the surface of the field core. These results, although limited, indicate that the AASHTO R 30 test 
protocol, which specifies five days of oven conditioning for compacted specimens, greatly 
underestimates field aging, especially considering the fact that compacted specimen aging leads 
to substantially lower oxidation rates than loose mix aging. The results at 70°C and 85°C 
indicate that unreasonable durations of oven conditioning would be required to match the field 
core conditions. Thus, aging at 95°C appears to be the most reasonable conditioning temperature 
and is not anticipated to alter the oxidation reactions, lead to volatilization, or degrade the 
polymers, which can occur if temperatures that exceed 100°C are used (Petersen and Glaser 
2011, Petersen 2009, Herrington et al. 1994). However, the performance implications of 
laboratory aging at temperatures above 100°C merits further investigation. 

 

 
Figure F-18. Constant (slow) rate fitting of loose mix aging at different aging temperatures 

based on carbonyl + sulfoxides absorbance peaks. 
 
Table F-6. Required aging durations at different temperatures to meet field aging levels at 

different depths 
Field core slice 
(average depth 
from surface) 

Target C+S 
Peaks (AU) 

Target C+S Peaks 
before reheating for 

compaction 

Required aging durations to 
meet field aging level (days) 

95°C 85°C 70°C 

T1 (6 mm) 0.11112 0.10712 21 41 117 

C+S = 0.000769*(D) + 0.090992
R² = 0.994

C+S = 0.000748*(D) + 0.076380
R² = 0.989
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T2 (19 mm) 0.10622 0.10222 15 35 101 

T3 (32 mm) 0.10512 0.10112 13 33 97 

 
The estimated oxidation levels for loose mix aging at 95°C that would be needed to 

match the level of oxidation of the field core at different depths are presented graphically in 
Figure F-19. Even at 95°C, 21 days of oven conditioning would be needed to match the level of 
oxidation of the surface of the field core. However, it is worth noting that the smallest sample 
utilized in the performance testing was 38 mm in diameter. Thus, if one considers that in order to 
extract horizontally a small specimen Ø38 mm × 100 mm for the performance testing of field 
cores, which would comprise the smallest specimen utilized, the representative aging level for a 
depth of 38 mm would be close to the oxidation level at a depth of 19 mm. This outcome would 
indicate that 15 days would be required for loose mix aging to match the age level of an eight-
year-old field core in VA. Additionally, for structural modeling and analysis purposes (e.g., 
using the Layered Viscoelastic Pavement Analysis for Critical Distresses (LVECD) program), 
typically the averaged properties of each layer are used as inputs. Therefore, for this study, 
laboratory-prepared samples were aged in order to meet the average level of aging of each layer 
(in this case, 15 days of aging at 95°C). Based on these results, the oxidation level of the surface 
is considered to be a severe condition, because oxidation greatly dissipates with depth. Thus, the 
research team assessed loose mix aged at 95°C for 21 days as an ‘extreme’ condition for 
evaluating the compactability and integrity of aged loose mix.  

 

 
Figure F-19. Comparison between field core aging gradient with respect to depth and long-

term aging of loose mix in oven at 95°C. 
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Figure F-20 presents comparisons of the degree of aging using the C+S absorbance peaks 
and G* AIPs among the aged loose mix used for the compacted specimen integrity assessment, 
the short-term aged mix, and binders aged in the RTFO and PAV. The results demonstrate that 21 
days of loose mix conditioning at 95°C greatly exceeds the oxidation level of the binder PAV, 
which is comparable to eight days of loose mix aging at 85°C.  

 

 
Figure F-20. Comparisons between C+S absorbance peaks and log G* at 64°C and 10 Hz 
for extracted and recovered binders from different loose mix aging trials, field core top 

layer surface slices, and aged binders (SBS-modified mixture). 
 
Figure F-21 shows the correlation between log G* at 64°C and 10 Hz and C+S 

absorbance peaks, for the binders extracted and recovered from the ALF-SBS-LG mix field core 
and from the loose mix aging trials in the oven at two different temperatures. Based on the 
limited results presented in Figure F-21, the dynamic shear modulus values show a strong aging 
temperature-independent relationship with the C+S absorbance peaks, with the field core 
extracted data points falling relatively close to the laboratory aging trial data points.  
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Figure F-21. Correlation between log G* and C+S absorbance peaks for binders extracted 

and recovered from aged ALF-SBS-LG mix. 
 
Initial Integrity Check 

 
The compactability of the long-term aged FHWA ALF SBS mix was evaluated as an 

initial specimen integrity check by comparing the number of gyrations needed to reach the target 
air void content to the number needed for the short-term aged materials. The results are shown in 
Figure F- 22. The number of gyrations needed to reach the target air void contents is similar for 
both the short-term aged mix and the two levels of long-term aged loose mixture (8 days at 85°C 
and 21 days at 95°C) with no adjustment of the compaction temperature. Thus, the compaction 
of the long-term aged loose mix was not problematic. 
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Figure F- 22. Number of compaction gyrations required to achieve the target air void 

content. 
 
Performance Test Results 
 

Performance testing was utilized as an additional means to evaluate the integrity of the 
FHWA ALF SBS specimens that were compacted following long-term loose mix aging. 
Comparisons between the dynamic modulus and S-VECD model damage characteristic curves of 
the short-term aged material and the long-term aged material were used to evaluate the specimen 
integrity of the compacted long-term aged material based on adherence to expected trends with 
increased aging.  

 
Dynamic modulus test results 
 

The dynamic modulus mastercurves are shown in Figure F-23. The mastercurves 
represent the averaged values of two replicates. The results indicate that the oven-aged loose mix 
specimens have higher dynamic modulus values than the short-term aged specimens. 
Furthermore, the results suggest that the specimens that were compacted after 21 days of oven 
aging at 95°C have significantly higher dynamic modulus values than the specimens compacted 
after eight days of oven aging at 85°C, as was expected based on the AIPs. If severe integrity 
problems had been present in the long-term aged specimens, then the dynamic modulus values 
would not be significantly higher than those of the short-term aged specimens, regardless of the 
aging level (because damage in the specimen reduces the dynamic modulus value), and thus, no 
integrity problems were detected in the dynamic modulus test results. 
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                                         (a)                                                                      (b) 

Figure F-23. Dynamic modulus test results: (a) log-log scale and (b) semi-log scale. 
 
In order to evaluating the integrity of the specimens that were compacted following long-

term loose mix aging, binder samples were extracted and recovered from the tested specimens, 
and the dynamic shear modulus values of these binder samples were input into existing asphalt 
concrete dynamic modulus prediction models to determine, as an additional means of integrity 
assessment, if the measured mixture dynamic modulus values were in the expected range based 
on the asphalt binder dynamic shear modulus values. The modified Witczak model (Bari et al. 
2006), Hirsch model (Christensen et al. 2003), and the North Carolina State University Artificial 
Neural Network (NCSU ANN) model (Sakhaei Far 2011) were used to accomplish this task.  
Figure F-24 presents the comparisons between the model predictions and the measured dynamic 
modulus values at 20°C and 10 Hz. The results demonstrate that the measured dynamic modulus 
values of the long-term aged material are within the range of the model predictions based on the 
binder properties, thereby indicating that the results are reasonable. The research team surmises 
that if the long-term aged specimens had had an integrity problem, the measured dynamic 
modulus values of these specimens would have been lower than the expected values commonly 
used in the predictive models.  
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Figure F-24. Comparison of predictive model results and measured data. 

 
Cyclic Fatigue Performance Testing Results 

 
Figure F-25 presents the cyclic fatigue characteristic curves for the short- and long-term 

aged materials. These curves define how damage grows in a material and represent the averaged 
results of three tests that were conducted using various cross-head displacement amplitudes. The 
long-term aged specimens have higher damage characteristic curves than the short-term aged 
specimen, which follows expected trends. Thus, the performance test results indicate that no 
integrity issues are associated with the compaction of the aged loose mix.  
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Figure F-25. Comparison of damage characteristic curves from FHWA ALF SBS mixtures 

subjected to different aging conditions. 
 
Figure F-26 shows the DR energy-based failure criterion results for the SBS-modified 

mix. The failure criterion line for the specimens that were compacted following long-term aging 
for 21 days at 95°C falls significantly lower than the failure criterion lines of the short-term aged 
specimens and the specimens aged for eight days at 85°C. This outcome suggests that the severe 
level of aging led to embrittlement and consequently degraded the resistance to fatigue and, 
hence, suggests no integrity problems. 
 

 
Figure F-26. Comparison of DR failure criterion lines for SBS-modified mixtures. 

 
 

0.0

0.2

0.4

0.6

0.8

1.0

0.0E+00 5.0E+05 1.0E+06 1.5E+06 2.0E+06

C

S

Short-term Aged

Oven, Loose Mix, 85°C, 8 days

Oven, Loose Mix, 95°C, 21 days

**

*

* Failure Point

0E+00

1E+04

2E+04

3E+04

4E+04

5E+04

0E+00 2E+04 4E+04 6E+04 8E+04

C
um

ul
at

iv
e 

(1
-C

)

Nf (Cycle)

Short-Term Aged
Oven-Aged Loose Mix, 85°C, 8 days
Oven-Aged Loose Mix, 95°C, 21 days



 

F - 34 
 

It can be concluded that the compaction of long-term aged loose mix is possible with no 
adjustment to the compaction temperature, based on both the number of compaction gyrations 
required to reach the target air void contents and the performance test results. The long-term 
aged loose mix that was aged at 95°C for 21 days had an oxidation level that was equivalent to 
that of the surface of an eight-year-old field core obtained from the FHWA ALF in McLean, VA. 
This level is assumed to represent an extreme oxidation level that nonetheless allows for 
compaction of the mix. Additional details on the selection of the aging procedure is included in 
the Appendix F and elsewhere (Elwardany et al. 2017b). 

 
Summary 
Compacted Specimen Aging  
 

Although no integrity issues in terms of changes in air void content or specimen 
dimensions were encountered with the AASHTO R 30 test protocol, the aging of large (100-mm 
diameter) compacted specimens with wire mesh support in an oven at 85°C led to the 
development of an aging gradient within the specimens. This lack of uniform properties 
throughout the specimen is of concern for performance testing and was observed directly through 
a high rate of end failure at the end locations where oxidation was most significant in the cyclic 
direct tension fatigue tests. However, the high rate of end failure could be overcome by aging 
specimens 178 mm in height and then trimming the ends to produce 130-mm tall specimens for 
testing. The aging gradient observed in the large compacted specimens subjected to oven aging 
was eliminated by using small specimens (38-mm diameter with 100-mm height) due to their 
shorter diffusion paths.  

The application of pressure in compacted specimen aging was found to expedite aging. 
However, oxidation gradients were observed in the pressure-aged specimens. In addition, 
although no changes in air void content or specimen dimensions were induced by pressurized 
aging, the performance test results indicate that the application and/or release of pressure can 
damage specimens. Therefore, the results indicate that the most promising method for aging 
compacted specimens is to age small specimens in an oven without pressure. 

 
Loose Mix Aging 
 

The primary concern associated with loose mixture aging is the ability to compact the 
material after long-term aging. However, in this study, the compaction of the NC mix after eight 
days of oven conditioning at 85°C was possible with no adjustment to the compaction 
temperature. Similar numbers of compaction gyrations were required for both the short-term 
aged and long-term aged loose mixes. The image analysis of the aggregate structure also 
indicated comparable compaction of both the short- and long-term aged loose materials. 
Furthermore, the performance test results indicated a significant increase in the dynamic 
modulus values of the long-term aged material compared to those of the short-term aged 
material, and the fatigue performance test results indicated no integrity concerns. In addition, 
loose mix aging exposes a large surface area of the binder to oxygen, and hence, a faster rate of 
oxidation was observed in the loose mix oven aging compared to compacted specimen aging 
based on the measured asphalt binder chemical and rheological aging indices. The application of 
pressure also was found to expedite the oxidation of the loose mix. However, only 500 g of loose 
mix could be aged at one time in the binder PAV. One SGC specimen requires the preparation of 
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7,000 g to 8,000 g of loose mix. Thus, the binder PAV would need to be run approximately 15 
times to generate enough loose mix to prepare a compacted specimen for performance testing, 
which is inefficient and therefore was deemed impractical. Otherwise, a larger PAV would need 
to be developed, which would be costly. Thus, given that aging loose mix can be accomplished 
relatively quickly in an oven using multiple pans, this method is considered a more practical 
approach. Currently, the research team is using a conventional oven with inner chamber 
dimensions of 36 inches × 24 inches × 19 inches (W × H × D). Using only six shelves, 18 pans 
can fit inside the oven. Loose mix spread in four pans is sufficient for the preparation of one 
SGC-compacted specimen that is 150 mm in diameter and 178 mm in height.  

The findings for the loose mixture aging tests using the FHWA ALF SBS mix were 
consistent with those for the NC mix. The compaction of the long-term aged loose mix was 
possible with no adjustment to the compaction temperature, based on both the number of 
compaction gyrations required to reach the target air void content and the performance test 
results. The long-term aged loose mix that was aged at 95°C for 21 days had an oxidation level 
that was equivalent to that of the surface of an eight-year-old field core in McLean, VA. This 
level is assumed to represent an extreme oxidation level that nonetheless allows compaction of 
the mix. The results indicate that loose mix aging at 95°C is the most promising condition for the 
long-term aging of asphalt concrete for performance testing. Aging at lower temperatures 
precludes long-term oxidation within a reasonable time-frame. Aging at temperatures exceeding 
95ºC would be beneficial in terms of efficiency. However, past research indicates that Aging at 
temperatures above 100°C may alter oxidation mechanisms. The performance implications of 
laboratory aging at temperatures exceeding 100°C merits further investigation. 
 
Conclusions 
 

The conclusions are summarized as follows:  
• The current standard procedure for the long-term aging of asphalt mixtures (AASHTO R 

30), which consists of conditioning large 100-mm diameter compacted specimens in an oven 
at 85°C, leads to the development of an oxidation gradient from the specimen center to the 
periphery. The lack of uniform properties throughout the specimen is of concern for 
performance testing, which was observed directly through a high rate of end failure at 
specimen locations where oxidation was most significant in cyclic direct tension fatigue 
tests. 

• The application of pressure in the compacted specimen aging process expedites oxidation. 
However, the performance test results indicate that the application and/or release of pressure 
damages specimens. 

• The aging gradient observed in the large compacted specimens that were subjected to oven 
aging was eliminated by the use of small specimens (38-mm diameter with 100-mm height) 
due to the latter’s shorter diffusion paths. Therefore, oven aging of small compacted 
specimens is the most promising compacted specimen aging method, as no integrity issues 
were observed. This specimen geometry allows for only dynamic modulus and direct tension 
testing. Other tests (e.g., permanent deformation tests) would not be possible under this 
scenario.  

• Aging asphalt mixtures in a loose mix state expedites oxidation compared to compacted 
specimen aging under the same conditions. 
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• The compactive effort required to compact long-term aged loose mixes is comparable to that 
required for short-term aged mixes, with no adjustment to the compaction temperature based 
on the results for two mixtures, PG 64-22 and PG 70-28 SBS-modified, the latter of which is 
known to be difficult to compact.  

• Dynamic modulus and cyclic, direct tension performance test results indicate no problems 
with loose mixtures compacted after long-term aging.  

• Pressure expedites the aging of loose mix. However, the size of the standard binder PAV 
prohibits the generation of enough aged material for performance testing. If the pressure 
aging of loose mix were to be selected to age asphalt specimens for performance testing, a 
larger PAV would need to be developed.  

• Based on the aforementioned conclusions, loose mix aging in an oven is the most promising 
aging method to produce mixture specimens for performance testing in terms of efficiency 
and integrity without the need to develop costly new equipment. In addition, any specimen 
geometry (e.g., slabs and beams) can be produced using aged loose mix, which also makes 
this method the most versatile option.  

• The results indicate that loose mix aging at 95°C is the most promising method for the long-
term aging of asphalt concrete for performance testing. Aging at lower temperatures 
precludes reaching field levels of oxidation within a reasonable time-frame. Aging at 
temperatures exceeding 95ºC would be beneficial in terms of efficiency. However, past 
research indicates that Aging at temperatures above 100°C may alter oxidation mechanisms. 
The performance implications of laboratory aging at temperatures exceeding 100°C merits 
further investigation. 
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APPENDIX G 
 
Investigation of Proper Long-Term Aging Temperature 
 

Introduction 
 

The accurate characterization of asphalt mixture properties in terms of the service life of 
asphalt pavement is becoming more important as more powerful pavement design and 
performance prediction methods are implemented. Both an accurate aging model and an optimal 
laboratory conditioning procedure are required to simulate long-term aging for performance 
testing and prediction in order to integrate the effects of long-term aging into pavement 
prediction models and other mechanistic design and analysis methods. The standard method that 
is used to assess the long-term aging of asphalt mixtures in the United States is American 
Association of State Highway and Transportation Officials (AASHTO) R 30 (2001). In this 
method, compacted asphalt mixture specimens are conditioned at 85°C ± 3°C for 120 ± 0.5 hours 
to represent five to ten years of aging in the field. However, the long-term oven aging of 
compacted specimens leads to both radial and vertical oxidation gradients, which is a concern for 
performance testing because the properties throughout the specimen can vary (Elwardany et al. 
2016). As an alternative, the long-term oven aging of loose (uncompacted) asphalt mixture has 
been gaining attention in recent years because it eliminates the oxidation gradient by promoting 
oxygen exposure to the mixture (e.g., Arega et al. 2013, Partl et al. 2013, Mollenhauer and 
Mouillet 2011, Van den Bergh 2011, Reed 2010, Braham et al. 2009, Dukatz 2015, Elwardany et 
al. 2016). In addition, aging loose asphalt mixture is more efficient than aging compacted 
specimens at a given temperature (Elwardany et al. 2016). Elwardany et al. (2016) demonstrated 
that long-term aged loose mixture can be compacted for performance testing and prediction.  

The rate of oxidation increases as the temperature increases, and thus, laboratory aging at 
a higher temperature is more efficient than at a lower temperature (Elwardany et al. 2016). This 
phenomenon has led several recent studies to propose loose mixture long-term aging at 135°C as 
an efficient alternative to the aging procedure recommended in AASHTO R 30 (Braham et al. 
2009, Blankenship 2015, Dukatz 2015). Although increasing the aging temperature increases the 
rate of oxidation, which is a desirable attribute, it can also disrupt polar molecular associations 
and lead to the thermal decomposition of sulfoxides in asphalt binders. Thus, accelerated aging 
of asphalt binder at significantly high temperatures may lead to a fundamentally different aged 
asphalt binder than asphalt aged in the field (at a lower temperature) (Branthaver et al. 1993). 
The literature indicates that the disruption of polar molecular associations and subsequent 
sulfoxide decomposition become critical at temperatures that exceed 100°C (Petersen et al. 1981, 
Herrington et al. 1994, Petersen 2009, Petersen and Glaser 2011, Glaser et al. 2013). However, 
past research efforts have not evaluated the implications of these chemical changes with regard 
to asphalt mixture performance. In addition, aging at temperatures above 100°C can lead to 
asphalt mastic drain-down from the loose mix because asphalt binder has low viscosity values at 
elevated temperatures (Braham et al. 2009). This study seeks to evaluate the performance 
implications of long-term laboratory aging of loose mixture at 135°C. 



 
Objectives 
 

The objective of this study is to evaluate the performance implications of laboratory long-
term aging temperature. 

 
Materials and Methods 
 

For this study, comparative tests between loose mixtures aged at 95°C and 135°C were 
conducted to evaluate the implications of loose mix aging at 135°C with regard to asphalt 
mixture performance using three mixtures, all prepared with the same Federal Highway 
Administration Accelerated Load Facility (FHWA ALF) aggregate, but with different binders: 
ALF styrene-butadiene-styrene (SBS), SHRP AAD, and SHRP AAG. The SHRP AAD and 
SHRP AAG binders were selected due to their known differences in chemistry. SHRP AAD has 
high sulfur content (6.9%) and is highly structured (incompatible). Thus, SHRP AAD was 
expected to be especially susceptible to changes in oxidation kinetics and mechanics at 135°C. 
SHRP AAG has low sulfur content (1.3%) and is less structured (more compatible) than SHRP 
AAD. Thus, SHRP AAG was expected to be less susceptible to changes in oxidation kinetics and 
mechanisms when the temperature for loose mixture aging was increased from 95°C to 135°C. 
The FHWA ALF SBS mixture was selected in order to include a common asphalt-modified 
asphalt binder in the study and because field core data were available for it. Figure G-1 presents 
a summary of the experimental plan implemented for each mixture to evaluate the implications 
of loose mixture aging at 135°C.  



 
Figure G-1. Summary of experimental plan. 

 

Table G-1 presents the naming scheme for the samples subjected to different aging procedures. 
Loose mix aging at 70°C and 85°C was included to evaluate the comparison between effect of 
aging temperatures on the physiochemical properties of asphalt mixture, regarding the properties 
of the extracted and recovered asphalt binders. More details on this matter will be provided later 
in this paper. The designation of ‘UC’ (uncompacted) at the end of a sample’s identification 
indicates that the sample was extracted from the loose mix sample prior to reheating and 
compaction. The designation of ‘C’ (compacted) indicates that the sample was extracted from a 
specimen compacted after long-term loose mixture aging. 
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Table G-1. Naming Scheme Used for Samples Subjected to Different Aging Conditions 

Mixture Sample Identification 

Aging Condition 

Field/ 

Oven 
Temp. (°C) Duration 

FH
W

A
 A

LF
-S

B
S 

Short-term, UC Oven 135 4 Hours 

Loose Mix, 70°C, UC Oven 70 - 

Loose Mix, 85°C, UC Oven 85 - 

Loose Mix, 95°C, UC Oven 95 - 

Loose Mix, 135°C, UC Oven 135 - 

Field, 8 Years Field 8 Years 

Short-term, C Oven 135 4 Hours 

Loose Mix, 95°C, 21 Days, C Oven 95 21 Days 

Loose Mix, 135°C, 52 Hr, C Oven 135 52 Hours 

SH
R

P 
A

A
D

 

Short-term, UC Oven 135 4 Hours 

Loose Mix, 70°C, UC Oven 70 - 

Loose Mix, 95°C, UC Oven 95 - 

Loose Mix, 135°C, UC Oven 135 - 

Short-term, C Oven 135 4 Hours 

Loose Mix, 95°C, 8.9 Days, C Oven 95 8.9 Days 

Loose Mix, 135°C, 16.8 Hr, C Oven 135 16.8 Hours 

SH
R

P 
A

A
G

 

Short-term, UC Oven 135 4 Hours 

Loose Mix, 70°C, UC Oven 70 - 

Loose Mix, 95°C, UC Oven 95 - 

Loose Mix, 135°C, UC Oven 135 - 

Short-term, C Oven 135 4 Hours 

Loose Mix, 95°C, 8.9 Days, C Oven 95 19 Days 

Loose Mix, 135°C, 16.8 Hr, C Oven 135 37.6 Hours 

 
First, two batches of loose mix were aged separately at 95°C and 135°C for a prolonged 

duration. The loose mixtures were prepared using component materials in the laboratory and then 
subjected to short-term aging (4 hours at 135°C) in accordance with AASHTO R 30. These 
short-term aged loose mixtures then were spread in a single layer in aluminum pans and placed 
in a forced draft oven with lateral air-flow for long-term aging. Figure G-2 shows pans 



containing loose mix undergoing long-term aging in the oven. The pans were shifted frequently 
to compensate for air flow and temperature differences inside the oven.  
 

 
Figure G-2. Loose mix prepared for long-term aging. 

 
Small samples of the loose mixture were taken from the pans at periodic intervals to 

assess the changes in the asphalt binder oxidation level versus the aging duration. These loose 
mixture samples were subjected to binder extraction and recovery in a rotary evaporator. Asphalt 
binder is the asphalt concrete constituent that undergoes oxidative aging. Therefore, the 
oxidation of pavements is best characterized using asphalt binder chemical and rheological 
properties, referred to as ‘aging index properties’ (AIPs) herein. The extracted and recovered 
binder samples were tested using a dynamic shear rheometer (DSR) and an attenuated total 
reflectance Fourier transform infrared (ATR-FTIR) spectrometer to determine the chemical and 
rheological AIPs, respectively. The DSR tests included temperature and frequency sweeps, with 
temperatures ranging from 5°C to 64°C and frequencies ranging from 0.1 Hz to 30 Hz. 

The primary oxidation products in asphalt binders are ketones and sulfoxides, detected by 
carbonyl and sulfoxide infrared absorption peaks. Ketone formation changes the polarity of the 
associated aromatic ring components, leading to an increase in the asphaltenes, which in turn 
increases viscosity (Petersen and Glaser 2011, Petersen 2009). Sulfoxides are polar and, hence, 
serve to increase asphalt binder viscosity (Petersen and Glaser 2011). The specific ketone and 
sulfoxides that are formed, combined with the physico-chemical interactions among the asphalt 
binder constituents, affect the binder rheology (Petersen 2009). Therefore, the relationship 
between chemical and rheological AIPs can be used to detect changes in oxidation reaction 
mechanisms. The relationship between chemical and rheological AIPs is unique to a binder, 
given that the oxidation reaction mechanism is consistent. However, if the chemical oxidation 
products change, the relationship between the chemical and rheological AIPs will change. 
Herein, the G* value at 64°C and 10 Hz frequency is used as the rheological AIP. The carbonyl 
plus sulfoxide (C+S) absorbance peak is used as the primary chemical AIP. However, trends in 
carbonyl absorbance area (CA) are also evaluated.  

Figure G-3 shows the relationship between the G* value at 64°C and 10 Hz frequency 
and the C+S absorbance peaks for the binder samples extracted and recovered from FHWA ALF 
SBS loose mixes aged at 95°C and 135°C for different durations. Figure G-3 indicates that the 
binders aged at the two different temperatures have different C+S absorbance peaks for the same 
G* value, indicating that a change in the oxidation reaction mechanism occurred when the aging 
temperature was increased from 95°C to 135°C. An analogous trend was observed for the SHRP 



AAD mixture and, to a lesser extent, the SHRP AAG mixture. The G* value was selected as the 
aging index to match the degree of aging between the two aging temperatures because binder 
rheology is speculated to be related to asphalt mixture performance more directly than binder 
chemistry. Also, the selection of G* as the primary aging index allows the effects of different 
C+S absorbance peaks on mixture performance to be evaluated, because the same G* value for 
mixtures aged at two different temperatures will result in two different C+S absorbance peaks. 
 

 
Figure G-3. FHWA ALF SBS loose mix prepared for long-term aging. 

 
The next step in the experimental plan was to determine the aging durations for the 

samples tested at 95°C and 135°C that would yield the same G* value. For the 95°C aging, 21 
days of conditioning was determined for the FHWA ALF SBS mixture. Note that 21 days of 
conditioning at 95°C led to an equivalent oxidation level for the top 6 mm of an eight-year-old 
field core obtained from McLean, VA (the location of the FHWA ALF). The G* value for 21 
days of conditioning at 95°C was determined to be approximately four times the value of G* for 
pressurized aging vessel (PAV) -aged asphalt binder. Field cores that corresponded to the SHRP 
AAD and SHRP AAG mixtures were not available. Therefore, based on the finding for FHWA 
ALF SBS, four times the G* values of the PAV-aged binders was used as the target G* values 
that would reflect reasonable field aging levels of the pavement surface after a prolonged in-
service period. Thus, the required aging durations at 95°C and 135°C to achieve G* values equal 
to four times that of PAV-aged binder were determined and used to evaluate the implications of 
aging at 135°C for both the SHRP AAD and SHRP AAG mixtures.  

Figure G-4, Figure G-5, and Figure G-6 show the procedures that were used to match the 
aging levels between the loose mixtures aged at 95°C and 135°C for the FHWA ALF SBS, 
SHRP AAD, and SHRP AAG materials, respectively. To match the aging levels between the 
loose mixtures aged at 95°C and 135°C, first the relationship between the log G* and aging 
duration was obtained for each aging temperature. Then, in the case of the FHWA ALF SBS 
material, the G* value that corresponded to 95°C before compaction was determined. Based on 
the relationship between log G* and time that corresponded to the loose mix aged at 135°C, the 
required duration of aging at 135°C to match this G* value was then determined via 

2.0

3.0

4.0

5.0

6.0

7.0

8.0

9.0

0.07 0.08 0.09 0.1 0.11 0.12

lo
g 

G
* 

(P
a)

Carbonyl + Sulfoxide Absorbance Peak (AU)

Short-term Aged
Loose Mix, 95°C, UC
Loose Mix, 135°C, UC



interpolation. For the SHRP AAD and SHRP AAG materials, the aging durations required to 
match the predetermined G* values, which corresponded to four times the value of G* for the 
binder after PAV aging (the target G*), at both 95°C and 135°C were determined. Note that the 
results presented in Figure G-5 and Figure G-6 demonstrate that SHRP AAD requires shorter 
aging times at both 95°C and 135°C to achieve the requisite G* values than SHRP AAG. This 
finding matches expectations regarding the binders’ microstructures. SHRP AAD is 
incompatible and therefore was expected to have a high hardening susceptibility with oxidation 
level compared to SHRP AAG, which is compatible and therefore less structured.  

 

 
Figure G-4. Determination of FHWA ALF SBS aging durations. 

 

 
Figure G-5. Determination of SHRP AAD aging durations. 
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Figure G-6. Determination of SHRP AAG aging durations. 

 
Once the required aging durations were determined, sufficient amounts of loose mix for 

the production of gyratory-compacted specimens for performance testing were prepared and 
conditioned in an oven for the predetermined durations. These specimens were compacted 
following long-term aging. The compacted specimens were then cut, cored, and subjected to 
dynamic modulus and direct tension cyclic fatigue testing (AASHTO TP 107). Comparisons of 
the performance of the mixtures prepared by aging at 95°C and 135°C (with equivalent binder 
G* values) were used to assess the performance implications of the aging temperatures. Note that 
to build dynamic modulus mastercurves, frequency sweep tests were conducted at multiple 
temperatures. Dynamic modulus testing of all specimens was conducted in accordance with 
AASHTO T 342. For the first set of FHWA ALF SBS specimens, five temperatures (-10°C, 5°C, 
20°C, 40°C, and 54°C) were used to build dynamic modulus mastercurves. However, the 
dynamic modulus test results from the first set of specimens revealed insufficient overlap 
between the dynamic modulus values at the different test temperatures. This lack of overlap in 
the dynamic modulus values precluded an accurate application of time-temperature superposition 
in order to build mastercurves. Therefore, to enable the construction of dynamic modulus 
mastercurves, additional dynamic modulus tests were conducted at -10°C, 5°C, 15°C, 27°C, 
40°C, and 54°C for the FHWA ALF SBS mixture. For the SHRP AAD and SHRP AAG 
mixtures, the -10°C test temperature was excluded because the effect of aging on the dynamic 
modulus is most pronounced at high temperatures. Therefore, the test temperatures used to 
construct the dynamic modulus mastercurves for the SHRP AAD and SHRP AAG mixtures were 
5°C, 15°C, 27°C, 40°C, and 54°C.  

In addition to applying the conventional criterion (e.g., 10% difference threshold for 
dynamic modulus values), statistical analysis was conducted to determine any meaningful 
differences in the dynamic modulus test results and the fatigue test results between different 
aging conditions. The t-test paired two-sample statistical analysis method was used to evaluate 
the differences between pairs of aging treatments for each material tested. A level of confidence 
of 95 percent was used for the statistical analysis. Therefore, for any pair of aging treatments, if 
the t-test results showed a p-value of less than 0.05, the difference was considered significant. 
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In addition to material testing, the effects of the aging temperature on fatigue 
performance were evaluated at the pavement level. The pavement performance was predicted 
using FlexPAVETM, a software program that was developed under the FHWA-sponsored Hot 
Mix Asphalt Performance-Related Specifications project (Kim et al. 2017). The FlexPAVETM 
program computes pavement responses and predicts performance under moving loads using 
three-dimensional viscoelastic analysis, taking into account the pavement’s structure and 
material properties. The FlexPAVETM program calculates the long-term fatigue damage and rut 
depths of asphalt pavements under changing environmental and loading conditions, and the 
resulting distress information can be plotted in various ways. In this research, the dynamic 
modulus test results and the cyclic fatigue test results were used within the FlexPAVETM 
program to predict the fatigue performance of pavements. 

Note that loose mixture aging at 70°C and 85°C also was evaluated. Although 
performance tests were not conducted using mixtures aged at 70°C or 85°C in this study, the 
extracted and recovered binder test results are incorporated into some of the analysis results 
presented herein.  

 
Discussion of Results 
Binder Test Results 
Chemistry versus Rheology 
 

In order to evaluate the implications of the aging temperatures with regard to the resultant 
asphalt binders, first a comparison study between the chemical and rheological AIPs was 
conducted. The chemical AIPs include the C+S absorbance peak and the CA determined via 
ATR-FTIR spectrometry. Based on the literature review, sulfoxide decomposition may take 
place. Therefore, the C+S AIP may be affected significantly by sulfoxide decomposition whereas 
the CA AIP may be affected only marginally by the aging temperature. The rheological AIP used 
in this study was the G* value at 64°C and 10 Hz frequency.  

Figure G-7 presents comparisons between the rheological and chemical AIPs for all the 
laboratory aging trials and field cores that correspond to the FHWA ALF SBS mixture. The 
results demonstrate that the relationship between the chemical and rheological AIPs is 
independent of laboratory aging temperatures of 70°C, 85°C, and 95°C. However, a clear shift in 
the relationship between the chemical and rheological AIPs is evident at 135°C, with a smaller 
shift when the CA, as opposed to the C+S peaks, was used as the chemical AIP. Note that the 
field core test results fall much closer to the results that correspond to an aging temperature at or 
below 95°C. Thus, it is evident that aging at 135°C affects the kinetics of the oxidation reaction 
and the reaction products. However, it remains to be resolved whether or not this difference 
affects performance. Mixture performance is tied more closely to the rheological properties of 
the asphalt binder than to its chemistry. Therefore, further investigation into the rheological 
properties of asphalt binders extracted from loose mixtures aged at different temperatures and 
field cores was conducted. 
 



 

 
Figure G-7. Relationships between chemical and rheological indices for asphalt binders 
extracted and recovered from ALF SBS loose mix aged at different temperatures and 

binders extracted and recovered from different depths of asphalt pavement after 8 years of 
aging in the field: (a) log G* versus carbonyl + sulfoxide absorbance peaks and (b) log G* 

versus carbonyl area. 
 

Figure G-8 presents comparisons between the rheological and chemical AIPs for all the 
laboratory aging trials that correspond to the SHRP AAD mixture. The results demonstrate that 
the relationship between the chemical and rheological AIPs is independent of the laboratory 
aging temperatures of 70°C and 95°C. A clear shift in the relationship between the C+S 
absorbance peaks and log G* is evident at 135°C.  Comparatively, a relatively small change in 
the relationship between CA and log G* at 135°C is observed. These results suggest that 
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sulfoxide decomposition is significant when SHRP AAD is aged at 135°C. Recall, SHRP AAD 
has high sulfur content and thus high potential for sulfoxide decomposition. In short, the 
observed trends match expectations.  

 

 
Figure G-8. Relationships between chemical and rheological indices for asphalt binders 

extracted and recovered from SHRP AAD loose mix aged at different temperatures: (a) log 
G* versus carbonyl + sulfoxide absorbance peaks and (b) log G* versus carbonyl area. 

 
Figure G-9 presents comparisons between the rheological and chemical AIPs for all the 

laboratory aging trials that correspond to the SHRP AAG mixture. The results demonstrate that 
the relationship between the chemical and rheological AIPs is independent of laboratory aging 
temperatures of 70°C and 95°C, with only a minor shift in the relationship between the C+S 
absorbance peaks and log G* at 135°C. The relationship between CA and log G* is not 
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significantly affected by aging at 135°C. Recall, SHRP AAG is a compatible binder with 
relatively low sulfur content. Thus, it is expected that SHRP AAG would experience less change 
in chemistry when the aging temperature was increased from 95°C to 135°C than SHRP AAD. 
The results confirm this expectation.  

 

 
Figure G-9. Relationships between chemical and rheological indices for asphalt binders 

extracted and recovered from SHRP AAG loose mix aged at different temperatures: (a) log 
G* versus carbonyl + sulfoxide absorbance peaks and (b) log G* versus carbonyl area. 
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Binder Rheology 
 

As discussed, the G* values at 64°C and 10 Hz loading frequency were used as the basis 
for selecting long-term aging durations at 135°C and 95°C. However, further investigation into 
the rheology of the binders aged at these two conditions was carried out, because 64°C and 10 
Hz frequency constitute only a single point condition. Also, matching the G* values was 
undertaken on the basis of uncompacted material, and hence, binder extracted and recovered 
from compacted specimens was needed because additional aging had occurred. Figures 10, 11, 
and 12 present the analysis results for the binders extracted and recovered from compacted 
specimens and include, respectively, comparisons of (a) dynamic modulus mastercurves, (b) 
phase angle mastercurves, and (c) black space plots (i.e., G* versus phase angle plots).  

Figure G-10 presents the rheological binder test results for the binders extracted and 
recovered from the FHWA ALF SBS mixtures. The FHWA ALF SBS results that correspond to 
the binder extracted after loose mixture aging at 95°C for 21 days and after loose mixture aging 
for 52 hours at 135°C are very similar, indicating that the binder’s rheology was not impacted by 
the chemical changes that were induced by aging at 135°C as opposed to 95°C. 
 

 

 

  

Figure G-10. FHWA ALF SBS DSR test results: (a) dynamic shear modulus mastercurves, 
(b) phase angle mastercurves, and (c) black space plot. 

 
Figure G-11 presents the binder rheological test results of the binders extracted and 

recovered from the SHRP AAD mixture. Similar to the FHWA ALF SBS findings, the SHRP 
AAD results that correspond to the binders extracted after loose mixture aging at 95°C for 8.9 
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days and after loose mixture aging for 16.8 hours at 135°C are very similar, indicating that 
rheology was not impacted by the sulfoxide decomposition induced by aging at 135°C as 
opposed to 95°C. 

 

 

 

  

Figure G-11. SHRP AAD DSR test results: (a) dynamic shear modulus mastercurves, (b) 
phase angle mastercurves, and (c) black space plot. 

 
Figure G-12 presents the binder rheological test results of the binders extracted and 

recovered from the SHRP AAG mixture. The results demonstrate that the binders extracted from 
specimens aged at 135°C for 37.6 hours have similar modulus values and phase angle values to 
those of the binders extracted from specimens aged at 95°C for 19 days, with slightly greater 
differences than the FHWA ALF SBS and SHRP AAD binders. In general, the SHRP AAG 
binder rheology testing data show higher variability compared to the FHWA ALF SBS and 
SHRP AAD binder test data. Also, note that only minor changes in the relationship between 
chemistry and rheology are evident when the laboratory aging temperature was increased from 
95°C to 135°C. 
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Figure G-12. SHRP AAG DSR test results: (a) dynamic shear modulus mastercurves, (b) 
phase angle mastercurves, and (c) black space plot. 

 
Mixture Performance 
FHWA ALF SBS 
 

Figure G-13 presents the mixture performance test results for the FHWA ALF SBS 
mixture. Figure G-13 (a) presents the FHWA ALF SBS mixture dynamic modulus mastercurves 
that correspond to the specimens fabricated after aging at 95°C for 21 days and 135°C for 52 
hours. The dynamic modulus test results for the specimens fabricated after short-term aging only 
also are provided for reference. The results indicate a significant increase in dynamic modulus 
values with long-term aging. The results also indicate very little difference in the dynamic 
modulus mastercurves that correspond to mixtures aged at 95°C for 21 days and 135°C for 52 
hours, suggesting that the chemical changes, represented by the C+S absorbance peaks, induced 
by aging at 135°C do not have a significant effect on the mixture dynamic modulus of the 
FHWA ALF SBS mixture. Differences in the time-temperature shift factors between the short-
term and long-term aged materials led to the differences in the reduced frequency range observed 
in the corresponding mastercurves. It can be seen that the data obtained from testing long-term 
aged specimens cover a larger reduced frequency domain than the short-term aged data, whereas 
the specimens that correspond to both conditions were tested over the same range of 
temperatures. 

Direct tension cyclic tests were performed on the FHWA ALF SBS mixture specimens 
that are aged at 95°C for 21 days and at 135°C for 52 hours to assess the implications of aging 
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temperature with regard to fatigue cracking performance. The fatigue tests were conducted using 
three cross-head displacement levels (low, intermediate, and high) that were selected based on 
the displacement of the test machine’s actuator, thus resulting in different on-specimen strain 
levels. Figure G-13  (b) presents the C versus S curves. The results show similar C versus S 
curves for the two long-term aging conditions, whereas the short-term aging C versus S curves 
are considerably lower, which is attributable to the short-term aged mixtures’ lower stiffness 
values (age level) compared to those of the long-term aged material. These results indicate no 
significant effect of aging temperature on the fatigue performance of the FHWA ALF SBS 
mixture. 

In addition to the C versus S curves, the DR failure criterion that corresponds to the 
average reduction in pseudo stiffness (i.e., C) up to failure was evaluated in this study (Wang and 
Kim 2017). Figure G-13  (c) presents the failure criterion results for the FHWA ALF SBS 
mixture, showing that the failure criterion lines for the long-term aged materials fall below the 
line for the short-term aged material, which is indicative of the lower fatigue resistance of long-
term aged materials as a result of the brittleness caused by oxidative aging in the asphalt binder. 
However, the results indicate very similar failure criterion lines for the specimens prepared with 
loose mixture aged at 95°C for 21 days and at 135°C for 52 hours.  

These results suggest that the chemical changes induced by aging at 135°C do not 
significantly affect the performance of the FHWA ALF SBS mixture. The FHWA ALF SBS 
mixture contains SBS modification, which may mask the effects of microstructural changes 
induced by aging at 135°C. Hence, the evaluation of asphalt mixtures that contain unmodified 
asphalt binders (i.e., SHRP AAD and SHRP AAG) is also important.  
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Figure G-13. FHWA ALF SBS mixture performance test results: (a) dynamic modulus 
curves, (b) C versus S curves, and (c) DR failure criterion lines. 

 
Table G-2 presents the statistical t-test analysis outcomes for the dynamic modulus and 

fatigue test results that correspond to the FHWA ALF SBS materials with different aging 
conditions. For each pair of compared samples, the data points that correspond to the selected 
reduced frequencies or S values were used for the analysis. The selection of the reduced 
frequencies and S values was based on the ranges of both the dynamic modulus mastercurves 
and C versus S curves. Very high reduced frequencies were avoided due the fact that the aging 
effect on the dynamic modulus is more pronounced at low frequencies or high temperatures. 
Also, very low S values were not considered because the properties of asphalt mixture specimens 
are more distinguishable at higher S values (or smaller C values) when different materials are 
compared with each other. 

The data points for two dynamic modulus test replicates and three fatigue test replicates 
were used for the statistical analysis. As mentioned earlier, a confidence level of 95 percent was 
employed to evaluate the difference between the pairs of aging treatments.  

The pairs with significant differences (p < 0.05) are highlighted in Table G-2. The 
statistical analysis results suggest a significant difference between the dynamic modulus test 
results for the short-term aged and long-term aged materials. However, as inferred from the 
comparison of the mastercurves, no significant difference is seen between the ALF SBS 
materials aged at 95°C and at 135°C. The p-values for the C versus S curves indicate a similar 
conclusion. 

 
Table G-2. Statistical t-Test Analysis Outcomes for Dynamic Modulus and Cyclic Fatigue 

Test Results for FHWA ALF SBS Materials 

Dynamic 
Modulus 

Sample 
Reduced Frequency 

2.0E-06 1.0E-04 1.0E-03 1.0E-01 
p-value 

Short-term, C 
0.0263 0.0014 0.0037 0.0201 Loose Mix, 95°C, 21 Days, C 

Short-term, C 
0.0061 0.0028 0.0051 0.0150 Loose Mix, 135°C, 52 Hr, C 

Loose Mix, 95°C, 21 Days, C 
0.3529 0.1453 0.0591 0.3346 

Loose Mix, 135°C, 52 Hr, C 

Cyclic 
Fatigue 

Sample 
S 

1.0E+05 3.0E+05 5.0E+05 7.0E+05 
p-value 

Short-term, C 0.0005 0.0001 0.0006 0.0025 Loose Mix, 95°C, 21 Days, C 
Short-term, C 0.0078 0.0004 0.0004 0.0029 Loose Mix, 135°C, 52 Hr, C 
Loose Mix, 95°C, 21 Days, C 0.3599 0.0918 0.1230 0.4560 Loose Mix, 135°C, 52 Hr, C 

 



The FlexPAVETM program was executed using the dynamic modulus and fatigue test 
results for each set of specimens in order to evaluate the fatigue performance of the aged 
materials in a typical pavement. Considering the different positions of the failure criterion lines 
between short-term aged and long-term aged conditions, very different field performance 
predictions were anticipated between these two conditions.  

A simple pavement structure was considered: a 10-cm asphalt concrete layer over a 20-
cm aggregate base and 380-mm subgrade. For each binder type, based on the reported 
performance grade, different Enhanced Integrated Climatic Model (EICM) data were selected for 
use in the performance predictions. EICM data for Washington, DC were used for the ALF SBS 
material, and climatic data for Ann Arbor, MI and San Luis Obispo, CA were used for the SHRP 
AAD and SHRP AAG materials, respectively. The traffic input was 3,500 daily equivalent 
single-axle loads (ESALs). The analysis was performed for a 20-year service life.  

Figure G-14 shows the distribution of damage within a cross-section of the asphalt 
concrete layer of the pavement for different aging treatments predicted using the FlexPAVETM 
program. This figure suggests no significant differences between the distribution of damage 
predicted for asphalt loose mixture aged at 95°C compared to at 135°C. However, as expected, 
the short-term aged material performed better than the long-term aged material. It is also noted 
that the long-term aging of the SBS mixture increases the top-down cracking propensity of the 
study pavement greatly. Although this observation is based on the unrealistic aging condition 
(i.e., constant aging through the thickness of asphalt layer), it signifies the importance of 
including accurate aging condition in long-term pavement performance prediction. 

 

 
Figure G-14. Damage contours for FHWA ALF-SBS mixture aged at different conditions. 

 
FlexPAVETM program output data were used to calculate the fatigue damage area as a 

function of traffic load repetition. Figure G-15 presents the fatigue damage area versus the 
service life for the three aging treatments. A significant difference can be observed between the 
fatigue performance of the short-term and long-term aged materials, whereas the results for the 
two long-term aging treatments at 95°C and 135°C do not indicate any significant differences. 
These observations are in agreement with the fatigue performance data. 

 



 
Figure G-15. Comparison of fatigue damage area versus service life for FHWA ALF SBS 

mixture aged at different conditions. 
 
SHRP AAD 
 

Figure G-16 presents the mixture performance test results for the SHRP AAD mixture. 
Figure G-16 (a) presents the SHRP AAD mixture dynamic modulus mastercurves that 
correspond to the specimens fabricated after aging at 95°C and 135°C for 8.9 days and 16.8 
hours, respectively. The dynamic modulus test results of the specimens fabricated after short-
term aging only also are provided for reference. The results indicate a significant increase in the 
dynamic modulus value with long-term aging. The results also indicate a significant difference in 
the dynamic modulus mastercurves that correspond to the mixtures aged at 95°C for 8.9 days and 
135°C for 16.8 hours, despite the mixtures’ equivalent binder rheology. A 10 percent threshold 
was used to determine the significance of difference between the dynamic modulus test results at 
the intermediate and high temperatures. The mixture aged at 135°C exhibits a reduction in 
modulus value compared to the material aged at 95°C. These results suggest that the chemical 
changes and/or other effects (e.g., absorption, drain-down) induced by aging at 135°C have a 
significant effect on the performance of the SHRP AAD mixture. Note that the SHRP AAD 
binder has high sulfur content and is highly structured, indicating high potential for changes 
between the oxidation products of laboratory aging at 135°C versus 95°C. Figure G-16 (b) 
presents the C versus S fatigue damage characteristic replicate curves for the SHRP AAD 
mixture. The results show that the C versus S curves for the two long-term aging conditions are 
both higher than the short-term aging C versus S curve, which is attributable to the short-term 
aged mixture’s lower stiffness value (age level) compared to that of the long-term aged 
materials.  

Figure G-16 (b) shows individual replicate C versus S curves that were used to 
investigate further the significance of the differences between the two long-term aging 
temperatures. The results demonstrate that the C versus S curves for the mixture aged at 135°C 
are consistently lower than the curves for the mixture aged at 95°C, which is consistent with the 
dynamic modulus test results that indicate that the mixture aged at 135°C is less stiff than the 
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mixture aged at 95°C. Moreover, the C value at failure, indicated by the end point of the C 
versus S curve, is considerably higher for the mixture aged at 135°C than at 95°C. The average C 
value at failure is 0.18 for the short-term aged material. The average C values at failure are 0.37 
and 0.21 for the long-term aged material conditioned at 95°C and 135°C, respectively. The 
observed difference in the C values at failure for the long-term aged materials indicates that the 
mixture aged at 135°C is more brittle than the mixture aged at 95°C.  

Figure G-16 (c) presents the failure criterion results for the SHRP AAD mixture, showing 
that the failure criterion line for the mixture long-term aged at 95°C is similar to that for the 
short-term aged mixture. However, the failure criterion line for the mixture long-term aged at 
135°C is considerably lower than that for the short-term aged mixture, which is indicative of 
lower fatigue resistance. Note that the x-axis is in logarithmic scale and any difference between 
the failure criterion lines results in a significant difference in the number of cycles to failure. 
These results suggest that long-term aging at 135°C leads to degradation of fatigue resistance.  

 

 

 

  

Figure G-16. SHRP AAD mixture performance test results: (a) dynamic modulus curves, 
(b) C versus S curves, and (c) DR failure criterion lines. 

 
The results presented suggest that long-term aging at 135°C should be avoided due to 

negative performance implications. In addition to the trends noted in the performance test results, 
visual observations of fractured specimens also indicate changes between the SHRP AAD 
mixtures aged at 95°C and 135°C. Figure G-17 presents photos of specimens following fatigue 
testing. The long-term aged specimens exhibit a higher degree of adhesive failure compared to 
the short-term aged specimen. Furthermore, the photos indicate that the degree of adhesion loss 
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is greater in the mixture specimen aged at 135°C than at 95°C, thus supporting observations that 
aging at 135°C degrades fatigue resistance.  

Table G-3 presents the statistical analysis outcomes for the SHRP AAD mixture 
performance test results. Both long-term aging conditions have a significant effect on the 
dynamic modulus values and fatigue performance for the SHRP AAD mixture. In spite of the 
matched binder rheology at the 95°C and 135°C aging temperatures, the significant difference is 
observed in the dynamic modulus and fatigue performance test data between the 95°C and 135°C 
aging treatment. Note that, due to the very brittle nature of the SHRP AAD materials aged at 
135°C, the comparison is limited to low S values. As suggested by the t-test results, 95°C and 
135°C have different effects on the SHRP AAD materials. 

 
Table G-3. Statistical t-Test Analysis Outcomes for Dynamic Modulus and Cyclic Fatigue 

Test Results for SHRP AAD Materials 

Dynamic 
Modulus 

Sample 
Reduced Frequency 

1.0E-05 1.0E-04 1.0E-03 1.0E-02 
p-value 

Short-term, C 
0.0055 0.0002 0.0058 0.0063 

Loose Mix, 95°C, 8.9 Days, C 
Short-term, C 

0.0264 0.0213 0.0188 0.0072 
Loose Mix, 135°C, 16.8 Hr, C 
Loose Mix, 95°C, 8.9 Days, C 

0.0537 0.0338 0.0218 0.0043 
Loose Mix, 135°C, 16.8 Hr, C 

Cyclic 
Fatigue 

Sample 
S 

1.0E+05 2.0E+05 2.5E+05 3.0E+05 
p-value 

Short-term, C 
0.0337 0.0062 0.0002 0.0006 

Loose Mix, 95°C, 8.9 Days, C 
Short-term, C 

0.0093 0.0036 0.0037 0.0044 
Loose Mix, 135°C, 16.8 Hr, C 
Loose Mix, 95°C, 8.9 Days, C 

0.4232 0.1304 0.0176 0.0134 
Loose Mix, 135°C, 16.8 Hr, C 

 
 



 
Figure G-17. SHRP AAD specimens following fatigue tests. 

 
Figure G-18 presents the damage contours for the SHRP AAD mixture with different 

aging treatments. The short-term aged material shows considerably better performance than the 
long-term aged asphalt materials. Notably, based on the damage contours, the asphalt mixture 
aged at 95°C shows better performance than the material aged at 135°C; the same conclusion 
was drawn from the fatigue performance data as well. 

 

 
Figure G-18. Damage contours for SHRP AAD mix aged at different conditions. 

 
Figure G-19 presents the fatigue damage area versus service life (month) for the SHRP 

AAD mixture with different aging treatments. A significant difference between the fatigue 
performance of the asphalt mixture aged at 95°C and at 135°C is evident. 



 

 
Figure G-19. Comparison of fatigue damage area versus service life for SHRP AAD 

mixture aged at different conditions. 
 

In order to investigate further the observations made from Figure G-16, asphalt bond 
strength (ABS) tests (AASHTO TP 91) were conducted using binder extracted and recovered 
from the SHRP AAD mixture. ABS tests consist of measuring the bond strength between a 
binder sample and a granite substrate by applying a pneumatic tensile load to an affixed metal 
pull-out stub. Both the bond strength and failure mechanism can be determined using the ABS 
test. Figure G-20 presents the ABS test results. These results indicate insignificant differences 
between the bond strength of binder extracted from short-term aged mixture, binder extracted 
from mixture long-term aged at 135°C, and binder extracted from mixture long-term aged at 
95°C. However, the failure mechanisms clearly differ, as indicated by photos overlaid on the 
asphalt bond strength (ABS) test results shown in Figure G-20. The binder extracted from 
mixture aged at 135°C exhibits complete adhesive failure, whereas the binder extracted from 
mixture aged at 95°C exhibits a greater tendency towards cohesive failure.  
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Figure G-20. Asphalt bond strength test results of extracted SHRP AAD binder. 

 
SHRP AAG 
 

Figure G-21 shows the mixture performance test results for the SHRP AAG mixture. 
Figure G-21 (a) presents the SHRP AAG mixture dynamic modulus mastercurves that 
correspond to the specimens fabricated after aging at 95°C and 135°C for 19 days and 37.6 
hours, respectively. The dynamic modulus test results of specimens fabricated after short-term 
aging only also are provided for reference. The results indicate a significant increase in the 
dynamic modulus value with long-term aging. The results also suggest similar dynamic modulus 
mastercurves that correspond to mixtures aged at 95°C for 19 days and 135°C for 37.6 hours, 
with slightly higher dynamic modulus values for the mixture aged at 135°C compared to 95°C. 
However, the binder rheology test results shown in Figure G-12 suggest that the binder contained 
within the mixture aged at 135°C is slightly stiffer than the binder contained within the mixture 
aged at 95°C. Thus, it is difficult to ascertain whether or not the results suggest a change in 
mixture performance as a result of laboratory aging at 135°C as opposed to 95°C. The results 
presented in Figure G-12 suggest that little chemical change is induced by aging SHRP AAG at 
135°C. Hence, any difference noted in performance that results from aging at 135°C as opposed 
to 95°C is speculated to reflect changes other than chemistry (e.g., absorption, drain-down). 
Figure G-21 (b) presents the C versus S fatigue damage characteristic curves that correspond to 
the SHRP AAG mixture. The results show somewhat different trends in the C versus S curves 
for the two long-term aging conditions, with the short-term aging C versus S curve falling 
considerably lower than the long-term aged condition curves. Figure G-21 (c) presents the failure 
criterion results for the SHRP AAG mixture, showing that the failure criterion line for the 
mixture long-term aged at 95°C is similar to that of the short-term aged mixture, but that the 
failure criterion line for the mixture long-term aged at 135°C falls somewhat lower, which is 
indicative of less fatigue resistance.  

 

216.45 219.86
227.75

160

180

200

220

240

260

Short-term Aged Loose Mix, 95ºC,
8.9 days

Loose Mix,
135°C, 16.8 hours

Pu
llo

ut
 T

en
si

le
 S

tr
en

gt
h 

(p
si

)

Cohesion 
Failure

Adhesion 
Failure

Combined
Mode Failure



 

 

  

Figure G-21. SHRP AAG mixture performance test results: (a) dynamic modulus curves, 
(b) C versus S curves, and (c) DR failure criterion lines. 

 
 

Table G-4 presents the statistical analysis results for each pair of aging treatments. The p-
values indicate a significant difference between the performance of the short-term aged and long-
term aged SHRP AAG materials. However, although no significant difference can be observed 
between the dynamic modulus values of the material aged at 95°C and at 135°C, a significant 
difference between the fatigue test results for these two temperatures is evident. This observation 
suggests that the 135°C aging temperature induces more brittle behavior than the 95°C aging 
temperature. 
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Table G-4. Statistical t-Test Analysis Outcomes for Dynamic Modulus and Cyclic Fatigue 
Test Results for SHRP AAG Materials 

Dynamic 
Modulus 

Sample 
Reduced Frequency 

2.0E-06 1.0E-04 1.0E-03 1.0E-01 
p-value 

Short-term, C 
0.0102 0.0084 0.0044 0.0109 

Loose Mix, 95°C, 8.9 Days, C 
Short-term, C 

0.0296 0.0120 0.0023 0.0049 
Loose Mix, 135°C, 16.8 Hr, C 
Loose Mix, 95°C, 8.9 Days, C 

0.0928 0.1169 0.3271 0.2768 
Loose Mix, 135°C, 16.8 Hr, C 

Cyclic 
Fatigue 

Sample 
S 

1.0E+05 2.0E+05 3.0E+05 5.0E+05 
p-value 

Short-term, C 
0.0082 0.0020 0.0001 0.0314 

Loose Mix, 95°C, 8.9 Days, C 
Short-term, C 

0.0062 0.0001 0.0004 0.0235 
Loose Mix, 135°C, 16.8 Hr, C 
Loose Mix, 95°C, 8.9 Days, C 

0.0161 0.0289 0.0415 0.0940 
Loose Mix, 135°C, 16.8 Hr, C 

 
The FlexPAVETM program results also suggest less fatigue resistance of material aged at 

135°C compared to at 95°C. The damage contours presented in Figure G-22 indicate that more 
severe fatigue cracking is associated with long-term aging at 135°C than at 95°C. Figure G-23 
also suggests a significant decrease in fatigue cracking resistance when the 135°C long-term 
aging treatment is applied. 

 

 
Figure G-22. Damage contours for SHRP AAG mixture aged at different conditions. 

 
 



 
Figure G-23. Comparison of fatigue damage area versus service life for SHRP AAG 

mixture aged at different conditions. 
 
Conclusions  
 

The primary findings of this study are as follows: 
• A significant change in the relationship between binder rheology and chemistry occurs 

when the aging temperature is increased from 95°C to 135°C. This change implies 
corresponding changes in the kinetics and mechanisms of the oxidation reactions that are 
associated with an increase in temperature from 95°C to 135°C, which is consistent with 
findings described in the literature.  

• Asphalt mixture performance can be negatively impacted by long-term aging at 135°C. 
Despite matching rheology, decreases in both dynamic modulus values and fatigue 
resistance were observed in two of the three mixtures evaluated in this study. Therefore, it 
is recommended that aging at 135°C for performance assessment and prediction should be 
avoided.  

• When the loose mix laboratory aging temperature is at or below 95°C, the relationship 
between binder chemistry and rheology is unaffected by the aging temperature, based on all 
three mixtures evaluated, indicating that the aging temperature does not affect the oxidation 
reaction mechanism. The rate of oxidation increases with an increase in temperature, and 
thus, the results suggest that the optimal loose mixture laboratory aging temperature is 
95°C. 
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APPENDIX H 
 
Climatic Aging Index 

 
The current standard method used to assess the long-term aging of asphalt mixtures in the 

United States is AASHTO R 30 (2010). In this method, asphalt mixtures in the loose state are 
subjected to short-term aging at 135°C for four hours. Then, the short-term aged mixtures are 
compacted. The compacted specimen is cored or sawn to the required dimensions and then 
placed in a forced draft oven for long-term aging. The long-term aging simulation is performed 
at 85°C ± 3°C for 120 ± 0.5 hours to represent five to ten years of aging in the field. One of the 
major drawbacks of the current standard long-term aging procedure is that it recommends a 
single aging duration at 85°C to match field aging at any given location, regardless of the 
temperature history and climatic region of the pavement of interest. Moreover, the current 
standard aims to match the average field aging of the top 1.5 to 2 inches of the pavement without 
addressing the significant aging gradient observed in the field within the top 2 inches of the 
pavement. In other words, matching the top 0.5 inch from the pavement surface is expected to 
require longer aging than matching field aging at lower layers, which is not addressed in the 
current standard AASHTO R 30 standard (Harrigan 2007). 

Several climatic indices have been used in different studies to quantify the effect of field 
temperature history on aging. The Global Aging System (GAS) model (Mirza and Witczak 1995) 
uses the mean annual air temperature (MAAT) to predict the field aging level, represented as the 
binder shear modulus (G*) as a function of time and depth in Pavement ME Design. The 
cumulative degree days (CDD) index, defined as the sum of the daily high temperatures above 
freezing, was proposed as a potential means to link laboratory aging duration to an equivalent 
pavement temperature history in the NCHRP 09-49 and NCHRP 09-52 projects (Newcomb et al. 
2015, Martin et al. 2014). 

In this study, a climatic aging index (CAI) was derived using a simplification of a 
rigorous oxidation kinetics model. This CAI was developed to relate the pavement temperature 
history to the required laboratory aging duration. The main advantage of the CAI over other 
available climatic indices is the fact that it is based on pavement temperature (not air 
temperature) and thus can be applied to different pavement depths. It can be used to determine 
the required laboratory aging duration to match the field aging at any location of interest and 
depth of interest using pavement temperature hourly data obtained from the Enhanced Integrated 
Climatic Model (EICM). 

Loose mix aging at 95°C was selected in this study as the most promising aging method 
for the long-term aging of asphalt mixtures. This procedure was applied to some selected 
component materials for a prolonged duration. Samples were removed periodically and subjected 
to extraction and recovery after which the binder aging index properties (AIPs) were measured. 
In addition, binders were extracted and recovered from varying depths of a selected group of 
field cores obtained from in-service pavements. The AIPs of the field-aged binders were 
measured and compared to the laboratory-aged oxidation rates to determine the laboratory aging 
durations that are required to match the target field AIPs for specific projects. 

In addition to the CAI, a depth correction factor was developed based on the comparisons 
between the AIPs measured from the field cores and the AIPs predicted from the kinetics model 
at different depths and durations. Finally, CAI analysis has been used in this study to generate 



maps of the United States that allow the visual determination of the required laboratory aging 
durations for the field age of interest and depth of interest. 

In the following sections, the research efforts undertaken in this study to identify a 
promising climatic index among different indices are discussed. The overarching approach is 
described as follows. The laboratory aging duration that is needed to match the age-level field 
aging was first determined experimentally using the materials and sections presented in Table H-
1. Loose mixture aging was conducted using the materials presented in Table H-1 at 95°C, and 
binders were extracted and recovered at periodic intervals and from corresponding field cores at 
various depths. The laboratory aging duration that is required to match the age level of the field 
cores was determined subsequently based on matching the G* values at 64°C and 10 rad/s. The 
measured laboratory aging durations to match the field aging durations were compared against 
the different climatic indices in order to compare them and evaluate their applicability to relate 
long-term aging duration to different climatic regions and temperature histories in the field. 

 
Table H-1. Selected test sections for evaluating different climatic indices and calibrating 

the climatic aging index (CAI) 

Site ID Location Binder/Modification Date 
Built 

Date Core 
Extracted 

FHWA ALF Virginia Control, SBS-LG 2001 2013 

LTPPa  
SPS-8 

New Mexico Asphalt Cement AC-20 1996 2006, 2014 
South Dakota Asphalt Cement 120-150 pen 1993 2014 

Texas Asphalt Cement AC-20 1996 2014 
Wisconsin, 

SR-29  - 1997 2005, 2014 

WesTrack Fine Sections 
(1, 2, 3, 4, 14, 17, 18) 

Dayton, 
Nevada PG 64-22 1995 1995, 

1999, 2014 
WesTrack Coarse 
Sections (36, 39) 

Dayton, 
Nevada PG 64-22 1997 1997, 1999 

 
a LTPP stands for Long-Term Pavement Performance.   

 
Grouping Sections Based on Climatic High Temperature 
Performance Grade (PG) 
 

One simple method that can be used to specify long-term aging durations based on 
climatic region is to use the climatic high temperature PG as an index value to group different 
geographic areas based on their climate. The climatic high temperature PG is determined using a 
model that is based on a depth of 20 mm, yearly degree days above 10°C, and the assumed 
threshold for the allowable rut depth of 12.7 mm (Mohseni et al. 2005). These values can be 
obtained from LTPPBind v3.1 software and are presented in Figure H-1. 



 
Figure H-1. Climatic high temperature performance grades. 

 
The climatic high temperature PG (°C) is multiplied by the field age (years) and used as a 

climatic index value to represent the pavement climatic history and pavement age using a single 
number. Figure H-2 shows the correlation between the climatic high temperature PG × field age 
and the laboratory aging duration at 95°C to match the field aging at a depth of 20 mm. 

 

 
Figure H-2. Correlation between climatic high temperature PG × field age (°C-years) and 

measured aging durations at 95°C to match field aging at 20-mm depth. 
 
Mean Annual Air Temperature (MAAT) 

 
The GAS model (Mirza and Witczak 1995) is an empirical model that allows for the 

prediction of the change in binder viscosity as a function of age, given the MAAT as a climatic 
index value. The GAS model also considers the aging gradient with pavement depth. The model 
assumes a hyperbolic aging function that predicts a decreasing rate of viscosity increase with an 
increase in age, under the assumption that most age hardening occurs within the first ten years of 

y = 0.0074x
R² = 0.53

0

5

10

15

20

25

0 200 400 600 800 1000 1200 1400

Ag
in

g 
Du

ra
tio

n 
at

 95
°C

 
(D

ay
s)

Climatic High Temperature PG X Field 
Age (°C-Years)

ALF-CTRL ALF-SBS
WesTrack-Fine WesTrack-Coarse
LTPP-TX LTPP-NM
LTPP-SD LTPP-WI



a pavement’s service life. The GAS model is summarized in Equations H-1 and H-2. Figure H-3 
shows the correlation between the MAAT multiplied by age and the laboratory aging duration at 
95°C to match field aging at 20-mm depth. 
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where 
ηaged = aged viscosity (centipoise), 
ηt=0 = viscosity at mix/laydown (centipoise), 
A and B = functions of the temperature and MAAT for the location of interest and ηt=0, 
Fν = optional air void content adjustment factor, 
t = time in months, 
z = depth, and 
E = function of MAAT. 

 

 
Figure H-3. Correlation between mean annual air temperature × field age (°F-years) and 

measured aging duration at 95°C to match field aging at 20-mm depth. 
 
Cumulative Degree Days (CDD) 

 
The CDD index has been proposed in the NCHRP 09-49 and NCHRP 09-52 projects 

(Newcomb et al. 2015, Martin et al. 2014) as a field metric that accounts for both in-service 
temperature and time and is defined as the sum of the daily high temperatures above freezing. 
The CDD index was proposed as a potential means to link laboratory aging durations to an 
equivalent pavement temperature history. Thus, mixtures placed in two different climatic 
regions, for example, New Mexico and Wisconsin, could be considered to age differently over 
the same period (Newcomb et al. 2015). The CDD index can be calculated using Equation H-3. 
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Figure H-4 shows the correlation between the CDD index values and the laboratory aging 
durations at 95°C to match field aging at 20-mm depth. 

 

max( 32)dCDD T= −∑            (H-3) 

where 
Td max = daily maximum temperature, °F. 
 

 
Figure H-4. Correlation between cumulative degree days (°F-Days) and the measured 

aging duration at 95°C to match field aging at 20-mm depth. 
 
Development of Climatic Aging Index (CAI) 

 
The CAI is the climatic index developed in this study using the G*-based kinetics model 

shown in Equation H-4. First, it was verified that loose mix aging is a kinetics-controlled 
reaction mechanism, which is a requirement for applying kinetics models without considering 
diffusion. (This verification work is presented in the Evaluation of the Loose Mixture Aging 
Reaction Mechanism section of the main report on page 57.) Then, a kinetics model for loose 
mixture aging was developed and then validated using log G* at 64°C and 10 rad/s frequency as 
the AIP within Glaser et al.’s (2013) kinetics model framework that was developed initially for 
binder aging. (Details regarding the G*-based kinetics model development and verification are 
presented in the Kinetics Modeling of Loose Mixtures under Isothermal Aging section and 
Kinetics Modeling of Non-Isothermal Aging section on pages 57-61 of the main report.) Equation 
H-4 shows the developed kinetics model. Additionally, the kinetics model was calibrated using 
AIP measurements obtained from isothermal aging at a single temperature. Furthermore, it was 
proven, theoretically and experimentally using both laboratory and field data, that the laboratory 
oven aging duration that is required to match field aging for a given mixture is independent of 
the mixture-specific kinetics model parameters (G* of the short-term aged material and M), as 
shown in Equation H-5. (This work is presented in the Kinetics Derivation of Laboratory Aging 
Duration section on pages 62-64 of the main report). 

The use of Equation H-5 to determine laboratory aging durations as a function of 
pavement temperature history is computationally expensive. Furthermore, the kinetics model 
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expressed in Equation H-5 does not consider the diffusion that affects oxidation levels within 
pavements. Therefore, the application of Equation H-5 to determine laboratory loose mixture 
aging durations would likely be inaccurate without either the inclusion of a diffusion model or 
calibration against the field data. To overcome these challenges, the kinetics model was 
simplified and calibrated against field data that correspond to a wide range of climatic conditions 
and depths in order to develop a CAI that can prescribe laboratory aging durations using 
pavement temperature history. 
  Equation H-6 shows the kinetics model for the prediction of log G* as a function of 
pavement temperature and pressure history. The required inputs of this model are the pavement 
temperature and pressure history, reaction orders for fast and constant reactions (m and n, 
respectively), and the mixture-specific kinetics parameters, M and log G*o, where G*o is the G* 
that corresponds to the short-term aged condition. Although the effect of the oxidation spurt is 
clearly evident in laboratory aging that is conducted at an elevated temperature, e.g., 85°C and 
95°C, the log G* and aging duration relationship is almost linear at 70°C. Therefore, the effect of 
the oxidation spurt on aging of pavements in service is relatively small because pavement 
temperatures do not go as high as 85°C and 95°C. Therefore, when Equation H-6 is used to 
predict log G* as a function of time using pavement temperature history data, the effect of the 
fast-rate oxidation spurt is negligible, which allows Equation H-6 to be simplified to the form 
given in Equation H-7. 
  To further support the simplification of Equation H-6 to Equation H-7, kc and kf are 
shown as functions of temperature in Figure H-5. Figure H-5 shows that, at temperatures below 
15°C, kf is very small, which gives the exponential term in Equation H-6 a value that is close to 
one. Consequently, at temperatures below 15°C, the second term in the red portion of Equation 
H-6 tends towards zero. At temperatures between 15°C and 60°C, kc/kf is relatively close to one, 
which causes the first parenthesis in the red term in Equation H-6 to be close to zero. Hence, at 
typical pavement temperatures, the red term in Equation H-6 tends to be zero and thus Equation 
H-6 can be simplified to Equation H-7. 
  Equation H-5 demonstrates that the determination of laboratory aging durations at 95°C 
is independent of the mixture-specific parameters, M and G*o. Thus, with regard to the duration 
of laboratory aging, the pertinent parameters in Equation H-7 are k (rate of reaction) and Pn 
(oxygen pressure term). The Pn parameter is affected by altitude and pavement depth. Because 
all the sections shown in Table H-1 that were used in the climatic index study are not in locations 
with high altitudes, the Pn parameter is affected mostly by pavement depth. Therefore, the Pn 
parameter is replaced by the D term (representing the depth correction factor) in Equation H-8 to 
define the CAI. The CAI in Equation H-8 is now defined by the rate of reaction, reaction time, 
and pavement depth. 

The slow reaction rate term k in Equation H-8 can be represented using Arrhenius 
equation parameters, as shown in Equation H-9, where the units of time are days. In order to 
consider hourly temperature data, a summation of the CAI values is applied based on the hourly 
temperature history, as shown in Equation H-10. 
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where 

k = rate of reaction, 
kf = rate of fast reaction, 
kc = rate of constant reaction,  
t = reaction time (days), 
P = absolute oxygen pressure, 
m = reaction order of fast reaction, 
n = reaction order of constant reaction, 
D = depth correction factor, 
M = fitting parameter related to fast reaction reactive material, and 
CAI = climatic aging index. 

 

 
Figure H-5. Fast and slow reaction rates at different temperatures. 

 
The CAI can be applied to determine the loose mixture aging duration at 95°C to match a 

given pavement temperature history at any depth of interest. However, a comparison of different 
climatic indices requires their index values to be determined at the same depth. Because the high-
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temperature PG is determined at a depth of 20 mm from the surface, all other climatic indices, 
including the CAI, are determined at that depth.  

In order to calculate CAI values at a depth of 20 mm, the pavement temperature histories 
acquired from EICM data for the sections presented in Table H-1 were input into Equation H-10. 
Then, parameters Ea and A in Equation H-10 were regressed to provide the best fit between the 
CAI values and measured laboratory aging durations using a D value of 0.4565. The data and 
discussion behind the determination of the depth correction factor (D = 0.4565) at the 20-mm 
depth are presented later in this appendix. Figure H-6 shows the correlation between the CAI 
values and the measured aging durations at 95°C to match field aging at 20-mm depth. 
 

 
Figure H-6. Correlation between climatic aging index values at 20-mm depth and measured 

aging durations at 95°C to match field aging at 20-mm depth. 
 
Comparison among Different Climatic Indices 
 

Figure H-7 shows the correlations between the different climatic indices and the 
laboratory aging durations at 95°C to match field aging at 20-mm depth. Figures H-2, H-3, H-4, 
and H-6 are duplicated in Figure H-7 in order to aid the comparison among different indices. 
Based on these comparisons, the CDD index and CAI showed good correlations with the 
measured laboratory aging durations (R2 values greater than 0.65); however, of these two 
indices, the CAI was selected as the better of the two as it is based on pavement temperature (not 
air temperature) and thus can be applied to different pavement depths. That is, the CAI accounts 
for the effect of the temperature gradient throughout the pavement depth using the rigorous G*-
based oxidation kinetics model. Although an additional depth correction factor was needed to 
account for the diffusion of oxygen throughout the depth of the pavement, detailed modeling of 
the temperature effect on aging throughout the pavement depth in the CAI is deemed to be a 
significant enhancement over the CDD index.  
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Figure H-7. Correlations between measured aging durations at 95°C to match field aging at 

20-mm depth and different climatic indices: (a) climatic high temperature performance 
grade (PG) × field age (°C-years), (b) mean annual air temperature (MAAT) × field age 

(°F-years), (c) cumulative degree days (CDD) (°F-days), and (d) climatic aging index (CAI). 
 
Climatic Aging Index (CAI) at Different Pavement Depths 
 

Figure H-8 (a) shows the relationship between the CAI values and measured laboratory 
durations at 95°C without applying the depth correction factor D in Equations H-10. The figure 
shows significant scatter in the data and an overall low R2 value. Figure H-8 (b) presents the CAI 
calibrations separately for three depths: the near-surface layer 6 mm from the surface, 20 mm 
from the surface, and deeper layers below 20 mm. Figure H-8 (b) also shows that separating the 
data according to depth improves the relationship between the CAI values and laboratory aging 
durations significantly, thereby highlighting the need for the depth correction. Thus, the Ea and A 
parameters were first calibrated using the data that correspond to a depth of 6 mm to provide a 
CAI value that is equivalent to the required laboratory aging duration at 95°C to match the 
pavement temperature history. Then, the D values were calibrated using the data that correspond 
to depths of 20 mm and deeper. It is worth mentioning that the depth correction factor D is 
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affected not only by diffusion mechanisms but also by photo-oxidation effects at the pavement 
surface. Figure H-8 (c) shows the relationship between the laboratory aging durations and CAI 
values after applying the depth correction factors shown in Table H-2. The results demonstrate a 
strong one-to-one relationship between the CAI values and measured laboratory aging durations. 
Thus, the CAI value can be regarded as the required laboratory aging duration at 95°C to match a 
given pavement temperature history and depth. 

 
Table H-2. Climatic aging index fitting coefficients 

MIX ID 
 Depth 

Correction 
Factor (D) 

Arrhenius Equation, 
Pre-exponential 

Factor (A) 

Arrhenius Equation, 
Activation Energy 

Ea 
Surface Layer (6 mm) 1.0000 1.40962 13.3121 

20-mm depth 0.4565 1.40962 13.3121 
Deeper Layers (below 20 mm) 0.2967 1.40962 13.3121 
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Figure H-8. Climatic aging index (CAI) predictions: (a) overall CAI fitting without depth 
correction factor D, (b) CAI fitting based on layer depth without depth correction factor 

D, and (c) overall CAI fitting after applying depth correction factor D. 
 

Application 
 

CAI values for various locations in the United States can be calculated using hourly 
pavement temperature history data obtained from the EICM to provide an overview of the 
proposed laboratory aging durations for various climates, field aging durations, and depths. As 
shown in Figure H-8 (c), the CAI values and measured durations that are needed to match field 
aging correlate linearly in a one-to-one relationship. Thus, the CAI values represent the required 
durations at 95°C that are needed to match the field aging for a given pavement temperature 
history and depth. For instance, Figure H-9 shows the CAI-determined loose mixture aging 
durations at 95°C that are required to match eight years of field aging at a depth of 20 mm from 
the pavement surface. (Similar maps for different field ages and pavement depths are presented 
in the Laboratory Aging Duration Maps section on pages 69-75 of the main report). 
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Figure H-9. Example of an aging duration map showing the required oven aging durations 
at 95°C to match level of field aging 20 mm below pavement surface for eight years of field 

aging. 
 
Conclusions 
 

The following conclusions pertain to the comparisons between different climatic indices 
and the development of the CAI. 

 
• CDD and CAI climatic indices showed good correlations with measured aging 

durations at 95°C to match field aging at 20-mm depth. 
• The CAI is advantageous over alternative aging indices for several reasons: 
 

(1) The CAI is based on pavement temperature rather than air temperature.  
(2) The CAI can be applied at different depths and uses a depth correction factor (D) 

and variations in pavement temperature with depth.  
(3) The CAI considers the exponential relationship between aging rate and 

temperature. 
(4) The CAI captures hourly pavement temperatures. 

 
• Depth correction factor D significantly improved CAI correlations with measured 

aging durations at 95°C to match field aging at various pavement depths. The R2 
values for CAI correlations with measured laboratory durations to match field aging 



increased from 0.28 before applying the depth correction factor to 0.71 after applying 
the depth correction factor. 
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APPENDIX I 
 
Performance Testing of Field Cores 
 
Introduction 

 
Because the goal of this project is to develop a long-term aging protocol for performance 

testing and analysis, it is important to compare the performance characteristics of laboratory-
aged materials and field cores that both have been aged for the same level of oxidation. 
However, the performance properties of laboratory-aged specimens and those of field cores may 
not match, even though they have the same oxidation level, due to the presence of moisture and 
thermal cycling in the field. With this situation in mind, the NC State University research team 
tested field cores extracted from several Long-Term Pavement Performance (LTPP) sections. 
The initial goal of the performance testing of these field cores was to inform the development of 
calibration functions to account for differences in the performance of laboratory-aged and field-
aged materials, other than differences caused by oxidation. However, the variability in the air 
void contents and uncertainty in the traffic loading (uncertainty that is due to the fact that the 
load level depends on the location of the pavement from which the core is extracted) precluded 
development of such calibration functions. The performance analysis of the field cores is 
presented in the following sections.  

 
Field Sample Testing Method 

 
The research team acquired field cores from four LTPP sections. Small specimens (38-

mm diameter by 110-mm tall) were extracted horizontally from the top lift of the field cores for 
dynamic modulus and cyclic fatigue testing. Figure I-1 (a) shows small specimens extracted from 
a 6-inch field core from a LTPP Wisconsin section at three depths. The team also performed 
dynamic modulus testing in compression mode using a MTS servo-hydraulic test system 
according to AASHTO PP 342. Four temperatures (4°C, 15°C, 27°C, and 40°C) and six loading 
frequencies (25, 10, 5, 1, 0.5, and 0.1 Hz) were used for the dynamic modulus tests. Figure I-1 
(b) shows a 38-mm specimen prepared for dynamic modulus testing.  
 

 

 

 

 

 

 

Figure I-1. LTPP Wisconsin field core: (a) small specimens extracted from a 6-inch field 
core and (b) small specimen prepared for dynamic modulus testing. 
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The research team performed the cyclic fatigue tests using a MTS servo-hydraulic test 
system according to AASHTO TP 107. Also in accordance with AASHTO TP 107, the team 
selected the cyclic fatigue test temperature based on the local binder performance grade. The 
team conducted the cyclic fatigue tests at three cross-head displacement amplitudes and then 
combined the results with the dynamic modulus test results to determine the Simplified 
Viscoelastic Continuum Damage (S-VECD) model parameters. Table I-1 summarizes the 
information that pertains to the evaluated LTPP sections. Note that the field cores were acquired 
at two levels of field aging for all sections evaluated. 
 

Table I-1. Summary of LTPP field sections considered for performance testing 

Project 
ID Location Section ID Construction 

Date 

Date Core 
Extracted (Core 

Age) 

Climatic 
Zone 

LTPP 
SPS-8 

NM LTPP SPS-8  
New Mexico 1996 2006 2014  Dry/Non-

Freeze 

WA LTPP SPS-8 
Washington 1995 2006 2014 Dry/Freeze 

WI 
LTPP SPS-8 

Wisconsin, SR-
29 

1997 2005 2014 Wet/Freeze 

SD LTPP SPS-8 
South Dakota 1993 2006 2014 Dry/Freeze 

 
The dynamic modulus and cyclic fatigue test results were used within the FlexPAVETM 

program to predict the cracking performance within a pavement structure under realistic traffic 
and climate conditions. Typical pavement structures (10-cm asphalt concrete layer, 20-cm 
aggregate base, and 380-cm subgrade) and traffic levels (3500 daily ESALs) were used in the 
FlexPAVETM simulations. Climatic data for each of the locations listed in Table I-1 were 
obtained from the Enhanced Integrated Climatic Model (EICM) and used in the simulations. 

 
Test Results and Discussion 
LTPP South Dakota 
 

Figure I-2 presents the air void contents and performance test results for the LTPP South 
Dakota field cores. Figure I-2 (a) shows the average air void contents and standard errors for six 
measurements of Ø38-mm samples extracted from field cores. The average air void content for 
both aging levels is about two percent. A much greater variability in air void content can be 
observed for the 21-year-old field specimens compared to the 14-year-old specimens. Specimens 
were prepared for performance testing for use in at least two repeatable dynamic modulus tests 
and three cyclic fatigue tests. The dynamic modulus mastercurves presented in Figure I-2 (b) 
show that the 21-year-old field cores were significantly stiffer than the 14-year-old field cores. 

Figure I-2 (c) and (d) are the results from the cyclic fatigue test. The damage 
characteristic curve (i.e., C versus S curve) in Figure I-2 (c) describes the damage evolution 
within the material and is independent of temperature, stress/strain level, and mode of loading. 
Figure I-2 (d) presents the failure criterion based on DR, which is defined as the average 
reduction in pseudo stiffness up to failure. Wang and Kim (2017) found that cumulative (1-C) 
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values up to failure and the number of cycles to failure, Nf, have a linear relationship which 
passes through the origin. The slope of this linear relationship is the material property that 
defines the failure of the material. This slope is denoted as DR. Therefore, the 14-year-old cores 
have the DR value of 0.4123 whereas the DR value of the 21-year-old cores is 0.4984 as can be 
seen in Figure I-2 (d). In general, a higher DR value represents better cracking resistance. Wang 
and Kim (2017) also concluded that the 90% confidence level can be obtained by using data 
from three fatigue tests if ±0.04 is used for the DR value as a tolerance to the variation. Based on 
this observation, the DR values shown in Figure I-2 (d) are significantly different. 

 
Field, LTPP SD, 14 Years      Field, LTPP SD, 21 Years 

 

 
 

 
 

 
Figure I-2. LTPP South Dakota section cores after 14 and 21 years of aging in the field: (a) 
air void measurements with standard error bars, (b) dynamic modulus mastercurves, (c) 

damage characteristic curves, and (d) DR values for failure criterion. 
 
 The material properties shown in Figure I-2 were input to FlexPAVETM for cracking 
performance prediction of the study pavement. Figure I-3 shows the FlexPAVETM predicted 
distribution of damage within a cross-section of the asphalt pavement layer after 20 years of 
traffic loading. The wheel path is directly above the region of damage localization. To compare 
the results of the fatigue cracking predictions, the percent damage was computed as a function of 
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time for each case. The percentage of damage (referred to as ‘percent damage’) is defined as the 
ratio of the sum of the damage factors within the reference cross-section area to the reference 
cross-section area, as shown in Equation I-1. 
 
 

𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃 𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝑃𝑃 =
∑ � 𝑁𝑁

𝑁𝑁𝑓𝑓
�
𝑖𝑖

× 𝐴𝐴𝑖𝑖𝑀𝑀
𝑖𝑖=1

∑ 𝐴𝐴𝑖𝑖𝑀𝑀
𝑖𝑖=1

�     (I-1) 

 
where  
i = nodal point number in finite element mesh, 
M = total number of nodal points in finite element mesh, 
N/Nf = damage factor, 
N = number of load applications, 
Nf = number of load applications to failure,  
Ai = area represented by nodal point i in finite element mesh, and 
∑ Ai = reference area. 
 

  

(a) (b) 

Figure I-3. Damage contours for LTPP South Dakota section: (a) 14-year-old and (b) 21-
year-old specimens. 

 
 FlexPAVE™ uses two overlapping triangles to form the reference cross-section area 
within which the damage evolution can be considered (Kim et al. 2017). The top inverted 
triangle has a 170-cm wide base that is located at the top of the surface layer and a vertex that is 
located at the bottom of the bottom asphalt layer. The 12-cm wide base of the second triangle is 
located at the bottom of the bottom asphalt layer and its vertex is positioned at the surface layer. 
Figure I-4 presents the final shape of these overlapping triangles. 
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Figure I-4. Area for ‘percent damage’ definition. 

 
Figure I-5 shows the percent damage growth as a function of service life in months for 

the 14-year-old and 21-year-old materials. The FlexPAVETM results indicate that the 14-year-old 
material shows slightly better performance than the 21-year-old material. This reverse trend is 
probably due to the large sample-to-sample variability found in the field cores, including the 
variability in air void contents. 
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Figure I-5. Comparison of percent damage versus service life (months) for LTPP South 

Dakota section at two different aging levels. 
 
LTPP Wisconsin 
 

Figure I-6 presents the G* measurements for extracted and recovered binders, air void 
contents, and performance test results for the LTPP Wisconsin field cores. Figure I-6 (a) shows 
the G* measurements for binders extracted and recovered from a field core at a depth of 19 mm 
and at the aging levels of 8 years and 17 years. The 17-year-old field core contains stiffer binder 
than the 8-year-old field core. A significant change in the air void content was observed between 
the two field age levels, as shown in Figure I-6 (b). This change in air void content with aging 
may have been caused by densification under traffic loading and/or construction variability. 
Although the 17-year-old cores show a significantly lower air void content than the 8-year-old 
cores, the dynamic modulus mastercurves of the two age levels are similar, as shown in Figure I-
6 (c), with the 17-year-old cores showing slightly higher dynamic modulus values than the 8-
year-old cores. Figure I-6 (d) and (e) present the cyclic fatigue test results. Generally, the stiffer 
materials exhibit higher C versus S curves than the less stiff materials, which may explain the 
trend shown in Figure I-6 (d). The DR values for the two age levels are comparable, as shown in 
Figure I-6 (e).  
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   Field, LTPP WI, 8 Years 

 

     Field, LTPP WI, 17 Years 

 

 

 
 

 
 

 
Figure I-6. LTPP Wisconsin section cores after 8 and 17 years of aging in the field: (a) G* 
of extracted and recovered binders at 64°C and 10 rad/s, (b) air void measurements, (c) 
dynamic modulus curves, (d) damage characteristic curves, and (e) DR values for failure 

criterion. 
 

Figure I-7 shows the FlexPAVETM predicted distribution of damage within a cross-
section of the LTPP Wisconsin asphalt pavement layer after 20 years of traffic loading. Figure I-
8 presents the percent damage as a function of time. The data obtained from the 17-year-old field 
cores indicate greater fatigue cracking susceptibility than the data obtained from the 8-year-old 
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field cores. The lower air void content in the 17-year-old field cores would result in better fatigue 
cracking resistance compared to the 8-year-old field cores. That is, if the air void contents were 
about the same, the data obtained from the 17-year-old field cores would indicate worse fatigue 
cracking resistance than the 8-year-old field core data, which would make the difference in 
percent damage between the data obtained from the 8-year-old and 17-year-old cores even 
greater than the difference shown in Figure I-8. 

 

  

(a) (b) 

Figure I-7. Damage contours for LTPP Wisconsin section: (a) 8-year-old and (b) 17-year-
old specimens. 

 

 
Figure I-8. Comparison of percent damage versus service life (months) for LTPP 

Wisconsin section at two different aging levels. 
 
LTPP New Mexico 

 
            Figure I-9 presents the G* measurements for extracted and recovered binders, air void 
contents, and performance test results for the LTPP New Mexico field cores. Figure I-9 (a) 
presents the G* measurements for binders extracted and recovered from a field core at a depth of 
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19 mm and at the two aging levels of 10 years and 18 years. The binder results suggest greater 
stiffness for the 18-years old core than for the 10-years old field core. A significant change in the 
air void content can be observed between the two field age levels, as shown in Figure I-9 (b). 
The change in air void content with age level may have been caused by densification under 
traffic loading and/or construction variability. The 18-year-old field cores show higher dynamic 
modulus values and higher damage characteristic curves than the 10-year-old field cores in 
Figure I-9 (c) and Figure I-9 (c), respectively, although the damage characteristic curves show 
relatively large scatter. DR value is slightly higher for the 10-year-old field cores compared to the 
18-year-old field cores as presented in Figure I-9 (e).  
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Figure I-9. LTPP New Mexico section cores after 10 and 18 years of aging in the field: (a) 

G* of extracted and recovered binders at 64°C and 10 rad/s, (b) air void measurements, (c) 
dynamic modulus curves, (d) damage characteristic curves, and (e) DR values for failure 

criterion. 
 
Figure I-10 shows the FlexPAVETM predicted distribution of damage within a cross-

section of the asphalt pavement layer after 20 years of traffic loading. Figure I-11 presents the 
fatigue damage area as a function of time. The 10-year-old field cores exhibit greater cracking 
susceptibility than the 18-year-old field cores. This reverse trend may be due to the difference in 
air void contents between the cores at the two age levels. That is, the positive effect of the low 
air void content in the 18-year-old cores on fatigue resistance may be greater than the negative 
effect of additional aging of the 18-year-old cores, resulting in better fatigue cracking resistance 
of the 18-year-old cores. 
 

  

(a) (b) 

Figure I-10. Damage contours for LTPP New Mexico section: (a) 10-year-old and (b) 18-
year-old specimens. 
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Figure I-11. Comparison of percent damage versus service life (months) for LTPP New 

Mexico section at two different aging levels. 
 
 
 

LTPP Washington 
 

Figure I-12 presents the air void contents and performance test results for the LTPP 
Washington field cores. A significant change in the air void content can be observed between the 
two field age levels, as shown in Figure I-12 (a). The change in air void content with age level 
may have been caused by densification under traffic loading and/or construction variability. The 
dynamic modulus test results for the two aging levels are similar, as shown in Figure I-12 (b). 
The damage characteristic curves in Figure I-12 (c) suggest greater cracking susceptibility of the 
13-year-old pavement material than the 21-year-old material due to its lower position. However, 
much larger DR values for the 13-year-old cores compared to those for the 21-year-old cores in 
Figure I-12 (d) indicate greater cracking resistance of the 13-year-old cores. 

 
Field, LTPP WA, 13 Years      Field, LTPP WA, 21 Years 
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Figure I-12. LTPP Washington section cores after 13 and 21 years of aging in the field: (a) 
air void measurements, (b) dynamic modulus curves, (c) damage characteristic curves, and 

(d) DR values for failure criterion. 
 

The material properties presented in Figure I-12 were input to FlexPAVETM to predict the 
damage within a cross-section of the asphalt pavement after 20 years of traffic loading. Figure I-
13 and Figure I-14 show the damage contour results and the percent damage as a function of 
time, respectively. The results suggest that the fatigue damage susceptibility of the 21-year-old 
field cores is significantly greater than that of the 13-year-old field cores, indicating that the 
lower DR value of the 21-year-old cores has a greater effect on fatigue cracking resistance than 
the higher position of the damage characteristic curve and lower air void content observed from 
the 21-year-old cores.  

 

  

(a) (b) 

Figure I-13. Damage contours for LTPP Wisconsin section: (a) 13-year-old and (b) 21-year-
old specimens. 
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Figure I-14. Comparison of percent damage versus service life (months) for LTPP 

Washington section at two different aging levels. 
 
Summary of Findings 
 

Based on the test results obtained for the four test sections investigated in this study, the 
following observations were made: 
 

• In general, the dynamic modulus values of field cores with higher aging levels (longer in-
service durations in the field) are higher than those of field cores with lower aging levels. 

• In general, much greater variability is found from the cyclic fatigue material properties 
(i.e., damage characteristic curve and DR value) of the field cores than the variability that 
has been observed from laboratory-fabricated specimens in other research projects at NC 
State University. 

• A fair comparison of the fatigue cracking performance between field cores at two age 
levels was masked by the differences in the air void contents of the field cores at two age 
levels. It is recommended that future performance testing efforts should use laboratory-
fabricated specimens with the same air void contents but different aging levels to 
investigate further the effect of oxidation aging on fatigue cracking performance. 
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