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FOREWORD 

This report provides an independent evaluation of the capabilities of different laboratory-conducted, 
intermediate-temperature asphalt mixture performance tests under short- and long-term oven-aging 
(LTOA) conditions. An examination of test outcomes before and after extended LTOA conditioning 
emphasizes the responsiveness of standard laboratory performance tests and offers insights into 
material behavior under varied aging conditions.  

The report describes the third phase of FHWA’s Mixture Performance Test Comparison study, a 
seamless continuation of phases Ⅰ and Ⅱ, wherein asphalt mixtures from three different States, 
featuring varying nominal maximum aggregate sizes, underwent examination both before and after the 
application of two emerging LTOA procedures.  

The advancement of balanced-mixture-design procedures requires appropriate thresholds and careful 
characterization of mixtures in production and service settings, as well as correlation with documented 
pavement performance. Included in this study is a discussion on the different percentages of reclaimed 
materials available in asphalt mixtures and the variety of intermediate cracking tests that introduce 
varying behavioral insights during a pavement’s life cycle. 

Findings from this study bridge an important gap between different aging practices nationwide and 
performance test results. This report should benefit public and private stakeholders who develop 
specifications or conduct research on asphalt balanced mixture design programs. 

Jean A. Nehme, Ph.D., P.E. 
Director, Office of Infrastructure  

Research and Development
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CHAPTER 1. INTRODUCTION 

Fatigue cracking has always been a challenging issue with regard to asphalt pavements. It is one of the 

primary distresses due to repeated loading on asphalt pavements. Aging in asphalt pavements has been 

recognized and studied for almost a century. Hubbard and Reeve 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.(1) Subsequent studies confirmed 

Hubbard and Reeve’s basic finding that oxidation, and not volatilization alone, is responsible for 

changes in asphalt properties that occur due to exposure.(2–4) Further oxidative aging of asphalt is a 

long-held area of both curiosity and concern among materials engineers. As asphalt materials age, the 

cracking susceptibility of the mixtures changes during the course of time. More recently, several 

researchers have proposed that asphalt mixtures be long-term aged in the loose state. (See references 5 

through 9.) The rate of oxidation increases at higher temperatures, and thus, many researchers have 

proposed loose-mix aging at 135 ℃ (275 ℉) as an efficient alternative to the American Association of 

State Highway and Transportation Officials (AASHTO) R 30 aging protocol.(8,10) Researchers have 

also mentioned that chemical changes that occur when loose mixtures are aged at 135 ℃ (275 ℉) can 

lead to significantly different cracking performance results compared with materials testing and 

pavement simulations for aging at 95 ℃ (203 ℉).(5) Thus, the National Cooperative Highway 

Research Program (NCHRP) has conducted research to investigate loose-mixture aging versus 

compacted-specimen aging, oven aging versus pressure aging, and 95 ℃ (203 ℉) aging temperature 

versus 135 ℃ (275 ℉).(11) Based on the results, researchers have proposed the conditioning of loose 

mixture in an oven at 95 ℃ (203 ℉) as the long-term aging procedure for the fabrication of asphalt 

mixture performance test specimens.(11) 

The Federal Highway Administration (FHWA) has started a three-phase project entitled Mixture 

Performance Test Comparison Study:  

• The first phase focused on the value of intermediate-temperature performance tests after 

short-term oven aging (STOA), which is included in current balanced mixture design (BMD) 

frameworks.  

• The second phase focused on comparing aging approaches—particularly whether equivalence 

between long-term-aging procedures exists—and on highlighting the sensitivity—or lack 

thereof—of common laboratory mixture performance tests.  

• This report presents the results of the third phase of the project. Phase Ⅲ is intended to 

investigate the impacts of long-term aging on mixture performance, and plant-mixed, 

laboratory-compacted mixtures from various States will be subjected to long-term oven aging 

(LTOA).  

Three commonly discussed cracking performance tests from phases Ⅰ and Ⅱ were applied in phase Ⅲ: 

the Asphalt Mixture Performance Tester (AMPT) cyclic fatigue test, the Illinois Flexibility Index Test 

(I-FIT), and the indirect tensile asphalt cracking test (IDEAL-CT). The tests were selected after a 

review of the results from phase Ⅰ and phase Ⅱ and technical input from the stakeholders.
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CHAPTER 2. OBJECTIVE AND SCOPE 

The objective of this study is to investigate the impacts of long-term aging on mixture performance. 

Loose mixtures from four different States were subjected to LTOA to understand the diversity of the 

mixtures, to determine stiffness dependency of the test methods, and to link binder and mixture 

properties that were not parts of phase Ⅰ and phase Ⅱ.  

The objective of the parent study, entitled Mixture Performance Test Comparison Study, is to provide 

information for the community with regard to the intermediate-temperature performance tests and 

changes noticed due to the incorporation of laboratory aging. To reduce variability that might result 

from multiple operators, one technician prepared all test specimens, and a separate technician tested all 

specimens. Each technician has approximately 35 yr of experience in asphalt materials research 

laboratories.
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CHAPTER 3. MATERIALS AND METHODS 

MATERIALS 

The materials included in this report are from Florida, Montana, Ohio, and Vermont and represent 

different nominal maximum aggregate sizes (NMASs) and different reclaimed asphalt 

pavement/reclaimed asphalt shingle (RAP/RAS) percentages, as shown in table 1. The naming of each 

mixture is labeled (State)(NMAS)(percent RAP). For example, FL12.5R00 reads as the mixture from 

Florida, with a 12.5-mm (0.5-inch) NMAS and 0 percent RAP.  

Table 1. Featured mixtures from the four different States. 

State Mixture 

Percent 

RBR VMA VFA 

Percent 

AC Gmm Gmb Gsb 

Florida FL12.5R00 0 RAP 18.0 62.1 5.0 2.541 2.359 2.734 

Montana MT9.5R00 0 RAP 18.7 63.1 5.9 2.402 2.320 2.588 

Montana MT19R00 0 RAP 16.1 58.7 5.0 2.455 2.367 2.606 

Ohio OH9.5R20 20 RAP 20.6 66.0 6.3 2.423 2.338 2.614 

Ohio OH12.5R15 15 RAP 19.1 63.6 5.9 2.475 2.376 2.640 

Ohio OH19R18 18 RAP 16.2 56.9 5.3 2.452 2.354 2.616 

Vermont VT12.5R00 0 RAP 19.4 62.2 5.8 2.478 2.379 2.684 

AC = asphalt content; Gmb = bulk specific gravity of asphalt mixture; Gmm = maximum theoretical specific gravity; Gsb = 

bulk specific gravity of aggregate; RBR = reclaimed binder ratio; VFA = voids filled with asphalt; VMA = voids in 

mineral aggregate. 

This study used one STOA procedure (reheated to compaction temperature) and two loose LTOA 

procedures after gathering stakeholder input. The first approach is from NCHRP project 09-54, which 

relies on oven conditioning at 95 ℃ (203 ℉). Researchers generated a series of maps detailing LTOA 

duration to simulate conditions across the United States for various target service times and various 

depths from the surface. The first LTOA duration corresponded to 8 yr of field aging at a depth of 

20 mm (0.8 inch) below the surface to represent the state of a 50-mm (2-inch) surface lift.(12) 

Conversely, a higher temperature, shorter duration aging technique was also used. The approach was 

generated through work at the National Center for Asphalt Technology (NCAT), with an oven 

conditioning temperature of 135 ℃ (275 ℉) and a duration of 8 h.(13) The premise behind the method 

is that different cumulative degree-days would be simulated by the oven conditioning based on field 

location. The two LTOA temperatures and the duration for individual mixtures are shown in table 2.  
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Table 2. Selected LTOA temperature for mixtures. 

State Mixture 

95 ℃ 

(203 ℉)  

135 ℃ 

(275 ℉)  

Florida FL12.5R00 7 d 8 h 

Montana MT9.5R00 3 d 8 h 

Montana MT19R00 3 d 8 h 

Ohio OH9.5R20 4 d 8 h 

Ohio OH12.5R15 4 d 8 h 

Ohio OH19R18 4 d 8 h 

Vermont VT12.5R00 3 d 8 h 

As mentioned, the researchers conducted four different mixture performance tests on the aged 

materials. In all cases, the target air void level was 7±0.5 percent. Dynamic modulus testing was 

conducted on 38-mm-(1.5-inch)diameter by 110-mm-(4.3-inch)height specimens in general 

accordance with AASHTO TP 132.(14) Deviations from AASHTO TP 132 are related exclusively to 

the temperature and frequency combinations and a microstrain target of 100 that was used. Testing 

was conducted in an AMPT at 4.4, 21.1, 37.8, and 45 ℃ (40, 70, 100, 113 ℉) at frequencies of 25, 10, 

5, 1, 0.5, and 0.1 Hz.  

SELECTED LABORATORY AGING DURATION MAPS 

The aging duration for each of the selected mixtures from four different States was selected based on a 

mixture’s location and climate. According to a climate aging index, as reported in NCHRP report 871, 

loose-mixture aging durations at 95 ℃ (203 ℉) that are required to match 8 yr of field aging at a depth 

of 20 mm (0.8 inch) below the surface are shown in figure 1.(5) A depth of 20 mm (0.8 inch) represents 

a reasonable depth for the evaluation of surface-layer asphalt mixtures because a depth of 20 mm 

(0.8 inch) better reflects the bulk behavior of the top 50-mm (2-inch) layer of the pavement structure. 

Conversely, a higher-temperature, shorter-duration aging technique was also used in this phase of the 

project. The approach was generated through work at NCAT, with an aging temperature of 135 ℃ 

(275 ℉) and a duration of 8 h.(13) The premise behind this method is that different cumulative degree-

days will be simulated by the oven aging condition based on field location, but from a kinetics 

modeling perspective, these aging levels are not equal.  
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© 2018 National Academies of Science, Engineering, and Medicine. 

Figure 1. Map. Required oven-aging duration at 95 ℃ (203 ℉).(5) 

METHODS: ASPHALT MIXTURE TESTING PROCEDURES 

This section describes each of the four test procedures. The testing was conducted in accordance with 

relevant methods and guidelines. All of the tests hold AASHTO- or ASTM-approved status in 

accordance with either provisional or permanent methods. Each test has its own index or indexes, 

which are generated from measured raw data and provide options to institute pass/fail criteria for 

asphalt mixture design and, eventually, acceptance. This section highlights all of the indexes for the 

aforementioned test methods. The three cracking tests described emerged as results of research by 

Golalipour, Veginati, and Mensching as well as technical input from stakeholders.(15) 

IDEAL-CT 

Texas Transportation Institute researchers Zhou et al. developed IDEAL-CT for asphalt mixtures.(16) 

The testing used a universal servohydraulic loading machine shown in figure 2 and was performed in 

accordance with ASTM D8225 on specimens with 62-mm (2.5-inch) thicknesses at 25 ℃ (77 ℉) with 

an actuator displacement rate of 50 mm/min (2 inches/min).(17) The index generated by this test is 

called the cracking tolerance index (CTIndex). The index is calculated from failure energy, the postpeak 

slope of the load displacement curve, and deformation tolerance at 75 percent of peak load. The |m75| 

term is expressed as the slope from strain tolerance at 85 percent of peak load downward to strain 

tolerance at 65 percent of peak load. The PPP75 term can also be expressed as deformation at 75 

percent of peak load (l75) divided by specimen diameter (D). The equation without thickness correction 

is provided in equation 1. Repeatability for this test has been documented in Zhou et al. as acceptable 
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with a coefficient of variation (COV) of less than 25 percent.(16) A higher CTIndex value represents 

higher cracking resistance of asphalt mixtures.  

 
Source: FHWA. 

Figure 2. Photo. Test setup for IDEAL-CT.  

 (1) 

Where: 

Gf = the failure energy. 

|m75| = the slope from the strain tolerance at 85 percent of the peak load downward to the strain 

tolerance at 65 percent of the peak load. 

l75 = displacement at 75 percent of the peak load. 

D = the specimen diameter. 

CTIndex value did not exhibit sustained significant difference across a set of three RAP/RAS mixtures 

and one virgin mixture in research conducted by Bahia et al.(18) Results from phase Ⅱ of FHWA’s 

research project showed that STOA has a higher cracking resistance index compared with LTOA at 

95 ℃ (203 ℉) and 135 ℃ (275 ℉).(19)  

I-FIT 

I-FIT was developed at the Illinois Center for Transportation in collaboration with the Illinois 

Department of Transportation to assess the cracking resistance of asphalt mixtures by means of the 

flexibility index (FI), which was first introduced by Al-Qadi et al.(20,21) FI is the index value generated 

from I-FIT. I-FIT was conducted in accordance with AASHTO T 393, which calls for a 50-mm-thick 

(2-inch-thick) semicircular specimen tested at 25 ℃ (77 ℉) and a load-line displacement rate of 

50 mm/min (2 inches/min).(22) Testing was executed in an AMPT and the sample test setup is shown in 

figure 3. This test uses the fracture energy, Gf (area under load-load line displacement curve divided 

by ligament area) in combination with the slope of the inflection point of the postpeak portion of the 

load-displacement curve (|m|). Equation 2 calculates the FI.(20,21) The higher the FI value, the higher 

the crack resistance index of the asphalt mixtures. 
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Source: FHWA. 

Figure 3. Photo. I-FIT sample in AMPT.  

 (2) 

Results from NCHRP project 09-58 showed that FI decreased by 50 percent or more in most test cases 

in a comparison of STOA (2 h, 135 ℃ (275 ℉)) and LTOA (5 d, 85 ℃ (185 ℉) on compacted 

specimens).(23) Research by Ling et al. showed strong FI sensitivity in a comparison of 4 h and 12 h of 

aging at 135 ℃ (275 ℉) in a loose-mixture state.(24) Materials in the Ling et al. study included 

multiple intended traffic levels, aggregate sources, filler contents, and asphalt contents. Results from 

phase Ⅱ of FHWA’s research project showed that STOA has a higher cracking resistance index 

compared with LTOA at 95 ℃ (203 ℉) and 135 ℃ (275 ℉).(19)  

AMPT Dynamic Modulus Test 

|E*| is a fundamental property that defines the strain response characteristics of asphalt concrete 

mixtures as a function of loading rate and temperature, which can be achieved by running a dynamic 

modulus test that uses AMPT as recommended by NCHRP Project 9-19 and developed in NCHRP 

Project 9-29.(25,26) |E*| testing was performed according to AASHTO TP 132 (38-mm-diameter 

(1.5-inch) test specimens).(14) Specimens were cored and cut from gyratory-compacted samples. 

Additionally, some research has been conducted to evaluate |E*| and mixture phase angle δ, in degrees, 

as performance indexes—particularly as it relates to cracking resistance.(28) The incorporation of linear 

viscoelastic properties offers the potential to understand stress relaxation, which has an important 

influence on cracking susceptibility, where less stress relaxation implies high cracking susceptibility.  

Work at the University of New Hampshire extended the Glover–Rowe (GR) parameter for binders into 

a Black Space representation of mixtures to assess low-temperature cracking resistance.(29,30) The GR 

parameter defines a point within a Black Space plot of G* versus phase angle. In Mensching et al. 

(2015), the foundation was laid to focus a rheological parameter on a temperature-frequency 

combination in the area of the prepeak inflection point in mixture Black Space, as illustrated in figure 

4; the details were explained in the Rodeo phases Ⅰ and Ⅱ report.(29,15,19) 
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© 2016 Association of Asphalt Paving Technologists. 

Figure 4. Graph. Separation of data in mixture Black Space when moving toward prephase 

angle peak.(30) 

Mensching et al. (2016) confirms limitations of |E*|∙sin (δ)—specifically to capture cracking 

performance in the field.(29) These findings leave open the possibility that indexes from dynamic 

modulus testing that capture |E*| and δ may possess interchangeability. However, capabilities with 

respect to field performance correlation may be limited.  

AMPT Cyclic Fatigue Test 

The AMPT cyclic fatigue test is one of the fatigue cracking tests that has recently received significant 

attention in the pavement community. This test uses viscoelastic continuum damage principles to 

characterize a material’s fatigue resistance and derive an index parameter. The test is intended to 

represent the impacts of both stiffness and toughness on mixture performance.(31,32) Apparent damage 

capacity, or Sapp, is the cyclic fatigue cracking test index used in this study. The AMPT cyclic fatigue 

testing was executed in accordance with AASHTO T 411, which uses the 38-mm-diameter (1.5-inch) 

and 110-mm-height (4.3-inch) cylindrical specimen geometry.(33) The tests were run in a pull-pull 

actuator displacement-controlled fashion at 18 ℃ (64.4 ℉) and a 10-Hz loading rate.(33) Three test 

specimens at different on-specimen strain targets were used for each mixture. To obtain Sapp, users 

have to conduct cyclic fatigue tests—to learn the initiation and progression of damage—and dynamic 

modulus tests to capture the linear viscoelastic response. Coupling the two tests allows for the 

calculation of Sapp, as shown in equation 3, as well as inputs for structural response modeling (out of 

the scope of this effort). A higher index should translate to greater cracking resistance of the mixture. 
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(3) 

Where: 

Sapp = apparent damage capacity. 

α = material constant derived from slope of relaxation modulus master curve in log-log scale. 

aT = time–temperature shift factor from dynamic modulus master curve. 

DR = average reduction in pseudostiffness per cycle. 

C11, C12 = damage characteristic curve fit coefficients. 

|E*| = dynamic modulus at the reference temperature and 10 Hz, kPa. 

The Sapp index is sensitive to changes in loose-mixture aging.(31,34,35) Phase Ⅱ results from FHWA’s 

study show that STOA has a higher crack resistance index compared with LTOA at 95 ℃ (203 ℉) and 

135 ℃ (275 ℉).(19) 

ASPHALT BINDER TEST METHODS 

The binders from each of the seven mixtures used in the study were recovered from reheated materials 

and LTOA materials. LTOA for the mixture used aging temperatures of 95 ℃ (203 ℉) and 135 ℃ 

(275 ℉) (table 2). A total of 21 recovered binders were extracted in enough quantities to perform a 

series of rheological and failure tests at intermediate temperatures. No additional binder aging using 

the rolling thin-film oven and pressure-aging vessel was performed on the recovered materials. The 

asphalt binders were extracted in accordance with ASTM D8159 by using trichloroethylene and were 

recovered per ASTM D5404.(36,37) The recovery was carried out at 135 ℃ (275 ℉). The last 3 h of 

recovery were performed under a 500-mm-(19.7-inch) Hg vacuum to remove all traces of solvent. 

About 3.5 kg (7.7 lb) of a mixture produced about 150 grams (0.3 lb) of the recovered binder. Figure 

5-A represents the automated extraction instrument, and figure 5-B represents the recovery 

installation. 
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A. Automated binder extraction instrument. 

 

 
All images source: FHWA. 

B. Binder recovery installation. 

Figure 5. Photos. Automated binder extraction and recovery instrument. 
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A dynamic shear rheometer (DSR) (figure 6) characterized the rheological behavior of recovered 

asphalt binders per AASTHO T 315.(38) The DSR measured the viscous and elastic properties of a thin 

asphalt binder sample placed between an oscillating and a fixed plate.  

 
Source: FHWA. 

Figure 6. Photo. DSR. 

The relationship between the applied stress and the resulting strain in the DSR provides the 

information necessary to calculate two important asphalt binder properties: the complex shear modulus 

(|G*|) and the phase angle (δ). |G*| is the ratio of maximum shear stress to maximum shear strain. The 

time lag between the applied stress and the resulting strain is the phase angle (δ). Data was generated 

from frequency sweeps of 0.1–100 rad/s at different temperatures: 4, 16, 28, 40, and 52 ℃ (39, 60.8, 

82.4, 104, and 125.6 ℉). The data produced a master curve using both the principle of time–

temperature superposition and the Christensen–Anderson–Marasteanu model at the reference 

temperature of 20 ℃ (68 ℉).(39) The master-curves-shifted data were then used for calculating the GR 

parameter at 15 ℃ (59 ℉) and 0.005 rad/s. The GR parameter, defined by equation 4, considers binder 

stiffness and phase angle and offers an indication of the ability to relax stresses at intermediate 

temperatures.(40)  

 (4) 

The crossover modulus (G*c) was obtained from the master curve data generated by the DSR. The 

crossover modulus is defined as the complex modulus at a phase angle of 45°.  

  







14 

The double-edge-notched tension (DENT) test was used in this study to characterize the fracture 

properties of asphalt binders at intermediate temperatures per AASHTO T 405.(41) The DENT testing 

apparatus is a computer-controlled Ductilometer (figure 7). The test is performed at 25 ℃ (77 ℉) until 

ductile failure is reached. During testing, the energy partition between a plastic outer zone and an 

autonomous inner zone that is responsible for fracture is effectively measured.  

 
Source: FHWA. 

Figure 7. Photo. Computer-controlled Ductilometer. 

DENT testing is based on fundamental nonlinear fracture mechanics theory. During a DENT test, the 

failure process consists of a continuous flow of energy through the plastic deformation region to the 

failure region, with energy partitioned between a plastic “outer” zone and an autonomous “inner” 

zone. A progressive reduction of the energy release rate in the failure zone results as the two new 

surfaces of material get created. Early researchers defined the work performed to create new surfaces 

of material in the crack end region as essential work. The total energy of ductile failure is composed of 

both the essential work performed in the end region and the nonessential work performed in the 

screening plastic region. The essential work of fracture (We) is proportional to the failure area (i.e., 

ligament length (l) multiplied by sample thickness (B)), while the nonessential work (Wp)—the plastic 

work—is proportional to the volume of the plastic zone (i.e., failure area (l × B) multiplied by 

ligament length multiplied with a factor, β). The β factor depends on the shape of the plastic zone. The 

mathematical expression for the total work of fracture (Wf) is given in equation 5, where we and wp 

are the corresponding specific terms for We and Wp. 

Finally, the total work of fracture divided by the failure area (l × B) becomes the total specific work of 

fracture (wf), as in equation 6.  

 (5) 

 (6) 

The plot of wf versus l results in a straight line with an intercept equal to we and a slope equal to βwp. 

Cotterell and Reddel observed that “the screening plastic zone vanishes for small ligaments” and 

determined critical-tip-opening displacement (CTOD or δ), as the ultimate elongation for zero 

ligament length.(42) As a result, the authors defined the value of essential work as in equation 7, where 
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σ represents the yield stress in tension, and σ can be approximated with the peak stress for the smallest 

ligament length. Finally, CTOD can be calculated as the ratio between the specific work of fracture 

and the peak stress for the 5-mm ligament length. 

 (7) 

The ratio of the specific essential work of failure and the yield stress of the material (approximated 

during the testing from the peak loads of the tested samples) can be considered the strain tolerance 

parameter. Figure 8 is an image of the ductility instrument during a DENT test. 

 
Source: FHWA. 

Figure 8. Photo. Image of the ductility instrument loading area during a DENT test. 
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Fourier transform infrared (FTIR) spectroscopy–attenuated total reflectance (ATR) was used to study 

oxidative-aging-related functional groups in the extracted and recovered asphalt binders. Figure 9 

shows the FTIR spectrometer that generated a chemical spectrum. 

 
Source: FHWA. 

Figure 9. Photo. A Fourier transform infrared spectrometer with attenuated total reflectance 

capability. 

ATR uses an infrared (IR) beam that is reflected off the specimen surface and then received by the 

detector; the measurement is then conducted by passing the IR beam through a crystal of high 

refractive index onto the surface of the sample with a lower index. More details regarding FTIR 

theoretical background can be found elsewhere.(43)  

Changes in the chemical structure of asphalt binders can be obtained by calculations of functional and 

structural indexes of specific groups. With oxidative aging, the absorbance bands representing 

oxygen-containing functionalities (ketones, sulfoxides, dicarboxylic anhydrides, and carboxylic acids) 

of asphalt increase. In this study, the scans were taken with a resolution of 4 cm-1 and saved as 

interferograms after 32 scans were performed. The interval of scanning was from 400 cm-1 to 

4,000 cm-1. To quantify oxidation-related changes collected by means of IR, absorbance peaks were 

used. Then carbonyl (C=O) and sulfoxide (S=O) peaks were calculated. 
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CHAPTER 4. RESULTS AND DISCUSSION 

The structure of this section progresses from the results of various performance test methods at 

intermediate temperatures. Phase Ⅲ testing isolated the difference between moderate-temperature and 

high-temperature LTOA procedures. Error bars in the figures represent one standard deviation of those 

test replicates. Each subsection shows results from a performance test method. The test results include 

four mixtures under STOA and LTOA conditions. The aging duration for LTOA at 95 ℃ (203 ℉) was 

decided based on the project’s location. Any mention of statistical significance was established 

through Student’s t-test and analysis of variance (ANOVA) at an alpha (significance level) of 

95 percent. 

PHASE Ⅲ ASPHALT MIXTURE RESULTS DISCUSSION 

IDEAL-CT Results 

Figure 10 shows CTIndex values—for all seven mixtures from four different States—that resulted from 

IDEAL-CT under STOA and two LTOA conditions. IDEAL-CT was conducted at 25 ℃ (77 ℉) for 

all the mixtures, according to ASTM specifications. Figure 10 represents three replicates from the test 

at each aging level. A pattern results for all the seven mixtures: CTIndex value is higher at the STOA 

level, and the value reduced after LTOA conditioning. Overall, CTIndex showed promising results in 

differentiating STOA and LTOA conditions. Error bars in the figure represent one standard deviation 

of the replicates’ results. In a comparison between short-term aging and long-term aging, CTIndex value 

dropped more than 50 percent from reheated to 3 d at 95 ℃ (203 ℉) except for the Montana 9.5-mm 

mixture. Also, the CTIndex value is always higher at 135 ℃ (275 ℉) when compared with 95 ℃ 

(203 ℉). Montana mixtures showed higher crack resistance than other mixtures, which might have 

been due to the softer binders, as shown in |E*|/sin(δ) and later confirmed by binder data. Montana 

19-mm shows higher crack resistance, and Ohio 19-mm shows lower crack resistance. ANOVA shows 

a statistically significant difference between STOA and LTOA, but not between the two LTOA 

methods. 
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Source: FHWA. 

Figure 10. Graph. CTIndex at STOA and LTOA levels for all mixtures at testing temperature. 

FI Results 

Figure 11 shows FI values for all seven mixtures from four different States under STOA and LTOA 

conditions. I-FIT was conducted at 25 ℃ (77 ℉) for all mixtures and according to AASHTO 

specifications. Figure 11 represents the average of three replicates from the test at each aging level and 

shows that FI value is higher under STOA condition compared with after LTOA conditioning, which 

is the same trend observed with IDEAL-CT results. Overall, I-FIT also showed promising results in 

the differentiation of STOA and LTOA. Error bars in the figure represent one standard deviation. 

Montana mixtures’ I-FIT results displayed higher variability. When compared between STOA and 

LTOA, the FI value dropped more than 50 percent from reheated to 3 d at 95 ℃ (203 ℉) except for 

Montana 19-mm and Vermont 12.5-mm mixtures. Also, the FI value is higher at 135 ℃ (275 ℉) 

when compared with 95 ℃ (203 ℉)—except for Ohio 19-mm and Vermont 12.5-mm mixtures. For 

the Ohio 19-mm mixture, the FI value shows similar values when comparing the two LTOA methods. 

Montana mixtures showed higher crack resistance compared with the other mixtures. Montana 9.5-mm 

shows higher crack resistance, and Ohio 19-mm shows lower crack resistance. ANOVA shows a 

statistically significant difference between STOA and LTOA but not between the two LTOA methods.  



19 

 
Source: FHWA. 

Figure 11. Graph. FI at STOA and LTOA levels for all mixtures at testing temperature. 

Sapp Results 

Sapp results from the AMPT cyclic fatigue test are shown in figure 12 for all seven mixtures from four 

different States under STOA and LTOA. Sapp values are calculated at their respective testing 

temperatures. Figure 12 represents three replicates from the test at each aging level. Sapp values show 

different trends compared with IDEAL-CT and I-FIT for a few mixtures. Sapp value is higher during 

STOA; the value is reduced during LTOA except for Florida mixtures. After aging, the Sapp value for 

Florida mixtures increased. For Montana 19-mm, Ohio 12.5-mm, and Vermont 12.5-mm, Sapp at 

STOA shows similar values, but the index value dropped differently after aging.  

Error bars in the figure represent the standard deviation of the replicates. Florida mixtures showed 

higher crack resistance compared with the other mixtures at all aging levels. The Ohio 19-mm mixture 

shows lower crack resistance at STOA. Ohio 9.5-mm shows lower cracking resistance under LTOA 

conditions. ANOVA shows a statistically significant difference between STOA and LTOA but not 

between the two LTOA methods. 
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Source: FHWA. 

Figure 12. Graph. Sapp at STOA and LTOA levels for all mixtures at individual testing 

temperature. 

Figure 13 shows Sapp index value results generated in the FlexMAT analysis workbook at 18 ℃ 

(64.4 ℉) using the same data from the AMPT cyclic fatigue test at respective test temperatures. 

Because the IDEAL-CT and I-FIT were conducted at one temperature (25 ℃ (77 ℉)), evaluating how 

the Sapp index changes at one single temperature would be helpful. Figure 13 shows that the pattern 

does not change for most of the mixtures. The fatigue test temperature for Ohio mixtures was 18 ℃ 

(64.4 ℉), so there is no change in value when compared with figure 12.  

 

 
Source: FHWA. 

Figure 13. Graph. Sapp at STOA and LTOA levels for all mixtures at 18 ℃ (64.4 ℉). 
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E*/Sin(δ) Results 

Figure 14 shows results from |E*|/sin(δ), which this project used as an aging index, and that the 

|E*|/sin(δ) value is the same after the two LTOA conditioning methods except for a couple of 

mixtures. The results indicate that the possibility of change in RAP percentages drives the material’s 

response. Student’s t-test and ANOVA show a statistically significant difference between the two 

LTOA conditioning methods. STOA shows softer behavior than the two LTOA conditions, which 

matches the results from the first phases of this project.(16,26) 

 
Source: FHWA. 

Figure 14. Graph. Log E*/sin(δ) at STOA and LTOA levels for all mixtures at testing 

temperature. 

Mapping Linear Viscoelastic Aging Index Against Cracking Tests for STOA Versus LTOA 

The commentary in this section pertains to figure 15 and figure 16, which show the linear viscoelastic 

index plotted against the three cracking test indexes. Each lane is represented on the plot by two 

points. In figure 15, the first point, with a smaller |E*|/sin(δ) value, represents the STOA condition; the 

second point, with a larger |E*|/sin(δ) value, represents the 135 ℃ (275 ℉) LTOA procedure. In figure 

16, the first point, with a smaller |E*|/sin(δ) value, represents the STOA condition; the second point, 

with a larger |E*|/sin(δ) value, represents the 95 ℃ (203 ℉) LTOA procedure. The only parameter 

capable of showing universal agreement in trends from reheated to LTOA condition was |E*|/sin(δ), 

further proving that parameter’s utility as an aging index. An arrow is drawn with the direction of 

expected progression for the indexes with increased aging. Error bars represent the standard deviation 

of replicates of their respective test methods. The figures show that all test indexes follow the same 

pattern from STOA to LTOA (reducing value) except for the Florida 12.5-mm mixture.  
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Source: FHWA. 

A. CTIndex. 

 
Source: FHWA. 

B. FI. 

 
Source: FHWA. 

C. Sapp. 

Figure 15. Graphs. Relationship between cracking test indexes and |E*|/sin(δ) at STOA and 

135 ℃ (275 ℉) LTOA. 
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Source: FHWA. 

A. CTIndex. 

 
Source: FHWA. 

B. FI. 

 
Source: FHWA. 

C. Sapp. 

Figure 16. Graphs. Relationship between cracking test indexes and |E*|/sin(δ) at STOA and 

95 ℃ (203 ℉) LTOA. 
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Table 3 summarizes all the index values at test temperatures, and table 4 summarizes COV values for 

each index value. As mentioned earlier in the FI results section, I-FIT displayed higher variability. 

Table 3. Summary of index values from the four States at different aging levels. 

Mixture ID Sapp CTIndex FI 

Log E*/Sin 

(δ) 

FL12.5R00 33.5 178 20.8 3.6 

FL12.5R00 8H 42.5 67 8.0 3.9 

FL12.5R00 7D 38.8 56 7.1 4.0 

MT9.5R00 31.3 212 33.4 3.7 

MT9.5R00 8H 27.5 112 18.6 3.9 

MT9.5R00 3D 19.5 110 14.5 3.9 

MT19R00 25.3 311 30.9 3.8 

MT19R00 8H 17.4 134 18.0 4.0 

MT19R00 3D 19.2 87 17.3 4.0 

OH9.5R20 18.1 163 17.2 4.2 

OH9.5R20 8H 13.1 99 4.5 4.3 

OH9.5R20 4D 11.7 42 3.8 4.5 

OH12.5R15 24.6 109 14.2 4.1 

OH12.5R15 8H 20.6 40 5.0 4.2 

OH12.5R15 4D 16.8 34 4.3 4.4 

OH19R18 14.7 60 10.2 4.2 

OH19R18 8H 12.6 27 2.3 4.5 

OH19R18 4D 12.5 15 2.0 4.5 

VT12.5R00 24.7 117 19.0 3.9 

VT12.5R00 8H 23.8 57 7.7 4.1 

VT12.5R00 3D 23.3 54 10.5 4.1 
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Table 4. Summary of COV (in percent) of index values from the four different States at different 

aging levels. 

Mixture Sapp CTIndex FI 

FL12.5R00 19 5 22 

FL12.5R00 8H 4 5 13 

FL12.5R00 7D 8 9 15 

MT9.5R00 15 26 41 

MT9.5R00 8H 14 11 38 

MT9.5R00 3D 5 4 27 

MT19R00 12 4 25 

MT19R00 8H 4 8 29 

MT19R00 3D 23 5 19 

OH9.5R20 13 15 11 

OH9.5R20 8H 4 5 20 

OH9.5R20 4D 11 23 30 

OH12.5R15 9 23 17 

OH12.5R15 8H 11 15 44 

OH12.5R15 4D 11 14 11 

OH19R18 4 22 12 

OH19R18 8H 20 28 33 

OH19R18 4D 2 10 70 

VT12.5R00 9 21 11 

VT12.5R00 8H 2 23 12 

VT12.5R00 3D 2 9 10 

PHASE Ⅲ BINDER RESULTS DISCUSSION 

Binder strain tolerance (CTOD) is a parameter that, in the past, has correlated well with material 

fatigue resistance.(44,45) A soft material has the advantage of absorbing a larger plastic deformation 

energy before a catastrophic failure, while the amount of energy involved in material separation can be 

pursued at lower strengths during larger deformation spans. From that perspective, the recovered 

binder from STOA with Florida 12.5-mm, Montana 9.5-mm, and Montana 19-mm may be considered 

top original performers. The mixture fracture performance testing at STOA aligns with the CTOD 
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results in the binder. Continuum damage Sapp values fall short of that trend and are more in line with 

the rheological parameters of the mixtures or binders.  

The strain tolerance also captures the dramatic effects of STOA and LTOA at various temperatures on 

the failure performance of all recovered binders. The original top performers (Florida 12.5 mm, 

Montana 9.5-mm, and Montana 19-mm) maintain the top positions. For these materials, the decrease 

in strain tolerance upon aging is three to four times compared with much more modest decreases for 

the rest of the materials. In addition, the CTIndex and FI parameter decrease between the STOA and 

LTOA conditions for these three materials is an impressive factor of two to three times. Such behavior 

in binder and mixture materials signals that binder aging characteristics can be successfully captured 

in the mixtures through fracture mechanics testing. In short, larger variations captured in binder testing 

with aging are also captured as characteristics of mixture testing. 

The Ohio mixtures with 15-percent, 18-percent, and 20-percent RAP content exhibit distinct behavior 

during the aging process, as reflected in CTOD values, as they are described in figure 17. The 

long-term aging process leads to similar strain tolerance values for oven aging temperatures of 95 ℃ 

(203 ℉) and 135 ℃ (275 ℉), which may be the result of the high RAP content that can dampen the 

extent of strain tolerance loss during aging conditioning. Among the poorer performers, the Vermont 

material has a greater strain tolerance variation with aging, and the aging dampening effect of RAP is 

not manifesting in this case.  

 
Source: FHWA. 

Figure 17. Graph. CTOD at STOA and LTOA levels for all mixtures. 

Binder Rheology Correlations  

The GR parameter was calculated from master curve data generated from DSR isotherms, shifted at 

20 ℃ (68 ℉). As expected, the rheological material parameters measured at similar strains and 

temperatures have a high degree of correlation. The GR values follow a trend similar to other 

rheological values, like the loss modulus. Figure 18 and figure 19 indicate that GR and the loss 
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modulus are well correlated, and aging is producing similar magnitude increases in GR and loss 

modulus values. No clear correlation exists between the binder rheology and fracture mechanics 

parameters for the binder or the mix. 

In addition, no apparent correlation exists between the chemical oxidation (carbonyl, C=O, and 

sulfoxide, S=O), functional groups, and rheological GR and loss modulus values, which may be a 

result of disruptive recovery conditions in which the trichloroethylene solvent may react with the 

functional groups of the recovered binders. 

 
Source: FHWA. 

A. GR. 

 
Source: FHWA. 

B. C=O + S=O at 135 ℃ (275 ℉). 

Figure 18. Graph. Relationship between cracking test indexes and |G*|/sin(δ) at STOA and 

135 ℃ (275 ℉) LTOA. 
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Source: FHWA. 

A. GR. 

 

Source: FHWA.  

B. C=O + S=O at 95 ℃ (203 ℉). 

Figure 19. Graphs. Relationship between cracking test indexes and |G*|/sin(δ) at STOA and 

95 ℃ (203 ℉) LTOA. 
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CHAPTER 5. CONCLUSIONS 

The aim of the study was to investigate the impacts of LTOA on mixture performance. In this study, 

mixtures from four different States with different RAP percents were studied both at STOA state and 

after two emerging LTOA conditioning methods to understand the diversity of the mixtures and 

stiffness dependency of the test methods. The researchers studied three intermediate cracking 

temperature indexes in the laboratory. The following remarks are based on results from the study: 

• All three cracking test indices (Sapp, FI, CTIndex) showed higher crack resistance indexes at 

STOA, and the value dropped during LTOA (95 ℃ and 135 ℃ (203 ℉ and 275 ℉, 

respectively)). 

• Results from IDEAL-CT show a clear difference between STOA and LTOA cracking 

performance; LTOA shows a sharp decrease in the cracking indices of those mixtures.  

• I-FIT displayed higher variability than the other testing methods, which can be seen in the 

larger error bars in the figures. 

• Results from this study match well with results from phase Ⅱ of FHWA’s study.(19) 

• Cyclic fatigue test showed reasonable variability of test data and was successful in 

differentiating between aging levels.
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