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PROJECT OBJECTIVES 

This project is part of a larger study on asphalt mixes with high quantities of reclaimed asphalt pavement (RAP) 

and reclaimed asphalt shingles (RAS), Continued Development of Guidelines for Determining Binder 

Replacement in High RAP or RAS Mixes (PPRC Strategic Plan Element 4.64). The objective of this project is to 

develop guidelines for minimizing the risk of using high RAP and/or RAS contents in asphalt concrete mixes in 

California. 

 

A major concern regarding evaluating high RAP or RAS mixes is the need to do extraction and recovery. The 

possibility to use mix testing to characterize high RAP or RAS mixes, to replace blending charts, will be assessed 

in this study. Mix testing should provide a means to evaluate cracking resistance and stiffness, and to rank mixes 

based on specified criteria. With the use of mix testing, extraction still needs to be done to determine the RAP 

binder content and the RAP gradation for volumetric mix design. The proposed mix testing should provide reliable 

and repeatable results. Otherwise, recommendations will be given to continue using blending charts to meet or 

exceed project specified binder performance grade. 

 

This will be achieved in two phases, Phase 2 (Phase 1 was completed as part of Project Number 4.51a in the 

2014-2017 contract). 

 

Phase 2 tasks include the following: 

• Task 1: Literature review of recently completed research.  

• Task 2: Continued development and validation of testing procedures using fine aggregate matrix (FAM) 

mixes to determine the rheological properties of blended binders. Current Caltrans blending chart 

procedures, which require chemical extraction of the RAP/RAS binder, will be compared with FAM mix 

procedures. A suitable mix characterization test (e.g., semicircular bending [SCB] or indirect tensile 

asphalt cracking test [IDEAL-CT]) will also be identified for optimizing RAP/RAS contents in mixes. 

• Task 3: Continued investigation into the blending mechanism and effectiveness of rejuvenating agents 

and the effect of the use of warm mix technologies and mix production at warm mix temperatures on 

binder replacement and long-term performance of mixes with high RAP or RAS binder replacement rates. 

• Task 4: Continued investigation into understanding the aging rates and aging profiles of mixes containing 

high RAP or RAS contents and, if required, the refinement of laboratory procedures to simulate this aging. 

RAP variability across the state will be considered in this task. 

• Task 5: Testing and evaluation of high RAP field mixes currently produced in California and 

recommendations about whether simple performance tests can be used for mix design approval or 
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blending charts should be used for high RAP mixes in Caltrans pilot projects in the summer of 2020. (This 

task was added to the scope in 2019.) 

• Task 6: Preparation of a research report with interim recommendations for use of RAP and/or RAS as 

binder replacement and, if applicable, recommendations for accelerated pavement testing. 

 

This report presents the initial results for Tasks 1 and 2 and completes Task 5.  
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EXECUTIVE SUMMARY 

Short-term aging of asphalt mixes takes place during mixing, transportation, and placement. During production, 

asphalt plants can directly load mix into trucks for transport to the paving site or store mix in silos for a few to 

many hours before transporting it to the job site. Current standard specifications do not limit silo storage time. 

The ability to store mix in a silo is essential for maintaining a steady supply of hot mix to the paver during paving, 

considering available hours to mix, mixing plant and paving productivity rates, and breaks in paving caused by 

lane changes and equipment and trucking breakdowns. 

 

The aging inside the silo is not accounted for during the mix design process, and it is not strictly accounted for in 

quality assurance procedures. In mixes that incorporate high amounts of reclaimed asphalt pavement/reclaimed 

asphalt shingles (RAP/RAS), additional blending can occur between the recycled and virgin binders while inside 

the silo. Moreover, high RAP or RAS mixes mostly include petroleum or bioderived additives called rejuvenators, 

depending on their chemical composition, to restore the properties of the mix. These rejuvenators may undergo 

physical or chemical changes during the silo storage, leading to further changes in the mix properties. Silo storage 

also increases aging of the virgin binder in the mix. 

 

This study included a literature review and extensive performance-related testing to assess the effect of silo storage 

on the stiffness, rutting, cracking, and fatigue properties of high RAP or RAS mixes, including fine aggregate 

matrix mixes and full-graded mixes. 

 

Key points from the literature review include the following: 

• Addition of RAP/RAS increases mix stiffness and reduces fatigue cracking resistance at a given tensile 

strain level, which generally matches performance of the mix when used in thin overlays or new pavement 

layers. When used in thicker overlays and new pavement layers, the increased stiffness will decrease the 

tensile strain while also decreasing the fatigue life at a given tensile strain and the two counteracting 

influences need to be considered through mechanistic pavement structural analysis. Addition of RAP/RAS 

will reduce low-temperature and block cracking performance. Several mitigation measures can be taken 

to improve fatigue performance of mixes with RAP/RAS at a given strain and low-temperature and block 

cracking performance, including the use of softer virgin binders and rejuvenators.  

• Blending between RAP/RAS and virgin binders is dependent on several factors, including mixing time 

and temperature as well the RAP/RAS stiffness and RAP/RAS content.  

• A limited number of studies have investigated the effect of silo storage on the performance properties of 

asphalt mixes. The results indicate that the stiffness of the mixes increases with silo storage, and it was 
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generally concluded that additional blending takes place between the recycled and virgin binders inside 

the silo, increasing the effective binder content.  

• The semicircular bending (SCB) test and indirect tensile asphalt cracking test (IDEAL-CT) are understood 

to provide a measure of the mix cracking resistance. Both tests were shown to provide good correlation 

with field performance—including thermal, reflective, and fatigue cracking—based on correlations with 

the performance of accelerated pavement test sections with 4.5 in. (110 mm) thick asphalt layers at the 

Federal Highway Administration (FHWA) accelerated loading facility and a number of other test sections. 

• The flexural beam test has been historically validated to correlate with fatigue cracking in the field when 

the mix stiffness and fatigue life results are considered in a mechanistic pavement structural analysis.  

 

Key observations from the flexural stiffness and rutting testing include the following: 

• Mix A, with 50% RAP and a petroleum-based rejuvenator, and Mix B, with 40% RAP and a soft virgin 

binder, showed a lower modulus at higher temperatures compared with Mix C, with 20% RAP, 3% RAS, 

and a soft virgin, and Mix D, with 40% RAP and a small amount of biobased rejuvenator. This finding 

aligned with the Hamburg Wheel-Track (HWT) and repeated load triaxial (RLT) testing, which showed 

that Mix A and Mix B were more susceptible to rutting.  

• The high rejuvenator dose used in Mix A resulted in a low modulus at high temperatures, leading to a 

reduction in the rutting resistance.  

• The use of RAS in Mix C and the use of a low rejuvenator dose in Mix D resulted in a relatively high 

modulus at high temperatures and increased rutting resistance compared with the other mixes.  

• The increase in modulus with silo storage was dependent on the test frequency and the mix design. The 

maximum increase in stiffness was about 50% to 60% and was noted at low test frequencies (i.e., high 

temperatures). 

• Several parameters were successfully used to measure the rutting resistance of the mixes, including rut 

depth at 10,000 passes from the HWT, strain at 20,000 cycles from the confined RLT, and flow number 

and cycles at 5% strain from the unconfined RLT.  

• Mix C, which included RAS, showed the best rutting performance while Mix A showed the lowest rutting 

resistance, possibly due to the use of a high rejuvenator dose.  

• The rutting resistance of all the mixes was shown to increase with silo storage, except for the HWT test results 

for Mix D. The extent of change in rutting parameters varied between mixes and between rutting parameters.  

 

Key observations from the SCB and IDEAL-CT testing include the following: 

• The flexibility index (FI) from the SCB test and the cracking tensile index (CTindex) from the IDEAL-CT test 

showed strong correlation. 
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• The cracking resistance of the mixes decreased with silo storage as measured by the FI and CTindex.  

• The cracking resistance of the mixes was inversely related to the rutting resistance. Mix C, with RAS, had 

the highest rutting resistance and lowest cracking resistance of all the mixes. On the other hand, Mix B, 

with 40% RAP and a rejuvenator, showed the lowest rutting resistance and highest cracking resistance of 

all the mixes.  

• The FI was shown to correlate very well with the specimen vertical displacement, particularly the 

displacement given by the intercept of the post-peak slope. This indicates that the FI can be viewed as a 

direct measure of the specimen’s ability to deform under load.  

• The flexural stiffness at 20°C (68°F) and 10Hz (E50) showed good correlation with the IDEAL-CT 

strength, indicating that the IDEAL-CT test can be used to provide a measure of the mix stiffness.  

• No correlation was found between the E50 parameter and the CTindex. The variability of the air voids of 

the FI specimens was high, as allowed under the version of the test when the specimens were prepared, 

which should be considered when interpreting these results. The variability of the air voids contents is not 

expected to change this conclusion. 
 

Key observations from the flexural beam testing include the following: 

• A strain-controlled flexural beam test showed that silo storage led to a reduction in the fatigue life of all 

mixes at high strain levels and mixed results at low strain levels.  

• For all mixes, the strain at which a fatigue life of 250,000 cycles is reached decreased with silo storage.  

• No correlation could be established between the cracking parameters—FI and CTindex—and the strain at a 

fatigue life of 250,000 cycles. The variability of the air voids of the FI specimens was high, which should 

be considered when interpreting these results. The variability of the air voids contents is not expected to 

change this conclusion. 

 

Key observations from the fine aggregate matrix (FAM) mix testing include the following: 

• Using linear amplitude sweep testing of FAM mixes, the fatigue life of FAM mixes was determined using 

the viscoelastic continuum damage model.  

• The fatigue life of all FAM mixes decreased with silo storage. Similarly, the strain at which the fatigue 

life reached 250,000 cycles decreased with silo storage.  

• The failure strain, defined as the peak phase angle, also decreased with silo storage for all FAM mixes.  

• The failure strain from the FAM mix testing showed good correlation with the strain at 250,000 cycles 

from the flexural beam test.  

• Using temperature-frequency sweep testing of FAM mixes, the modulus master curves of the FAM mixes 

showed similar ranking of the mixes compared with the modulus master curves of the full-graded mixes. 
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This indicates that FAM mix testing can be used to provide insight into the stiffness of the full-graded 

mixes. 

 

The following conclusions are based on the summarized test results: 

• The study revealed the significance of silo storage on mix properties. Based on the performance-related 

testing of full-graded and FAM mixes, silo storage has a notable effect on the properties of high RAP or 

RAS mixes and the effect is mix dependent. The results also showed that a notable change in mix 

properties can occur within the first few hours of silo storage (i.e., 5 to 6 hours). 

• Cracking tests—the SCB and IDEAL-CT tests—are highly influenced by mix stiffness, which in turn is 

very sensitive to aging. The IDEAL-CT strength correlated very well with the flexural stiffness of the mix 

at 20°C (68°F) and 10Hz (E50). The variability of the air void contents of the SCB specimens was high. 

• The FI from the SCB test and the CTindex from the IDEAL-CT test showed very good correlation. Both 

parameters appear to provide a good measure of the deformation ability of the mix under monotonic 

loading. 

• The FI and CTindex did not directly correlate with four-point flexural beam (4PB) fatigue test results. Most 

notably, the FI and CTindex were not able to capture the poor fatigue performance of Mix A, with high 

rejuvenator dose and low binder content. Mix A had a low modulus at high temperatures due to the use 

of a high rejuvenator dose, and the low modulus resulted in a good FI and CTindex values. However, Mix A 

showed poor fatigue performance, possibly due to its low total and virgin binder contents.  

• Proper selection of the rejuvenator dose is important to ensure satisfactory performance. Mix A, with a 

high rejuvenator dose, showed poor fatigue performance and exhibited rutting problems.  

• Fatigue testing of FAM mixes showed promising results in terms of characterizing fatigue. However, at 

this stage, this testing is difficult to implement as a quality control/quality assurance test.  

• Overall, the interactions of virgin binder grade, RAP content, rejuvenator dose, rejuvenator type, use of 

RAS, binder content, and silo storage are complex and cannot easily be explained due to conflicting effects 

and the likelihood of interactions. Performance-related testing provides a means to evaluate the net effects 

of these mix design and construction variables. 

 

The following recommendations are made based on the findings from this study: 

• The effect of silo storage on the performance properties of high RAP or RAS mixes should be taken into 

consideration when developing specifications for these types of mixes. The choice of sampling location 

can significantly change the performance-related testing results. If silo storage is expected to take place 

during actual production, the recommendation is that mixes be tested for performance-related properties 
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before and after silo storage as part of the job mix formula verification to better capture the range of 

expected values during production. 

• The selection of the rejuvenator dose should not be based only on the manufacturer’s recommendations. 

A systematic procedure that involves optimizing the dose based on performance should be adopted. One 

such procedure was recently introduced by the National Cooperative Highway Research Program 

Project 9-58. A maximum rejuvenator dose should not exceed 8% to 10% of total weight of the binder. 

The recommendation is also to consider the rejuvenator part of the recycled binder (i.e., the addition of a 

rejuvenator should not result in using less virgin binder). 

• The SCB and IDEAL-CT tests can be used to provide a measure of the mix stiffness using the specimen 

strength.  

• The results presented in this study suggest that the FI and CTindex should be used with caution as direct 

indicators of fatigue performance. Alternatively, the SCB and IDEAL-CT tests may be used to develop a 

criterion based on the relationship between stiffness and fatigue. Another UCPRC study looked at 

developing such fatigue criterion based on the testing of a wide range of mixes (31). 

• Inclusion of medium-term oven-aging procedure to capture some of the effects of the silo storage noted 

in this study, or in-place aging of the mix when not subjected to silo storage, should be included in future 

studies. 
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1 INTRODUCTION 

1.1 Background 

Hot mix asphalt (HMA) containing reclaimed asphalt pavement (RAP) and/or reclaimed asphalt shingles (RAS) 

needs to be properly designed to perform well and to ensure that premature failure of the pavement does not occur. 

High RAP or RAS mixes typically exhibit high stiffness and, if used in surface layers, lead to problems with 

fatigue and thermal cracking. Current Caltrans specifications do not allow the use of RAS. The 2021 Revised 

Standard Specifications have the following requirements for use of RAP: 

For Type A HMA mixtures using RAP, the maximum allowed binder replacement is 25.0 percent 

in the upper 0.2 foot exclusive of OGFC [open friction grade course] and 40.0 percent below. The 

binder replacement is calculated as a percentage of the approved JMF [job mix formula] target 

asphalt binder content. 

 

For RAP substitution of 15 percent or less, the grade of the virgin binder must be the specified 

grade of asphalt binder for Type A HMA. 

 

For RAP substitution greater than 15 percent and not exceeding 25 percent, the grade of the virgin 

binder must be the specified grade of asphalt binder for Type A HMA with the upper and lower 

temperature classification reduced by 6 degrees C. Hamburg wheel track requirements are based 

on the grade of asphalt binder specified for Type A HMA. 

 

You may substitute RAP for part of the virgin aggregate in a quantity up to 25 percent of the 

aggregate blend. 

 

RAP/RAS mixes with greater than 25% binder replacement are currently being used in California by local 

agencies and in commercial projects. Caltrans also has a non-Standard Special Provision (nSSP) for using up to 

3% RAS by aggregate weight and up to 40% RAP by binder replacement. 

 

Interest is growing among the asphalt pavement community in performance-related testing and specifications. The 

flexural beam test has historically been considered a reliable fatigue test, providing good correlation with field 

fatigue cracking. However, it is costly and time-consuming, which makes it very difficult to implement as a quality 

control/quality assurance (QC/QA) or routine mix design test. The semicircular bending (SCB) test, particularly 

the Illinois Flexibility Index Test (I-FIT) developed by the University of Illinois, and the indirect tensile asphalt 

cracking test (IDEAL-CT), developed by Texas A&M University, have been proposed as cracking tests to assess 
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various types of field cracking, including fatigue, thermal, and reflective cracking. As part of its efforts to 

investigate different performance-related tests, the California Department of Transportation (Caltrans) is 

interested in studying whether the SCB and IDEAL-CT tests can be used to identify mixes, particularly mixes 

containing RAP and/or RAS, with poor cracking and fatigue performance. In addition, the University of California 

Pavement Research Center (UCPRC) has been developing procedures for testing fine aggregate matrix (FAM) 

mixes as a possible QC/QA and routine mix design test—a simpler approach than the current flexural testing of 

full-scale mixes. 

 

The Caltrans standard specifications do not state a limit for how long mixes can be held at high temperatures in a 

silo at an HMA plant before being hauled in trucks to the job site. Additional aging and blending are expected to 

take place inside the silo, affecting the mix properties. Silo storage times vary between projects and within the 

same project. These changes in mix properties, at different stages during production, make it challenging to draft 

specifications that assess the performance of the mixes, especially since this performance may vary greatly 

depending on the sampling location and silo storage duration. 

 

Based on these issues, further investigation of the impact of silo storage duration on the properties of high RAP 

or RAS mixes is imperative. Also important is assessing the ability of the SCB and IDEAL-CT tests to flag high 

RAP or RAS mixes for poor fatigue cracking performance by comparing the results of those tests to results from 

the flexural beam test. 

 

1.2 Problem Statements 

During plant production, there is no limit on how long asphalt mixes can be stored in the silo before being 

transported to the construction site. Plant-produced mixes undergo additional aging during silo storage due to the 

high temperature in the silo, where aging of the virgin binder rather than of the RAP binder is the focus of the 

aging. This additional aging of the mixes is not accounted for during the mix design process and could greatly 

influence mix properties. 

 

For mixes involving high RAP and/or RAS content, silo storage could also affect the mix properties by allowing 

additional blending between the RAP/RAS and virgin binders. Additional blending increases the amount of binder 

in the mix and increases the mix stiffness due to mobilization of a higher portion of the stiff RAP binder. Both 

factors contribute to the fatigue performance of the mix. Previous work at the UCPRC and by others in the 

laboratory has shown that additional blending takes place between the RAP/RAS and the virgin binders the longer 

the mix is kept at elevated temperatures, such as occurs during silo storage, until there is complete diffusion 

between them (1). The blending of RAP binder and RAS binder from tear-off shingles (shingles that have been 
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taken off roofs after many years in service) are not expected to blend at the same rates and, potentially, the RAS 

binder may not blend at all because it is typically stiffer than RAP binder. 

 

As a result of silo storage, additional recycled binder is activated and blends with the virgin binder, leading to an 

increase in available binder content. Moreover, the higher stiffness of the recycled binder compared with the virgin 

binder will lead to an overall increase in the binder’s stiffness as more recycled binder becomes available. As 

noted, greater aging reduces the fatigue life of a mix at a given tensile strain, while increasing the available binder 

content increases the fatigue life at a given strain. The overall impact of silo storage on high RAP or RAS mixes 

becomes even more complex because most of these mixes use rejuvenators to restore the properties of the recycled 

binder and promote blending. These rejuvenators may undergo certain physiochemical changes during silo 

storage, leading to yet another change in mix properties. 

 

For the reasons previously discussed, the study of the effects of silo storage on mix properties, particularly for 

high RAP or RAS mixes, is of paramount importance. Because current Caltrans standard specifications effectively 

limit the use of RAP to a maximum of 25% by weight of dry aggregate, mixes included in this study were selected 

from local agencies or commercial projects that were not designed according to Caltrans specifications. Caltrans 

also has an nSSP for using up to 3% RAS by aggregate weight and up to 40% RAP by binder replacement that is 

primarily being used on pilot projects. 

 

1.3 Study Objectives 

This study is part of UCPRC Project 4.64. The part of the project included in this report involves testing and 

evaluation of high RAP field mixes currently produced in California to develop recommendations about whether 

simple performance tests should be implemented to replace blending charts for mix design approval for high RAP 

mixes in Caltrans pilot projects during the summer of 2020 (projects that were postponed due to the COVID 

pandemic). The objectives of this study are the following: 

• Provide a literature review of the topics related to this study. 

• Provide a preliminary evaluation of the ability of simple mix tests, such as the SCB and IDEAL-CT tests, 

to flag high RAP or RAS mixes based on comparison of parameters from the simple tests with the 

performance-related properties of flexural beam fatigue and stiffness. 

• Further investigate the use of FAM testing to evaluate fatigue cracking performance in the laboratory. 

• Investigate the effects of silo time on the blending, aging, and resultant change in properties of high RAP 

or RAS mixes. 
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To achieve these objectives, plant-produced mixes were collected from different regions within California, before 

and after silo storage. The plant-produced mixes were sampled at the hot drop point directly from the plant 

discharge as well as from the silo after storage for several hours. 

 

1.4 Report Layout 

This research report is organized as follows: 

• Chapter 2 provides a literature overview of the topics related to this study.  

• Chapter 3 summarizes the sampling and testing plan for the four plant-produced mixes that were included 

in this study.  

• Chapter 4 presents the results of the flexural stiffness and modulus master curves from the temperature-

frequency sweep flexural testing. The rutting performance results are also summarized and discussed in 

relation to the stiffness properties, and the impact of silo storage on rutting is assessed. 

• Chapter 5 presents the cracking test results from the SCB and IDEAL-CT tests. The overall cracking 

resistance of the mixes is analyzed, and the impact of silo storage on cracking is assessed.  

• Chapter 6 presents the results of the flexural beam testing and investigates the relationship between the 

cracking tests and the fatigue testing.  

• Chapter 7 summarizes the FAM mix test results, including the fatigue and stiffness of the FAM mixes.  

• Chapter 8 provides a project summary, conclusions, and preliminary recommendations. 
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2 LITERATURE REVIEW 

2.1 High RAP or RAS Mixes  

The use of recycled materials, such as RAP and RAS, in HMA to replace more expensive virgin asphalt binder 

and aggregate is becoming more common. An important motivation for the use of increased amounts of RAP and 

RAS in HMA is a reduction in cost. Estimates of cost reductions for use of RAP/RAS compared with mixes that 

only have virgin binder are shown in Table 2.1. Rough calculations show how these cost savings occur. If the 

approximate cost of a ton of virgin asphalt binder is $600 per ton and it is 5% of the total mass of the mix and the 

approximate cost of the virgin aggregate in the mix is $40, then the rough material costs are $68 per ton of asphalt 

concrete (0.05*$600+0.95*$40). If the approximate cost of RAP with a 5% binder content is $40 per ton and 

20% RAP by mass is used in the mix and 20% RAP binder replacement is assumed, then the approximate material 

cost is $62.40 per ton (0.04*$600+0.95*0.8*$40+0.2*$40), an 8% savings. If the RAP is free, then the 20% RAP 

mix material cost is $54.4 per ton, a 20% cost savings. Milling, transportation, storage, and processing of RAP 

have costs not included in this rough calculation, However, milling and transportation costs are typically a bid 

item in the contract that produces the RAP, leaving primarily the storage and processing costs. The costs of 

rejuvenating or recycling agents would need to be included for mixes with greater amounts of RAP. These cost 

calculations can be adjusted as the price of virgin binder, virgin aggregate, and RAP change, but they show how 

the cost savings shown in Table 2.1 can occur.  

 

Table 2.1: Potential Cost Savings with RAP and RASa 
Material Cost Savings 
5% RASb 2%-5%b 
20% RAPc >16%c 
50% RAPc >40%c 
25% RAPd 14%-20%d 
50% RAPd 29%-35%d 

a Source: Newcomb, Epps, and Zhou (2) 
b Source: Zhou et al. (3) 
c Source: Brock (4) 
d Source: Willis et al. (5) 

 

Specifications regulating the use of RAP and RAS can be developed to ensure that the performance of these mixes 

is within acceptable limits. If not designed properly, mixes containing RAP or RAS could exhibit premature failure 

due to the increased stiffness caused by inclusion of the recycled binder and result in the early appearance of 

cracking distresses, including fatigue and thermal cracking (6,7), which would negate cost savings from the use 

in construction. The use of a softer virgin binder in the Caltrans standard specifications, for mixes containing more 

than 25% RAP by weight of dry aggregate and up to 25% RAP, is meant to compensate for the expected increase 

in the mix stiffness. If the virgin binder in the mix is required to have reduced stiffness through binder grade 
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reduction, the risk of early rutting of the mix exists if the RAP binder does not mobilize and blend with the virgin 

binder. 

 

To allow for more RAP to be incorporated into asphalt mixes, numerous research studies have investigated the 

effect of high RAP content on the mix performance (8,9). High RAP is generally defined as RAP content 

exceeding 25% of the total content of the mix by mass, or RAP binder exceeding 25% of the total binder content 

by mass. More precisely, the RAP content can be measured as the percentage of RAP by weight of dry aggregate 

or the percentage of RAP binder content in the total binder content. The percentage of RAP by weight of dry 

aggregate is easier to calculate since it does not involve RAP binder extraction to determine the RAP binder 

content. However, the percentage of RAP by weight of dry aggregate does not account for the effect of RAP 

binder content on the mix properties. This effect is very important because the impact of RAP on the mix properties 

is largely determined by the percentage of RAP binder replacing the virgin binder, and different RAP stockpiles 

can have significantly different binder contents, in addition to different aging characteristics. The impact of the 

RAP binder replacement becomes more significant when dealing with mixes containing high RAP, particularly 

when the RAP is highly aged. 

 

Introducing mixes with high RAP content poses many challenges related to the mix design and selection of 

additives, quality control, mix production and placement, and field performance. Several performance-related 

properties have been identified as significant when assessing high RAP mixes, including stiffness, resistance to 

permanent deformation, fatigue, and fracture-related properties. The addition of RAP tends to increase the 

stiffness of the mix and reduce both its thermal cracking resistance and fatigue cracking resistance at a given 

tensile strain level (2,3,10). Fatigue cracking reductions are critical for surface mixes and thin overlays. The 

balancing of stiffness and mix fatigue resistance at a given strain level achieves optimal structural fatigue 

resistance that uses thicker layers of asphalt, with stiffer mixes generally providing better structural fatigue life as 

long as the fatigue resistance of the mix at a given strain level is not severely reduced (11). Different alternatives 

have been proposed to reduce or eliminate the impact of RAP, including using a softer virgin binder or adding a 

rejuvenator (12,13).  

 

2.2 Silo Storage 

Current design guidelines for mixes containing high RAP use blending charts that assume a state of full blending 

between the RAP and virgin binders (5,14). However, achieving full blending is dependent on several factors, 

including RAP stiffness and content, mixing temperature and time, and binder layer thickness (15,16). Blending 

between the recycled binder and virgin binder may continue to take place when the mix is stored at an elevated 

temperature inside a silo at the plant prior to transport to the construction site and laydown. One study showed 
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that the impact of silo storage is more significant for mixtures containing RAP than for virgin mixes, with the 

increase in the mix stiffness as high as 80% for a silo storage time of 10 hours (17). Another study suggested that 

prolonged silo storage, in addition to promoting blending, leads to aging of the asphalt mix even in an inert 

atmosphere (18). The effect of silo storage on both the thermal cracking resistance and fatigue behavior of RAP 

mixes was also studied by collecting plant samples for different silo storage times (19,20). The thermal cracking 

resistance improved with silo storage as shown by a decrease in the fracture temperature. Moreover, the results of 

the flexural beam fatigue testing showed improve fatigue life with silo storage. 

 

2.3 Performance-Related Tests 

Cracking is a primary distress of asphalt pavements that can generally be divided into four main categories: (1) 

thermal, (2) bottom-up fatigue, (3) top-down fatigue, (4) and reflective cracking (21). Recently, there has been 

widely growing interest in performance-related testing to characterize different aspects of mix performance. 

National Cooperative Highway Research Program (NCHRP) Project 9-57 identified several desirable features for 

a cracking test, including simplicity, repeatability, and correlation to field performance (21). A version of the SCB 

test developed by the University of Illinois, the I-FIT test, is conducted at an intermediate temperature using a 

monotonic loading (22). A flexibility index is calculated from the I-FIT test and used to assess the cracking 

resistance of the mixes. 

 

The indirect tensile asphalt cracking test developed by Texas A&M, the IDEAL-CT test, is essentially an indirect 

tensile test conducted at an intermediate temperature, and it is a simple and practical alternative to the SCB test 

(23). Both the I-FIT and IDEAL-CT tests appear to correlate well with field performance in terms of fatigue, 

thermal, and reflective cracking in the studies reviewed (23,24,25). The IDEAL-CT test showed good correlation 

with measurements of field cracking at the Federal Highway Administration (FHWA) accelerated loading facility 

conducted in 2013 in sections with approximately 4.5 in. (112 mm) thick asphalt (23). The same accelerated 

pavement test sections from the FHWA Turner-Fairbanks acerated loading facility were used to validate the SCB 

I-FIT test (25). A limited number of field test sections in Texas were also used to validate the IDEAL-CT test 

(23). A recent study conducted by the National Center for Asphalt Technology using seven different mixes showed 

that both the SCB and IDEAL-CT tests were able to discriminate between cracked and uncracked test sections 

using short-term oven-aging conditioned lab mix-lab compacted specimens (24). 

 

The flexural beam fatigue test has been validated over years of work to correlate with field fatigue cracking when 

used in pavement analysis also considering stiffness, and it is used to provide mix fatigue characterization for the 

CalME design software used by Caltrans. The Strategic Highway Research Program Project A-003A developed a 

testing and analysis procedure using four-point flexural fatigue (26). Fatigue failure in pavements is induced by 
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repetitive loading leading to a gradual deterioration in the material properties (damage). The SCB and IDEAL-CT 

tests apply monotonic loading at a constant rate and thus do not simulate traffic-induced fatigue loading.  

 

2.4 Literature Review Summary 

Key points from the literature review relevant to this study include the following: 

• The addition of RAP/RAS increases mix stiffness, reduces thermal cracking resistance, and reduces 

fatigue cracking resistance at a given strain level. Several mitigation measures can be taken to improve 

performance of mixes with RAP/RAS, including the use of softer virgin binders and rejuvenators.  

• Blending between RAP/RAS and virgin binders is dependent on several factors, including mixing time 

and temperature as well the RAP/RAS stiffness and content.  

• A limited number of studies have investigated the effect of silo storage on the performance properties of 

asphalt mixes. The results indicated that the stiffness of the mixes increases with silo storage and that 

additional blending takes place between the recycled and virgin binders inside the silo.  

• The I-FIT and IDEAL-CT tests are believed to provide a measure of the mix cracking resistance. Both 

tests were shown to correlate well with field performance—including thermal, reflective, and fatigue 

cracking—based on correlations with the performance of accelerated pavement test sections from the 

FHWA accelerated loading facility in relatively thin 4.5 in. thick (112 mm) asphalt sections and several 

other test sections. 

• The flexural beam test has been validated by years of work to correlate with fatigue cracking in the field 

and has provided inputs for mechanistic-empirical design software.  
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3 SAMPLING AND TESTING PLAN OF ASPHALT MIXES 

The focus of this study is HMA mixes containing high RAP and RAS. As noted previously, HMA mixes designed 

according to Caltrans specifications did not fit the requirements of this study and hence were not considered. The 

mixes included in this study were selected from mixes currently produced for local agencies and commercial 

projects across California. Because of time limitations and mix availability, every effort was taken to select mixes 

that represent a wide range of materials and additives from across California. The UCPRC worked with several 

asphalt producers to identify four plant-produced mixes. The plant-produced mixes were sampled under two 

different aging conditions: (1) a hot drop directly from the plant discharge and (2) after hours of silo storage. 

Samples were collected on the day of mix production using a sampling trailer with a one-ton capacity hopper and 

a quartering device. Mixes were collected in five-gallon metal buckets. The buckets were reheated to a temperature 

of 135oC (275oF) in the lab to split the mixes into test size samples. Prior to compaction, the samples were heated 

at the compaction temperature of 135oC (275oF) for 90 minutes.  

 

3.1 Plant-Produced Mixes 

The mixes selected for this study are shown in Table 3.1. 

 

Table 3.1: Plant-Produced Mixes Used in the Study 

 

In the absence of any previous comprehensive studies on the impact of silo storage, it was difficult to decide on 

an appropriate range of silo storage times. In addition, the selection of the silo storage time for each mix was 

largely controlled by the asphalt mix plant to ensure that the sampling work did not disrupt plant operations. 

Accordingly, a wide range of silo storage times, between 5 and 16 hours, was included in the study, shown in 

Table 3.1. 

 

Mix ID 

Silo 
Storage 

Time 
(hrs) 

Total 
Asphalt 
Content  

(% by mass 
of mix) 

Recycled 
Material 

(% of total 
mass of 

aggregate) 

Rejuvenator  
(% of virgin 

binder by mass) 

Virgin 
Binder (PG) 

Mixing 
Temperature 

[(oC) (oF)] 

Mix A-0H 0 5.1 50% RAP 20% 
petroleum-based PG 64-10 145 (293) Mix A-6H 6 

Mix B-0H 0 5.9 40% RAP n/a PG 58-28 160 (311) Mix B-16H 16 
Mix C-0H 0 5.2 20% RAP/ 

3% RAS n/a PG 58-22 145 (293) Mix C-5H 5 
Mix D-0H 0 5.8 40% RAP 0.7% vegetable 

oil-based PG 64-10 155 (302) Mix D-16H 16 
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Two of the mixes, Mix A and Mix D, contained a rejuvenator and a PG 64-10 virgin binder. Mix A contained a 

high dose of an aromatic extract petroleum-based rejuvenator, while Mix D contained a low dose of a biobased 

rejuvenator. The selected doses were based on the manufacturer’s recommendations and were calculated as a 

percentage of the virgin binder. The other two mixes, Mix B and Mix C, did not contain a rejuvenator but used a 

soft virgin binder with PG 58-28 and PG 58-22, respectively. More information regarding the mixes is shown in 

Table 3.1, including total binder content and mixing temperature. The performance grades of the RAP or RAS 

binders were not available. Information about the RAP or RAS binder contents were only available for some 

mixes. Detailed descriptions of each of the four mixes are included in the following sections. 

3.1.1 Mix A (50% RAP + Rejuvenator) 

Mix A was sampled from an asphalt plant in Los Angeles County. The mix design was done according to the 

Marshall method, where specimens are compacted using a mechanical hammer with 75 blows on each side 

according to the procedure outlined in the Asphalt Institute’s MS-2 Asphalt Mix Design Methods manual. The 

RAP gradation and total aggregate gradation of the mix are shown in Figure 3.1. The mix contained 50% RAP by 

weight of dry aggregate. An aromatic extract petroleum-based rejuvenator was added to the mix at 20% by weight 

of virgin binder. The rejuvenator was introduced to the mix through blending with the virgin binder before mixing 

with aggregate and RAP. 

 

  
Note: The mix code is %RAP-%RAS-%rejuvenating agent. RAP and RAS percentages are by mass of mix; rejuvenating 
agent percentage is by mass of total binder. Example: 50RAP-20RJ is 50% RAP, no RAS, and 20% rejuvenating agent. 

Figure 3.1: Total and RAP aggregate gradation for Mix A (50RAP-20RJ). 
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3.1.2 Mix B (40% RAP + Soft Virgin Binder) 

Mix B was sampled from an asphalt plant in Fresno County. This mix had a nominal maximum aggregate size of 

½”, and it is typically used to pave commercial parking lots. The mix contained 40% RAP by weight of dry 

aggregate, and a soft PG 58-28 binder was used in lieu of a rejuvenator in this environment that has hot summer 

temperatures. The RAP aggregate gradation and total aggregate gradation are shown in Figure 3.2. 

 

  
Note: The mix code is %RAP-%RAS-%rejuvenating agent. RAP and RAS percentages are by mass of mix; rejuvenating 
agent percentage is by mass of total binder. Example: 50RAP-20RJ is 50% RAP, no RAS, and 20% rejuvenating agent. 

Figure 3.2: Total and RAP aggregate gradations for Mix B (40RAP). 
 

3.1.3 Mix C (20% RAP + 3% RAS + Soft Virgin Binder) 

Mix C was sampled from an asphalt plant in Sacramento County. The mix had a nominal maximum aggregate 

size of ½” and it was designed according to the Superpave method. It contained 20% RAP and 3% RAS by weight 

of dry aggregate. The RAP binder content was 4.1% by total weight of RAP, and the RAS binder content was 

22.4% by total weight of RAS. A soft PG 58-22 binder was used, and no rejuvenator was added to the mix. The 

RAP aggregate gradation and total aggregate gradation are shown in Figure 3.3.  
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Note: The mix code is %RAP-%RAS-%rejuvenating agent. RAP and RAS percentages are by mass of mix; rejuvenating 
agent percentage is by mass of total binder. Example: 50RAP-20RJ is 50% RAP, no RAS, and 20% rejuvenating agent. 

Figure 3.3: Total, RAP, and RAS aggregate gradations for Mix C (20RAP-3RAS). 
 

3.1.4 Mix D (40% RAP + Rejuvenator) 

Mix D was sampled from an asphalt plant in Ventura County. The mix has a nominal maximum aggregate size of 

½” and it was designed according to the Superpave method. The mix had 40% RAP by weight of dry aggregate, 

and the RAP binder content was 4.95% by total weight of RAP. A vegetable oil-based rejuvenator was used at a 

dose of 0.7% by weight of virgin binder. The RAP aggregate gradation and total aggregate gradation are shown 

in Figure 3.4. 
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Note: The mix code is %RAP-%RAS-%rejuvenating agent. RAP and RAS percentages are by mass of mix; rejuvenating 
agent percentage is by mass of total binder. Example: 50RAP-20RJ is 50% RAP, no RAS, and 20% rejuvenating agent. 

Figure 3.4 : Total and RAP aggregate gradations for Mix D (40RAP-0.7RJ). 
 

3.2 Performance-Related Testing 

The mixes were compacted and tested in the laboratory to characterize different properties, including stiffness, 

rutting, cracking, and fatigue. To assess rutting performance, Hamburg Wheel-Track (HWT) and repeated load 

triaxial (RLT) tests using both confined and unconfined configurations were used. The HWT test is currently 

specified by Caltrans for measuring rutting and moisture susceptibility of asphalt mixes. The RLT test was 

introduced as part of the NCHRP Project 9-19 study to determine the permanent deformation characteristics of 

asphalt mixes. The tertiary flow in the asphalt mix can be defined by the flow number indicating the number of 

load cycles at the onset of the tertiary flow. A confining pressure can be applied during the RLT test to better 

simulate the confinement conditions of the asphalt mix inside the pavement. 

 

The cracking performance in terms of fracture was assessed using both the SCB and IDEAL-CT tests. Both tests 

provide a measure of the cracking resistance of asphalt mixes under a constant monotonic loading rate. The 

cracking resistance is evaluated using the flexibility index (FI) from the SCB test and the cracking tensile index 

(CTindex) from IDEAL-CT. The higher the FI and CTindex values, the better the cracking resistance. Fatigue 

performance was characterized using the flexural fatigue test, and mix stiffness master curves were developed 

using flexural frequency sweep tests. 
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3.2.1 Rutting 

The plant-produced mixes were compacted in the lab using a Superpave gyratory compactor and tested for 

rutting using the HWT and RLT tests according to AASHTO T 324 and AASHTO T 378, respectively. In 

accordance with the Caltrans standard specifications, the HWT test was conducted at a temperature of 50oC 

(122oF) using Superpave gyratory compacted samples measuring 60±1 mm in height. For each mix, four 

specimens were compacted to run two HWT tests. HWT tests were run up to a maximum of 35,000 passes, and 

HWT samples were compacted to a target air void of 7±1%. The average, maximum, and minimum air void 

contents of all the tested samples are shown in Figure 3.5. 

 

 
Figure 3.5: Air void contents for the HWT test specimens. 

 

The RLT test was conducted according to AASHTO T 378, procedure B, using both confined and unconfined 

conditions at a test temperature of 45oC (113oF). For each test, a minimum of three samples was compacted and 

tested. Specimens were compacted using a Superpave gyratory compactor according to AASHTO R 83. A 

minimum of two samples were used to calculate an average permanent deformation. For the confined RLT tests, 

a confining pressure of 35 KPa and a deviator stress of 483 KPa were applied. To run the unconfined RLT test, a 

deviator stress of 483 KPa was applied. The tests were terminated at a maximum of 20,000 cycles or a 

maximum permanent axial strain of 5%. The air void contents of the specimens prepared for RLT testing are 

shown in Figure 3.6 and Figure 3.7, for the unconfined and confined test configurations, respectively. 
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Figure 3.6: Air void contents for the unconfined RLT test specimens. 

 

 
Figure 3.7: Air void contents for the confined RLT test specimens. 

 

3.2.2 Cracking (Fracture) 

SCB I-FIT Test 

Semicircular bending (SCB) tests were performed following AASHTO TP 124-18 at a temperature of 25oC 

(77oF). To prepare the SCB specimens, the gyratory compacted specimens were trimmed to provide smooth 

faces and then cut into two discs. The target air void content of the discs was 7±1% based on the 2018 version of 

the test used when the specimens were prepared in 2019. The discs were then cut into two halves providing two 

semicircular specimens. The test was run using notched semicircular specimens, and the flexibility index (FI) 
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parameter was calculated from the load-deformation curve. The air void content of the tested SCB specimens is 

shown in Figure 3.8, with the error bars representing the range of air voids. The range of air void contents is 

high for the test specimens, which introduces more variability into the results. 

 

 
Figure 3.8: Air void contents for the SCB test specimens. 

 

IDEAL-CT Test 

IDEAL-CT tests were performed per ASTM D8225-19. Specimens were compacted using a Superpave gyratory 

compactor with a diameter of 150 mm and a height of 62 mm at a target air void of 7±0.5%. The compacted 

specimens were tested directly without the need for trimming, cutting, or notching. The test was conducted at a 

temperature of 25oC (77oF). The average air void content of the IDEAL-CT specimens for different mixes is 

shown in Figure 3.9. The error bars indicate the maximum and minimum air void content.  
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Figure 3.9: Air void contents of IDEAL-CT specimens. 

 

3.2.3 Flexural Beam Fatigue and Stiffness 

To assess the fatigue performance of the mixes, flexural beam fatigue testing using strain-controlled loading was 

conducted according to AASHTO T 321. The test was conducted at a temperature of 20oC (68oF) and a 

frequency of 10 Hz using three different strain levels. The strain levels were different for each mix and intended 

to produce fatigue lives of approximately 0.05, 0.5, and 1 million repetitions to failure. At each strain level, 

three specimens were tested for a total of nine tested specimens per mix. Specimens were prepared according to 

AASHTO PP3 using a rolling wheel compactor. 

 

Flexural beam temperature-frequency sweep tests were also conducted according to AASTHO T 321. For each 

mix, three specimens were tested. Temperature-frequency sweep testing was conducted at three different 

temperatures (10oC [50oF], 20oC [68oF], 30oC [86oF]) and 11 frequencies (0.01 Hz, 0.02 Hz, 0.05 Hz, 0.1 Hz, 

0.2 Hz, 0.5 Hz, 1.0 Hz, 2.0 Hz, 5.0 Hz, 10.0 Hz, 15.0 Hz) using a strain level of 0.0001. Figure 3.10 shows the 

air void contents and air void range for the tested flexural beam specimens.  
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Figure 3.10: Air void contents of flexural beam specimens. 
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4 STIFFNESS AND RUTTING BEHAVIOR 

4.1 Stiffness Master Curves 

The temperature-frequency sweep test results were used to construct stiffness master curves for the plant-produced 

mixes, collected before silo storage, as shown in Figure 4.1. The stiffness master curves were obtained at a 

reference temperature of 20oC (68oF). Mix A and Mix B showed lower modulus values, particularly at lower 

frequencies (i.e., higher temperatures), compared with Mix C and Mix D. Mix A is interesting because it is softer 

than Mix C and Mix D at lower reduced frequencies (lower frequencies and higher temperatures) and stiffer than 

those mixes at higher reduced frequencies. The reason why this occurred is not known. 

 

 
Note: The mix code is %RAP-%RAS-%rejuvenating agent. RAP and RAS percentages are by mass of mix; rejuvenating 
agent percentage is by mass of total binder. Example: 50RAP-20RJ is 50% RAP, no RAS, and 20% rejuvenating agent. 

Figure 4.1: Flexural modulus master curves for mixes with no silo storage at a reference temperature of 20oC (68oF). 
 

To quantify the effect of silo storage on the different mixes, the ratio of the modulus after silo storage to the 

modulus before silo storage was calculated, shown in Figure 4.2. The relative increase in modulus due to silo 

storage was found to be dependent on the test frequency and to vary between the different mixes and their 

associated different silo storage times. A ratio of as high as 1.5 to 1.6—an increase of 50% to 60% in the 

modulus—was noted after silo storage. 
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Mix A had a shorter amount of silo aging than Mix B and Mix D (6 hours versus 16 hours), but it had more 

stiffening at lower frequencies. In addition, it should be noted that Mix C had less aging than Mix B and Mix D 

(5 hours versus 16 hours), but it had more stiffening than Mix B and similar stiffening to Mix D. 

 

Overall, these results indicate that the complex interactions of the different variables—base binder, RAP content, 

RAS content, rejuvenator type and content, and silo storage time—produce net results that are not easy to predict 

based on the expected individual effects of each variable. 

 

 
Notes: 
- Silo storage times are A: 6 hours, B: 16 hours, C: 5 hours, D: 16 hours. 
- The mix code is %RAP-%RAS-%rejuvenating agent. RAP and RAS percentages are by mass of mix; rejuvenating 

agent percentage is by mass of total binder. Example: 50RAP-20RJ is 50% RAP, no RAS and 20% rejuvenating 
agent. 

Figure 4.2: Effect of silo storage on the modulus master curves for all mixes. 
 

4.2 Initial Flexural Stiffness at 20oC and 10 Hz from Fatigue Tests 

The initial flexural stiffness of the mixes during flexural fatigue tests was determined at a temperature of 20oC 

(68oF) and a frequency of 10 Hz. The stiffness measurements during the first few cycles of loading were influenced 

by the self-heating of the mix during loading and are therefore not considered in the analysis. To exclude the effect 

of self-heating and to capture the stiffness prior to any fatigue damage, the flexural stiffness was measured at 50 

loading cycles. Fatigue testing was performed at three different strain levels, and the initial stiffness at 50 cycles 

(E50), shown in Figure 4.3 represents an average stiffness across all three different strain levels. 
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The results in Figure 4.3 clearly indicate that the initial stiffnesses of the mixes increased with silo storage. Mix A 

appears to have a higher stiffness compared with the other mixes at the reference temperature and frequency. 

However, the modulus master curve of Mix A (Figure 4.1) shows that the stiffness of Mix A decreased at higher 

temperatures compared with the other mixes, particularly Mix C and Mix D. The modulus master curves provided 

in Figure 4.1 can be used to estimate the flexural stiffness at the different loading conditions, and the modulus 

master curves shown in Figure 4.1 show that the ranking of the mixes based on their modulus depends on the 

loading frequency (i.e., test temperature). Ranking of the mixes according to their stiffnesses based on Figure 4.3 

would only be applicable at the given temperature and frequency and should not be assumed to be valid for other 

test temperatures and loading frequencies.  

 
Note: Identification of mixes is mix-hours of silo time. 

Figure 4.3: Flexural stiffness at 20oC (68oF) and 10Hz (E50) for all mixes with and without silo storage. 
 

4.3 Rutting Test Results 

4.3.1 Hamburg Wheel-Track Test 

The Hamburg Wheel-Track (HWT) test was conducted for all mixes to assess their rutting and moisture sensitivity 

performance. Table 4.1 shows the variability for the HWT test for each mix and silo condition. 

 

Table 4.1: Coefficient of Variation of HWT Rut Depth at 25,000 Passes for Mixes and Silo Conditions 

Mixes A-0H A-6H B-0H B-16H C-0H C-5H D-0H D-16H 

Coefficient of 
Variation 

(COV) (%) 
67.4 15.4 4.8 7.1 3.3 2.9 3.8 13.1 

Note: Rut depth in millimeters (mm). 
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Figure 4.4 to Figure 4.7 show the change in rut depth with the number of passes for all four mixes before and after 

silo storage. The results clearly show that the rutting resistance of the mixes improved after silo storage, as 

evidenced by the decrease in the average rut depths, except for Mix D, which showed a small decrease in rutting 

resistance. The relative increase in rutting resistance due to silo storage was not consistent across all mixes due to 

the differences in the composition of the mixes and in the silo storage time. Of the mixes, Mix A showed the most 

notable improvement in rutting resistance because of silo storage (Figure 4.4). Mix A uses a high rejuvenator 

dose, which resulted in low mix stiffness and low rutting resistance with no silo storage time. The rutting resistance 

of Mix A significantly increased after 6 hours of silo storage. 

 
Note: The mix code is %RAP-%RAS-%rejuvenating agent. RAP and RAS percentages are by mass of mix; rejuvenating 
agent percentage is by mass of total binder. Example: 50RAP-20RJ is 50% RAP, no RAS, and 20% rejuvenating agent. 

Figure 4.4: Average rut depth versus number of wheel passes from HWT test of Mix A (50RAP-20RJ). 
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Note: The mix code is %RAP-%RAS-%rejuvenating agent. RAP and RAS percentages are by mass of mix; rejuvenating 
agent percentage is by mass of total binder. Example: 50RAP-20RJ is 50% RAP, no RAS, and 20% rejuvenating agent. 

Figure 4.5: Average rut depth versus number of wheel passes from HWT test of Mix B (40RAP). 
 

 
Note: The mix code is %RAP-%RAS-%rejuvenating agent. RAP and RAS percentages are by mass of mix; rejuvenating 
agent percentage is by mass of total binder. Example: 50RAP-20RJ is 50% RAP, no RAS, and 20% rejuvenating agent. 

Figure 4.6: Average rut depth versus number of wheel passes from HWT test of Mix C (20RAP-3RAS). 
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Note: The mix code is %RAP-%RAS-%rejuvenating agent. RAP and RAS percentages are by mass of mix; rejuvenating 
agent percentage is by mass of total binder. Example: 50RAP-20RJ is 50% RAP, no RAS, and 20% rejuvenating agent. 

Figure 4.7: Average rut depth versus number of wheel passes from HWT test of Mix D (40RAP-0.7RJ). 
 

To quantify the effect of the silo storage on rut depth, the average rut depth was calculated at 10,000, 20,000, 

and 25,000 passes, shown in Figure 4.8. 

  

 
Figure 4.8: Average rut depth from HWT test for all mixes. 

 

The stripping inflection point (SIP) from the HWT test was calculated for all mixes and plotted in Figure 4.9. 

Mix A and Mix B showed a SIP indicating the potential for stripping due to moisture. The silo-aged material for 
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Mix A did not show the same strong inflection point. On the other hand, no SIP was noted for Mix C and Mix D, 

indicating no susceptibility to moisture damage. The Caltrans standard specifications do not specify a passing 

criterion for the SIP but do require it to be reported. 

 

 
Figure 4.9: Average number of wheel passes at the stripping inflection point. 

 

4.3.2 Repeated Load Triaxial Test 

The results of the confined repeated load triaxial (RLT) test, before and after silo storage, are shown in Figure 

4.10 to Figure 4.13. The variability of the unconfined RLT cycles to 5% permanent strain are shown in Table 4.2. 

 

Table 4.2: Coefficient of Variation of Unconfined RLT Cycles to 5% Permanent Strain  
for Mixes and Silo Conditions 

Mixes A-0H A-6H B-0H B-16H C-0H C-5H D-0H D-16H 

Coefficient of 
Variation 

(COV) (%) 
24.0 28.1 55.0 30.2 20.5 Not 

applicablea 17.4 18.5 

a None of the Mix C specimens reached 5% permanent strain after five hours of silo time; test was stopped at 20,000 cycles. 
 

For all mixes, the permanent axial strain at a given load cycle decreased after silo storage. A decrease in the 

permanent axial strain denotes an improvement in the rutting resistance. The accumulated permanent strain curves 

for the confined RLT test show a primary and a secondary zone. The primary zone is characterized by a rapid 

increase in the axial strain, indicating initial consolidation of the mix, followed by a secondary zone where the 

rate of increase in permanent strain appears to reach a steady state. For the confined RLT test, a tertiary zone, 
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indicating internal cracking leading to rapid deformation, was not noted for any of the tested mixes before or after 

silo storage. 

 

On the other hand, the results of the unconfined RLT test, shown in Figure 4.14 to Figure 4.17, clearly indicate 

the occurrence of tertiary flow in all mixes. The permanent axial strains measured in the unconfined RLT test 

were much higher than those measured in the confined RLT test due to the absence of confining pressure. 

However, it is, clear that both the confined and unconfined tests were able to capture the effect of silo storage on 

the average permeant strain. For the confined RLT test results, the effects of silo storage are particularly strong 

for Mix A, which only had 6 hours of silo time but had 20% rejuvenator, and for Mix D, which had 16 hours of 

silo time. For the unconfined RLT test results, Mix C and Mix D showed the greatest effects of silo storage time. 

 

 
Note: The mix code is %RAP-%RAS-%rejuvenating agent. RAP and RAS percentages are by mass of mix; rejuvenating 
agent percentage is by mass of total binder. Example: 50RAP-20RJ is 50% RAP, no RAS, and 20% rejuvenating agent. 

Figure 4.10: Permanent axial strain versus load cycles for confined RLT tests of Mix A (50RAP-20RJ). 
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Note: The mix code is %RAP-%RAS-%rejuvenating agent. RAP and RAS percentages are by mass of mix; rejuvenating 
agent percentage is by mass of total binder. Example: 50RAP-20RJ is 50% RAP, no RAS, and 20% rejuvenating agent. 

Figure 4.11: Permanent axial strain versus load cycles for confined RLT tests of Mix B (40RAP). 
 

 
Note: The mix code is %RAP-%RAS-%rejuvenating agent. RAP and RAS percentages are by mass of mix; rejuvenating 
agent percentage is by mass of total binder. Example: 50RAP-20RJ is 50% RAP, no RAS, and 20% rejuvenating agent. 

Figure 4.12: Permanent axial strain versus load cycles for confined RLT tests of Mix C (20RAP-3RAS).  
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Note: The mix code is %RAP-%RAS-%rejuvenating agent. RAP and RAS percentages are by mass of mix; rejuvenating 
agent percentage is by mass of total binder. Example: 50RAP-20RJ is 50% RAP, no RAS, and 20% rejuvenating agent. 

Figure 4.13: Permanent axial strain versus load cycles for confined RLT tests of Mix D (40RAP-0.7RJ). 
 

 
Note: The mix code is %RAP-%RAS-%rejuvenating agent. RAP and RAS percentages are by mass of mix; rejuvenating 
agent percentage is by mass of total binder. Example: 50RAP-20RJ is 50% RAP, no RAS, and 20% rejuvenating agent. 

Figure 4.14 : Permanent axial strain versus load cycles for unconfined RLT tests of Mix A (50RAP-20RJ). 
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Note: The mix code is %RAP-%RAS-%rejuvenating agent. RAP and RAS percentages are by mass of mix; rejuvenating 
agent percentage is by mass of total binder. Example: 50RAP-20RJ is 50% RAP, no RAS, and 20% rejuvenating agent. 

Figure 4.15: Permanent axial strain versus load cycles for unconfined RLT tests of Mix B (40RAP). 
 

 
Note: The mix code is %RAP-%RAS-%rejuvenating agent. RAP and RAS percentages are by mass of mix; rejuvenating 
agent percentage is by mass of total binder. Example: 50RAP-20RJ is 50% RAP, no RAS, and 20% rejuvenating agent. 

Figure 4.16: Permanent axial strain versus load cycles for unconfined RLT tests of Mix C (20RAP-3RAS). 
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Note: The mix code is %RAP-%RAS-%rejuvenating agent. RAP and RAS percentages are by mass of mix; rejuvenating 
agent percentage is by mass of total binder. Example: 50RAP-20RJ is 50% RAP, no RAS, and 20% rejuvenating agent. 

Figure 4.17: Permanent axial strain versus load cycles for unconfined RLT tests of Mix D (40RAP-0.7RJ). 
 

Using the RLT unconfined test results, the number of loading cycles at 5% permanent axial strain was calculated 

and plotted, shown in Figure 4.18 for all mixes. This parameter serves as an indication of the mix resistance to 

axial permanent deformation. A higher number of loading cycles indicates an improved resistance to axial 

deformation and thus less susceptibility to rutting. The rutting resistance, as measured by the average number of 

loading cycles at 5% strain, was noted to increase with silo storage. Mix C-0H had high rutting resistance and for 

Mix C-5H, the permanent strain did not reach 5% at the end of testing (i.e., 20,000 loading cycles). 

 

 
Figure 4.18: Cycles at 5% permanent strain from unconfined RLT test. 
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The flow number, representing the number of cycles at the start of the tertiary zone, is commonly used to analyze 

the RLT test results. Figure 4.19 shows the flow number plotted against the number of loading cycles at 5% 

permanent axial strain. The results clearly indicate a very good correlation between the two parameters—flow 

number and the number of loading cycles at 5% permanent strain. The calculation of the flow number depends on 

the accuracy of the model used to fit the accumulated permanent strain curve. On the other hand, the number of 

loading cycles at 5% permanent strain can be directly obtained from the test results, which makes it easier to use 

as a QC/QA parameter. 

 

 
Figure 4.19: Correlation between flow number and number of cycles at 5% permanent strain  

from unconfined RLT test. 
 

4.4 Analysis of Rutting Parameters 

To further assess the effect of silo storage time on rutting, a statistical analysis using a t-test was conducted to 

compare the rutting performance of the mixes before and after silo storage. The t-test was based on the rut depth 

at 10,000 passes from the HWT and the cycles to 5% permanent strain from the unconfined RLT. The p-values, 

expressed as a percentage, are provided in Table 4.3. The decrease in rut depth was statistically significant for all 

the mixes for both tests, based on a 90% confidence limit.  
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Table 4.3: P-Values for the Rutting Parameters Sensitivity to Silo Storage 

Mixes 

P-Value 
(HWTT rut depth at 10,000 

passes) 
[%] 

P-Value 
(cycles to 5% permanent 

strain) 
[%] 

Mix A (50RAP-20RJ) 3.6 0.6 
Mix B (40RAP) 7.6 3.7 
Mix C (20RAP-3RAS) 0.4 not applicable* 
Mix D (40RAP-0.7RJ) 9.0 0.0 

* None of the Mix C specimens reached 5% permanent strain after 5 hours of silo time, test was stopped at 
20,000 cycles. 

Note: The mix code is %RAP-%RAS-%rejuvenating agent. RAP and RAS percentages are by mass of mix; rejuvenating 
agent percentage is by mass of total binder. Example: 50RAP-20RJ is 50% RAP, no RAS, and 20% rejuvenating agent. 
 

To compare results of the unconfined RLT test and the HWT test for the materials subjected to zero hours and 

hours of silo storage, the cycle at 5% strain was plotted against the rut depth at 10,000 passes, shown in 

Figure 4.20. For Mix C, at five hours of silo storage time, the cycle at 5% strain was assumed to be 20,000. 

Generally, mixes exhibiting a high HWT rut depth showed a low number of cycles at 5% strain, whereas mixes 

with a low rut depth showed a high number of cycles at 5% strain. 

 

 
Figure 4.20: Correlation between rut depth from HWT test and cycles at 5% strain  

from unconfined RLT for both silo storage conditions. 
 

The rut depth at 10,000 passes was also plotted against the flow number, shown in Figure 4.21. Generally, mixes 

with high rut depths showed low flow numbers whereas mixes with low rut depth showed high flow numbers. It 

should be noted that none of the HWT test results showed a rut depth greater than 5 mm. 
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Figure 4.21: Correlation between rut depth from HWT test and flow number  

from unconfined RLT for both silo storage conditions. 
 

The flow number and the cycles at 5% strain are used to indicate performance based on the unconfined RLT test 

data. However, they cannot be used in conjunction with the confined RLT test since the test does not typically 

result in tertiary flow or high permanent strain levels. To analyze the confined RLT test results, the permanent 

axial strain at 20,000 loading cycles was determined for all mixes, and the correlation between the permanent 

axial strain and other rutting parameters was calculated. A good correlation was noted between the strain at 

20,000 cycles and the HWT test rut depth at 10,000 passes, shown in Figure 4.22. The strain at 20,000 cycles 

from the confined RLT test correlated very well with the flow number from the unconfined RLT test, shown in 

Figure 4.23. 
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Figure 4.22: Correlation between rut depth from HWT test and permanent strain  

at 20,000 passes from confined RLT for both silo storage conditions. 
 

 
Figure 4.23: Correlation between flow number from unconfined RLT test and permanent strain  

at 20,000 cycles from confined RLT test for both silo storage conditions. 
 

4.5 Effect of Silo Storage on Rutting Parameters 

The different correlations between the rutting parameters, presented in the previous section, indicate that all 

three rutting tests can characterize the rutting performance of the studied mixes, despite the confounding effect 

of moisture sensitivity in the HWT test. To quantify the effect silo storage on rutting, the change in the rutting 

susceptibility was calculated for the different parameters: flow number from the unconfined RLT, rut depth at 

10,000 passes from the HWT, and strain at 20,000 cycles from the confined RLT.  
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The percentage change was determined relative to the before-silo condition, shown in Figure 4.24. The relative 

change calculated using the flow number was high compared with the other two rutting parameters. For Mix C 

and Mix D, the change in the flow number was about 250% because of silo storage. The strain at 20,000 passes 

and the HWT test rut depth parameters provided a comparable measure of the relative increase in rutting 

resistance. The average change in these two rutting parameters—strain at 20,000 passes and rut depth at 10,000 

passes—was between 10% and 60% across all four mixes. The effect of silo storage on Mix A and Mix C, with 

5 hours and 6 hours of silo storage, respectively, was comparable to Mix B and Mix D, with 16 hours of silo 

storage. This observation indicates that silo storage time can be a significant factor even for short durations (i.e., 

5 to 6 hours). The results also suggest a significant impact on mix properties within the first few hours in the 

silo. 

 

 

 
Figure 4.24: Change in the rutting parameters relative to the before-silo condition. 

 

4.6 Overall Rutting Performance 

The ranking of the mixes, based on their rutting resistance, was similar across all three tests. Overall, Mix C 

appears to have the best rutting performance of the four mixes, while Mix A and Mix B showed similarly low 

rutting performance. Mix C, exhibiting the best rutting performance, contained 20% RAP and 3% RAS. It is 

possible that the rutting resistance of Mix C can be attributed to the use of RAS in the mix, assuming that the RAS 

binder was blended with the RAP and virgin binders. Mix C also had a lower binder content of 5.2%. 

 

Mix B, with 40% RAP, was expected to show high rutting resistance. However, the measured low rutting 

resistance of Mix B could be a result of using a soft virgin binder combined with incomplete blending between 

the RAP and virgin binders. It is interesting to note that 16 hours of silo storage time did not appear to enhance 
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the rutting resistance of Mix B significantly; the rut depth and strain at 20,000 passes only changed by an average 

of 10%, shown in Figure 4.24. Exactly why the rutting resistance of Mix B was not as high as expected and why 

it did not appear to improve with silo storage are difficult to determine, since the RAP stiffness was not known.  

 

For Mix A, the use of a high dose of rejuvenator clearly resulted in a soft mix leading to reduced rutting resistance. 

The effect of silo storage on rutting was significant shown by an average 45% change in the rut depth and strain at 

20,000 passes. Such a change could be an indication of the volatilization of the rejuvenator with silo storage and the 

additional blending and aging that occur inside the silo. The extent of blending and aging depends on many factors, 

including the properties and content of the RAP binder as well as the type and temperature of the silo. 

 

4.7 Summary of Flexural Stiffness and Rutting Performance 

Key observations from the flexural stiffness and rutting testing include the following: 

• Mix A, with 50% RAP and a petroleum-based rejuvenator, and Mix B, with 40% RAP and a soft virgin 

binder, showed a lower modulus at higher temperatures compared with Mix C, with 20% RAP, 3% RAS, 

and a soft virgin binder, and Mix D, with 40% RAP and a biobased rejuvenator. This finding aligns with 

the HWT and RLT testing, which show that Mix A and Mix B were more susceptible to rutting. 

• The high rejuvenator dose used in Mix A resulted in a low modulus at high temperatures, leading to a 

reduction in the rutting resistance. 

• The use of RAS in Mix C and the use of a low rejuvenator dose in Mix D resulted in a relatively high 

modulus at high temperatures and increased rutting resistance compared with the other mixes. 

• The increase in modulus with silo storage was dependent on the test frequency and the mix type. The 

maximum increase in stiffness was about 50% to 60% and at low test frequencies (i.e., high temperatures). 

• Several tests and test parameters were successfully used to measure the rutting resistance of the mixes, 

including rut depth at 10,000 passes from the HWT, strain at 20,000 cycles from the confined RLT, and 

flow number and cycles at 5% strain from the unconfined RLT. 

• Mix C, with RAS, showed the best rutting performance while Mix A showed the least rutting resistance, 

possibly due to the use of a high rejuvenator dose. 

• The rutting resistance of all mixes increased with silo storage, except for the HWT test results for Mix D, 

which showed a slight decrease in rutting resistance. Mix A showed the most significant increase in 

rutting, with an average increase of about 45% in the rut depth at 10,000 passes and the strain at 20,000 

cycles. 
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5 FRACTURE/CRACKING BEHAVIOR 

5.1 Cracking Test Results 

5.1.1 Semicircular Bending Test 

The average flexibility index (FI) parameter calculated from a minimum of four replicate SCB test results is shown 

in Figure 5.1 for all mixes. The FI is a measure of both the fracture energy and the post-peak mix stiffness, and it 

is generally used to indicate the cracking resistance of the mix. High fracture energy and low stiffness both 

contribute to a high FI, and a high FI denotes better cracking resistance. The coefficient of variation for the FI for 

each mix and silo storage condition is shown in Table 5.1. 

 

Table 5.1: Coefficient of Variation of Flexibility Index for Mixes and Silo Conditions 

Mixes A-0H A-6H B-0H B-16H C-0H C-5H D-0H D-16H 

Coefficient of 
Variation 

(COV) (%) 
27.6 42.4 27.7 24.5 32.3 64.0 19.6 63.6 

 

All mixes showed a drop in their flexibility indices due to silo storage. Mix B had a very high FI of 18.5 prior to 

silo storage; however, its FI went down to nearly 8 after 16 hours in the silo. Mix C and Mix D showed low FIs 

even before silo storage, and their FIs decreased further after silo storage. The fracture energy and post-peak slope 

values for all mixes were plotted to evaluate the effect of silo storage on each mix, shown in Figure 5.2. The post-

peak slope (i.e., post-peak stiffness) increased significantly with silo storage. Silo storage also led to a reduction 

in the fracture energy of the mixes, except for Mix D. 

 

 
Figure 5.1: Flexibility index from SCB test for all mixes. 
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Figure 5.2: Fracture energy and post-peak slope from SCB test for all mixes. 

 

The FI equation is a function of the fracture energy (area under the load versus deformation curve) and the post-

peak load slope. Fracture energy is controlled by the specimen’s strength and its ability to deform, and it is mainly 

a measure of the specimen deformation. Therefore, the FI can be simplified to provide an alternative measure of 

the mix flexibility by merely calculating the specimen deformation. The specimen deformation is measured as the 

total vertical displacement during the SCB test. However, to be consistent with the definition of the FI, the 

specimen deformation was defined as the total vertical displacement given by the intercept of the post-peak slope 

with the displacement axis (lback-slope), shown in Figure 5.3. 

 

Using this definition, the vertical displacement was calculated and plotted against the FI, shown in Figure 5.4. 

The correlation between the vertical displacement defined by lback-slope and the FI is very strong. This strong 

correlation indicates that the FI can be viewed as a measure of the specimen’s ability to deform under a monotonic 

load and that it can potentially be replaced by a direct measure of the specimen deformation. However, the 

specimen deformation shown in Figure 5.3 requires the determination of the post-peak slope. The post-peak slope 

is sometimes difficult to calculate depending on the shape of the load-deformation curve and can be a source of 

error and variability of the FI. To avoid the need to determine the post-peak slope in calculating the vertical 

displacement, a simpler process is to measure the vertical displacement at a point corresponding to a given 

percentage of the peak load at the post-peak phase shown in Figure 5.3. The vertical displacement calculated at 

75% peak load (l75) was plotted against the FI in Figure 5.5, with a very strong correlation between vertical 

displacement and FI. 
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The previous discussion clearly shows that the FI can be considered a measure of the deformation ability of the 

mix. The mix deformation, including pre- and post-cracking, provides a direct measure of flexibility. Using a mix 

with a soft binder or increasing the air voids within the mix will lead to more deformation, resulting in a higher 

FI, which has been widely observed by other researchers (19). However, the influence on air voids in improving 

FI is problematic because it is well-known that increased air voids result in poorer cracking performance, increased 

risk of moisture damage, poorer rutting performance, and poorer fatigue performance. 

 

 
Figure 5.3: Load-displacement curve showing vertical displacement at 75% peak load (l75)  

and at the intercept of the post-peak slope (lback-slope). 
 

 
Figure 5.4: Flexibility index versus vertical displacement at post-peak slope intercept (lback-slope)  

from SCB test. 
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Figure 5.5: Flexibility index versus vertical displacement at 75% peak load (l75)  

from SCB test. 
 

5.1.2 IDEAL-CT Test 

The average CTindex parameter was calculated from a minimum of three replicate IDEAL-CT test results for all 

the studied mixes, shown in Figure 5.6. The coefficient of variance (COV) of CTindex for each mixture and silo 

storage condition is given in Table 5.2. The COV of the CTindex results is much lower than the COV of the FI 

results. The CTindex followed a pattern like the FI where all mixes showed a reduction in the CTindex after silo 

storage. The fracture energy and post-peak stiffness from the IDEAL-CT test are shown in Figure 5.7. In general, 

the fracture energies calculated from the IDEAL-CT test are much higher compared with those calculated from 

the SCB test. The IDEAL-CT test uses unnotched specimens, and the larger fracture energy results from the 

IDEAL-CT test compared with the SCB test suggest that a great deal of energy is consumed during the plastic 

deformation and crack formation in the specimen prior to crack propagation. The fracture energy from the 

IDEAL-CT test does not show a clear trend with aging; hence, it does not seem to characterize the effect of aging 

on the cracking resistance of the mixes. The post-peak slope from the IDEAL-CT test showed an increase with 

aging, denoting higher mix stiffness.  
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Figure 5.6: CTindex from IDEAL-CT test for all mixes. 

 

Table 5.2: Coefficient of Variation of CTindex for Mixtures and Silo Conditions 
Mixes A-0H A-6H B-0H B-16H C-0H C-5H D-0H D-16H 

Coefficient of 
Variation 

(COV) (%) 
22.5 22.9 17.4 20.5 26.8 24.8 5.7 24.2 

 

 
Figure 5.7: Fracture energy and post-peak slope from IDEAL-CT test for all mixes. 

 

5.2 Analysis of Cracking Parameters 

A comparison between the FI and CTindex is shown in Figure 5.8 and reveals a very strong correlation between the 

two parameters. The calculation of both the FI and CTindex depends primarily on the fracture energy and the post-
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peak slope. There are many similarities between the formulation of the two parameters, which help explain the strong 

correlation. Other researchers have also reported the correlation between the two parameters (18,19). The ranking of 

the mixes based on their cracking performance appears to follow a trend opposite to that of their rutting performance. 

Both the IDEAL-CT and the SCB tests provided the same ranking of the mixes in terms of their cracking resistance, 

where Mix A and Mix B showed higher cracking resistance compared with Mix C and Mix D. 

 

 
Figure 5.8: Correlation between FI and CTindex. 

 

5.3 Effect of Silo Storage on Cracking Parameters 

A statistical analysis using a t-test was conducted based on the CTindex and FI to compare the cracking performance 

of the mixes before and after silo storage as measured by the two tests. The p-values, expressed as percentages, 

are shown Table 5.1. The change in cracking resistance with silo storage was statistically significant based on a 

90% confidence limit for the FI for all the mixes but Mix D. The high p-value for the FI of Mix D was solely due 

to the high variability of the test results. The change with silo storage was only significant at that level for the 

CTindex for Mixes B and D. 

 
Table 5.3: P-Values for the Cracking Parameters Sensitivity to Silo Storage 

Mixes P-Value (CTindex) 
(%) 

P-Value (FI) 
(%) 

Mix A (50RAP-20RJ) 14 2.9 
Mix B (40RAP) 7.5 0.1 
Mix C (20RAP-3RAS) 13.6 0.6 
Mix D (40RAP-0.7RJ) 0.1 19.2 

Note: The mix code is %RAP-%RAS-%rejuvenating agent. RAP and RAS percentages are by mass of mix; rejuvenating 
agent percentage is by mass of total binder. Example: 50RAP-20RJ is 50% RAP, no RAS, and 20% rejuvenating agent. 
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To quantify the effect of silo storage on the cracking resistance of the mixes, the change in the different cracking 

parameters—FI from the SCB test and CTindex from the IDEAL-CT test—was calculated with aging, shown in 

Figure 5.9. The percentage change was determined relative to the before-silo condition. These results indicate that 

the effect of silo storage on the cracking parameters can be considerable, not only for Mix B and Mix D, which 

were allowed to sit for 16 hours in the silo, but also for Mix A and Mix C, which spent far less time in the silo. 

Generally, the effect of silo storage was more pronounced on the FI than the CTindex, except for Mix D, which 

showed high variability in its FI results. On average, the effect of silo storage led to a reduction across the two 

cracking parameters of about 30%. 

 

 

Figure 5.9: Change in the cracking parameters relative to the before-silo condition. 
 

5.4 Impact of Stiffness on Cracking and Rutting Performance 

The relationship between the stiffness of the mixes and their cracking and rutting performance was investigated. 

The overall performance of the mixes in terms of rutting and cracking resistance was captured by plotting the 

cycles at 5% strain versus the CTindex, shown in Figure 5.10. Mixes with high cracking resistance were associated 

with low rutting performance, whereas mixes with low cracking resistance was associated with good rutting 

performance. Among all the mixes, Mix B, with 40% RAP and a PG 58-28 binder, showed the highest cracking 

resistance and the lowest rutting resistance. On the other hand, Mix C, which incorporated RAS, showed the 

lowest cracking resistance and the highest rutting performance. The arrows in Figure 5.10 represent the direction 

of aging inside the silo. For all mixes, silo storage resulted in a decrease in the CTindex, indicating reduced cracking 

resistance accompanied by improved rutting resistance indicated by an increase in the cycles at 5% strain. 

However, the CTindex and the repetitions to 5% strain did not change consistently between the mixes. Mix B had a 
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steep decline in the cracking parameter with very little increase in the rutting parameter, while Mix C and Mix D 

had large increases in the rutting parameter with a small change in the cracking parameter. Mix A had little change 

of either parameter. The complex interactions of the characteristics of the base binders, the RAP and RAS binder 

characteristics, the interactions of those binders with rejuvenating agents when they were included, and the aging 

characteristics of all three or four binder ingredients (virgin, RAP, RAS, rejuvenating agent) likely played a role 

in these results. 

 

 
Note: Silo storage times are A: 6 hours, B: 16 hours, C: 5 hours, D: 16 hours. 

Figure 5.10: Effect of aging on CTindex and cycles at 5% strain.  
 

The relationship between stiffness and cracking was investigated by plotting the flexural stiffness at 20oC (68oF) 

and 10 Hz (E50) versus the IDEAL-CT strength, shown in Figure 5.11. The IDEAL-CT strength represents the 

peak stress that can be obtained directly using the load-deformation curve. The CTindex did not appear to be very 

well correlated with the flexural stiffness (E50), shown in Figure 5.12.  
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Figure 5.11: Flexural stiffness at 20oC (68oF) and 10Hz (E50) versus IDEAL-CT strength. 

 

 
Figure 5.12: Flexural stiffness at 20oC (68oF) and 10Hz (E50) versus CTindex. 

 

5.5 Summary of Cracking Performance 

Key observations from the SCB and IDEAL-CT testing include the following: 

• The variability of the air void contents of the SCB specimens was high, as allowed under the version of 

the test applicable when specimens were made, which introduced more variability into the results. 

• The FI from the SCB test and the CTindex from the IDEAL-CT test showed strong correlation. 

• The cracking resistance of the mixes decreased with silo storage, as measured by the FI and CTindex. 
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• The cracking resistance of the mixes was inversely related to the rutting resistance. Mix C, with RAS, had 

the highest rutting resistance and lowest cracking resistance of all mixes. On the other hand, Mix B, with 

40% RAP and a rejuvenator, showed the lowest rutting resistance and highest cracking resistance. 

• The FI was shown to correlate very well with the specimen’s vertical displacement, particularly the 

displacement given by the intercept of the post-peak slope. This indicates that the FI can be viewed as a 

direct measure of the specimen’s ability to deform under load. 

• The CTindex decreased and the RLT repetitions to 5% strain increased with silo aging. However, the 

amount of change in each parameter varied greatly between the four mixes. 

• The flexural stiffness (E50) at 20oC (68oF) and 10Hz showed good correlation with the IDEAL-CT 

strength, indicating that the IDEAL-CT test can be used to provide a measure of the mix stiffness. 

• No correlation was found between the E50 parameter and the CTindex. 
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6 FATIGUE BEHAVIOR 

6.1 Flexural Beam Test Results 

The flexural beam test was conducted at three different strain levels. The fatigue life was determined, according 

to AASHTO T 321, to be the number of cycles corresponding to the point at which the product of the stiffness 

and loading cycles is at the maximum. Using a log-log scale, the fatigue life was fitted using a linear regression 

model and plotted against the strain level, which is referred to as a Wöhler curve, and is shown in Figure 6.1 to 

Figure 6.4 for all four mixes. At high strain levels, the silo storage resulted in a decrease in fatigue life. The 

increase in mix stiffness due to silo storage resulted in an increase in the applied stress during a strain-controlled 

loading and a subsequent reduction in the fatigue life of the mix. At low strain levels, where the mixes are 

subjected to low stresses, the fatigue life appears to increase with silo storage. As noted previously, complex 

interactions are at work that are likely causing these changes observed with silo storage, including the following: 

• Mobilization of the RAP binder and better blending of the RAP binder with the virgin binder, producing 

higher binder contents that should increase fatigue life. 

• Stiffening of the binder because of the increased RAP binder content, and aging of the virgin binder and 

rejuvenator (if present), which should reduce controlled-strain fatigue life. 

• Relative amounts of virgin binder, RAP binder, and rejuvenator in the mix that are aging at different rates 
as they are also diffusing into each other. 

 

With silo storage (i.e., aging), the fatigue life becomes more sensitive to the applied strain, as identified by an 

increase in the slope of the fatigue life versus strain line becoming steeper. This indicates that these mixes will 

have longer fatigue lives at smaller strains, typical of thicker overlays and asphalt layers, and shorter fatigue lives 

at larger strains, typical of thin overlays. Aging increases the stiffness of the mix as well. So in thick asphalt layers 

and overlays, the tensile strain becomes less under a traffic load, and the fatigue life, at a given strain, becomes 

longer, compared with the unaged mix. 
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Note: The mix code is %RAP-%RAS-%rejuvenating agent. RAP and RAS percentages are by mass of mix; rejuvenating 
agent percentage is by mass of total binder. Example: 50RAP-20RJ is 50% RAP, no RAS, and 20% rejuvenating agent. 

Figure 6.1: Fatigue life versus strain for Mix A (50RAP-20RJ). 
 

 
Note: The mix code is %RAP-%RAS-%rejuvenating agent. RAP and RAS percentages are by mass of mix; rejuvenating 
agent percentage is by mass of total binder. Example: 50RAP-20RJ is 50% RAP, no RAS, and 20% rejuvenating agent. 

Figure 6.2: Fatigue life versus strain for Mix B (40RAP). 
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Note: The mix code is %RAP-%RAS-%rejuvenating agent. RAP and RAS percentages are by mass of mix; rejuvenating 
agent percentage is by mass of total binder. Example: 50RAP-20RJ is 50% RAP, no RAS, and 20% rejuvenating agent. 

Figure 6.3: Fatigue life versus strain for Mix C (20RAP-3RAS). 
 

 
Note: The mix code is %RAP-%RAS-%rejuvenating agent. RAP and RAS percentages are by mass of mix; rejuvenating 
agent percentage is by mass of total binder. Example: 50RAP-20RJ is 50% RAP, no RAS, and 20% rejuvenating agent. 

Figure 6.4: Fatigue life versus strain for Mix D (40RAP-0.7RJ). 
 

Using the linear relationships between fatigue life and strain, strain levels that will result in a fatigue life of 

1 million cycles and 250,000 cycles were estimated and plotted in Figure 6.5. These strain levels indicate the 

fatigue performance of the mixes at low and high strain levels, where the low strain level is represented by the 

strain at 1 million cycles and the high strain level is represented by the strain at 250,000 cycles. The strain levels 

are a means to compare the mixes and assess the effect of silo storage. A higher strain level at the same number 

of loading cycles indicates better fatigue performance. Mix A had very low fatigue performance compared with 
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the other mixes, possibly due to its low binder content and the high rejuvenator dose, which resulted in a low 

virgin binder content. 

 
Figure 6.5: Strain at 250,000 cycles and 1 million cycles for all mixes. 

 

6.2 Correlation Between Cracking and Fatigue 

To investigate whether the cracking resistance tests—the I-FIT and IDEAL-CT tests—can indicate fatigue 

performance, the strain at 250,000 cycles was plotted versus the average FI, shown in Figure 6.6, and the average 

CTindex, shown in Figure 6.7, and the strain at 1M cycles was plotted versus the FI, shown in Figure 6.8, and the 

CTindex, shown in Figure 6.9. The FI and CTindex did not capture the differences between the mixes based on their 

fatigue performance. Mix A shows a relatively high FI and CTindex but considerably low fatigue performance 

compared with the other mixes. The performance of Mix A was largely governed by the high dose of rejuvenator, 

which led to a reduced mix stiffness and a low virgin binder content. The low stiffness exhibited by Mix A is 

reflected in the high FI and CTindex, while its poor fatigue performance could be attributed in part due to its low 

binder content and the rejuvenating agent. The results for strain at 1 million cycles showed a similar lack of 

correlation with FI and CTindex. 

 



UCPRC-RR-2022-04 51 

Figure 6.6: Strain at 250,000 cycles from flexural beam test versus FI from I-FIT 
test for aged and unaged mixes. 

Figure 6.7: Strain at 250,000 cycles from flexural beam test versus CTindex from IDEAL-CT test 
for aged and unaged mixes. 
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Figure 6.8: Strain at 1 million cycles from flexural beam test versus FI from I-FIT test 
for aged and unaged mixes. 

Figure 6.9: Strain at 1 million cycles from flexural beam test versus CTindex from IDEAL-CT test 
for aged and unaged mixes. 

6.3 Summary of Fatigue Performance 

Key observations from the flexural beam testing include the following: 

• The strain-controlled flexural beam test showed that silo storage led to a reduction in the fatigue life of

all mixes, particularly at high strain levels, while fatigue life was increased with silo storage for three of

the four mixes at low strain levels.
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• No correlation could be established between the cracking parameters—FI and CTindex—and the strain at a 

fatigue life of 250,000 cycles and 1 million cycles. The variability of the air voids of the FI specimens 

was high, which should be considered when interpreting these results, but which is not expected to change 

the conclusion. 
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Equation 3.10 

7 FINE AGGREGATE MATRIX MIX TESTING  

Fine aggregate matrix (FAM) specimens were tested in a dynamic shear rheometer (DSR) to assess their fatigue 

cracking resistance using linear amplitude sweep (LAS) loading. The material for FAM specimens was obtained 

by screening plant-produced mix on the 2.36 mm sieve. FAM mixes were compacted into 150 mm diameter by 

50 mm high specimens in a Superpave gyratory compactor. Air void contents ranged from 10% to 12%. Previous 

studies on FAM mixes have shown that the effect of the variation of air voids within this target range is 

insignificant (27). Cylindrical FAM mix specimens measuring 12 mm in diameter were cored from the compacted 

specimens. A minimum of three specimens for each mix type was tested. 

 

The LAS testing procedure was conducted at a temperature of 25oC (77oF), based on AASHTO TP101, with 

modifications to account for the FAM mix testing. To determine the undamaged properties of the mix, a frequency 

sweep testing was performed covering a range of frequencies from 0.1 to 25 Hz at a strain level of 0.002%. The 

strain level of 0.002% was selected to ensure the material remained within the linear viscoelastic region (28). 

Using the results of the frequency sweep, a parameter α was calculated that represents the damage rate relative to 

undamaged properties as defined by the viscoelastic continuum damage model (VECD) theory. Following the 

frequency sweep testing, the strain was increased with time using a linear log scale from 0.002% to 0.6% at a 

constant frequency of 10 Hz. An increase in the strain rate with time based on a linear log scale allowed for more 

loading cycles at lower strain rates and fewer loading cycles at higher strain rates. Using more loading cycles at 

lower strain rates ensured that sufficient damage occurred in the specimen before higher strain rates were applied. 

 

7.1 The Viscoelastic Continuum Damage Model 

The VECD is based on Schapery’s work potential theory (29), shown in Equation 7.1: 

 dD
dt

= �dW
dD
�
α

 (7.1) 

Where: 

D = Damage 

 t = time 

 W = work performed 

 α = material constant 
 

The work potential theory establishes a relationship between the damage rate and the rate of work performed. A 

parameter α is defined, which can be directly obtained using the slope of the log-log plot of the storage modulus 

versus frequency. The relationship between the storage modulus and the frequency is defined by Equation 7.2: 

 𝑙𝑙𝑙𝑙𝑙𝑙 𝐺𝐺′(𝜔𝜔) = 𝑚𝑚(𝑙𝑙𝑙𝑙𝑙𝑙 𝜔𝜔) + 𝑏𝑏 (7.2) 
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Equation 3.10 

Equation 3.10 

Equation 3.10 

Where: 

G’ = the storage modulus 

ω= the test frequency 

m = the slope of the regression line 

b = a constant 

The parameter α is then be calculated using Equation 7.3: 

𝛼𝛼 = 1/𝑚𝑚 (7.3) 

Using the LAS test results, the accumulation of damage intensity over the loading cycles (N) is calculated using 

Equation 7.4: 

𝐷𝐷(𝑡𝑡) ≅ ∑ [𝜋𝜋𝐼𝐼𝐷𝐷𝛾𝛾𝑜𝑜2(|𝐺𝐺∗|𝑠𝑠𝑠𝑠𝑠𝑠𝛿𝛿𝑖𝑖−1 − |𝐺𝐺∗|𝑠𝑠𝑠𝑠𝑠𝑠𝛿𝛿𝑖𝑖)]
𝛼𝛼

1+𝛼𝛼(𝑡𝑡𝑖𝑖 − 𝑡𝑡𝑖𝑖−1)
1

1+𝛼𝛼𝑁𝑁
𝑖𝑖=1 (7.4) 

Where: 

D(t) = the damage intensity at time t 

ID = the initial complex shear modulus, MPa 

γo = the applied shear strain 

|G*| = the complex shear modulus, Mpa 

The relationship between damage intensity and the loss modulus (|G*|sinδ) is fitted using the power law curve 

shown in Equation 7.5 (30): 

|𝐺𝐺∗|𝑠𝑠𝑠𝑠𝑠𝑠𝛿𝛿 = 𝐶𝐶0 − 𝐶𝐶1𝐷𝐷𝐶𝐶2 (7.5) 

Where: 

Co = the average |G*|sinδ at the initial strain rate 

C1 and C2 = curve fitting coefficients 

According to AASHTO TP101, the failure is defined as a 35% decrease in the undamaged value of |G*|sinδ. 

However, this study proposes using the peak phase angle as an alternative failure criterion to replace the 35% 

decrease criterion defined in AASHTO TP101. 

The relationship between fatigue life (Nf) and strain rate is then written as Equation 7.6: 

𝑁𝑁𝑓𝑓 = 𝐴𝐴(𝛾𝛾𝑜𝑜)−𝐵𝐵 (7.6) 

With the coefficients A and B given by Equations 7.7 and 7.8: 
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Equation 3.10 

Equation 3.10 

 𝐴𝐴 = 𝑓𝑓�𝐷𝐷𝑓𝑓�
𝑘𝑘

𝑘𝑘�𝜋𝜋𝐼𝐼𝐷𝐷𝐶𝐶1𝐶𝐶2�
𝛼𝛼 (7.7) 

 B = 2α (7.8) 

Where: 

k = 1+ (1-C2) α 

f = loading frequency at 10 Hz 

Df = the damage intensity at failure, defined at peak phase angle 
 
7.2 Fatigue Life 

The complex modulus and phase angle were measured during the FAM mix testing, at different strain levels. A 

plot of the complex modulus and phase angle versus strain for one of the specimens from Mix A-0H is shown as 

an example in Figure 7.1. The complex modulus curve can be generally divided into three regions. The first 

region is characterized by a decrease in the complex modulus at a decreasing rate. The onset of the second zone 

marks the failure of the specimen, with a sharp drop in the complex modulus. This zone is then followed by a 

third zone where the complex modulus continues to decrease, though the decrease occurs at a slow rate. 

 

The variation of the phase angle appears to follow the same pattern of regions noted in the complex modulus 

curve. In the first region, the phase angle increases consistently at a decreasing rate until it reaches a maximum. 

The maximum phase angle signifies the failure of the specimen and the start of the second region. The third 

region shows a continuous decrease in the phase angle, though the decrease occurs at a slow rate. In some 

instances, such as the example in Figure 7.1, the phase angle will drop for a few cycles and then increase 

abruptly again for the next few cycles before it starts to decrease steadily until it reaches a plateau. The decrease 

in the modulus follows a linear slope followed by a sudden decrease in the modulus denoting failure. The 

sudden decrease in the modulus coincides with the point at which the phase angle reaches its first maximum, 

shown in Figure 7.1. The peak phase angle was used to define fatigue failure, and the fatigue life was calculated 

accordingly using the VECD model analysis. 
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Figure 7.1: A plot of the modulus and phase angle versus strain for Mix A-0H showing  

the fatigue life at peak phase angle. 
 

The fatigue life was calculated at different strains using the VECD model described above, shown in Figure 7.2 

through Figure 7.5, for the four mixes. The effect of silo storage on fatigue life was evident, particularly for 

FAM Mix A and FAM Mix C, which had the least amount of silo storage time. For Mix A and Mix C, the mixes 

subjected to silo storage showed a steeper slope, indicating a higher rate of deterioration in fatigue life with 

increasing strain, compared with the before-silo mixes. This indicates that the effect of silo storage on fatigue 

life was more pronounced at higher strain levels, which agrees with the findings from the flexural beam test 

results. 

 

A direct comparison between strain levels and fatigue life obtained through FAM mix testing and flexural beam 

testing is not valid due to the different compositions of the mixes (FAM versus full mixes), and the different 

configuration of the tests (torsion for the FAM mix LAS test and tension for the flexural beam test). 

Nevertheless, both the FAM mix test and the full mix flexural beam test caused damage under repeated loading 

at intermediate temperatures and both test results showed similar trends with respect to the effect of silo storage 

and the variation of fatigue life with strain rate for both the before- and after-silo conditions. 
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Note: The mix code is %RAP-%RAS-%rejuvenating agent. RAP and RAS percentages are by mass of mix; rejuvenating 
agent percentage is by mass of total binder. Example: 50RAP-20RJ is 50% RAP, no RAS, and 20% rejuvenating agent. 

Figure 7.2: Fatigue life versus strain for FAM Mix A (50RAP-20RJ). 
 

 
Note: The mix code is %RAP-%RAS-%rejuvenating agent. RAP and RAS percentages are by mass of mix; rejuvenating 
agent percentage is by mass of total binder. Example: 50RAP-20RJ is 50% RAP, no RAS, and 20% rejuvenating agent. 

Figure 7.3: Fatigue life versus strain for FAM Mix B (40RAP). 
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Note: The mix code is %RAP-%RAS-%rejuvenating agent. RAP and RAS percentages are by mass of mix; rejuvenating 
agent percentage is by mass of total binder. Example: 50RAP-20RJ is 50% RAP, no RAS, and 20% rejuvenating agent. 

Figure 7.4: Fatigue life versus strain for FAM Mix C (20RAP-3RAS). 
 

 
Note: The mix code is %RAP-%RAS-%rejuvenating agent. RAP and RAS percentages are by mass of mix; rejuvenating 
agent percentage is by mass of total binder. Example: 50RAP-20RJ is 50% RAP, no RAS, and 20% rejuvenating agent. 

Figure 7.5: Fatigue life versus strain for FAM Mix D (40RAP-0.7RJ). 
 

7.3 Fatigue Performance of FAM Mixes 

The fatigue performance of the FAM mixes can also be compared using measures other than the fatigue life. The 

failure strain is defined as the strain corresponding to the peak phase angle. The abrupt decrease in the modulus 

corresponding to the peak phase angle was calculated for all mixes and plotted in Figure 7.6. Silo storage generally 
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caused a decrease in the failure strain denoting lower fatigue performance. Mix A showed the lowest fatigue 

resistance compared with the other mixes, a result that is consistent with the flexural beam test. In contrast to the 

other three mixes, Mix D showed a slight increase in failure strain with silo storage. However, such an increase 

was within the coefficient of variation of the results and therefore was not considered significant. It should be 

emphasized that the failure strain calculated in Figure 7.6 is specific to the pattern of loading that was used in the 

test and should not be considered indicative of failure under a general state of loading. The failure strain, however, 

can be directly obtained from the FAM test results without the need to undergo further analysis. 

 

 
Figure 7.6: Fatigue failure strain for all FAM mixes. 

 

Another fatigue parameter that can be used in lieu of fatigue life and failure strain is strain at 250,000 or 1 million 

cycles. Using the linear relationship between log fatigue life and log strain developed in Figure 7.2 through 

Figure 7.5, the strain corresponding to a fatigue life of 250,000 and 1 million cycles was calculated. Figure 7.7 shows 

that for Mix A and Mix B the strain at 250,000 and 1 million cycles tended to decrease with silo storage, indicating 

lower fatigue performance. For Mix C and Mix D, the strain at 250,000 cycles and 1 million cycles showed mixed 

results for silo storage compared with no silo storage as did the flexural beam fatigue tests. In addition, Mix A shows 

the lowest strain among all mixes, indicating the least fatigue performance. 
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Figure 7.7: Fatigue failure strain at 250,000 and 1 million cycles for FAM mixes. 

 

These results show that all the fatigue parameters—fatigue life, failure strain, strain at 1 million cycles, and strain at 

250,000 cycles—provided similar ranking of the mixes and were able to capture the effect of silo storage on 

performance. In addition, the poor fatigue performance of Mix A was captured by all fatigue parameters. The 

following discussion compares fatigue performance measured using the FAM mix testing and the flexural beam test. 

 

7.4  Correlation Between FAM Mix Testing and Flexural Beam Testing 

Both FAM mix testing and flexural beam tests apply cyclic loading to measure the resistance of the mix against 

fatigue failure. The distinct differences between the two types of tests were previously discussed. Despite these 

differences, both tests appear to be capable of characterizing the fatigue performance of the mixes and assessing 

the impact of silo storage on fatigue properties. 

 

FAM mix testing is faster and uses less material compared with the flexural beam test. For these reasons, it is a 

candidate for use in lieu of flexural beam testing, if it provides similar results. It was therefore important to investigate 

the relationship between the two fatigue tests using the fatigue parameters previously discussed. The strain at a 

fatigue life of 250,000 cycles was determined for all mixes using the flexural beam test results, presented in 

Chapter 4. As discussed in the previous section, the failure strain, and the strain at 250,000 cycles can be used to 

measure the fatigue performance of FAM mixes. Figure 7.8 shows the relationship between the strain at a fatigue 

life of 250,000 cycles from the FAM mix test and the flexural beam test. Generally, a fair correlation existed between 

the strain at 250,000 cycles for the two tests as shown by the R2 value. 



 

62 UCPRC-RR-2022-04 

 
Figure 7.8: Strain at 250,000 cycles using both the FAM and the flexural beam tests. 

 

The relationship between strain at failure from the FAM test and the strain at 250,00 cycles from the flexural beam 

test was investigated as shown in Figure 7.9. A good correlation was shown between these two parameters, 

indicating that the FAM test can be used successfully to provide an indicative measure of fatigue performance 

that is consistent with the flexural beam test. 

 

 
Figure 7.9: Failure strain from FAM mix testing versus strain at 250,000 cycles from flexural beam test. 

 

7.5  FAM Mix Modulus Master Curves 

In addition to the fatigue testing, the FAM mixes were also tested to determine their modulus at different 

temperatures and frequencies using a DSR by conducting at temperature-frequency sweep. Frequency sweep 
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testing was performed at four different temperatures—4oC (39.2oF), 21oC (69.8oF), 37oC (98.6oF), and 54oC 

(129.2oF)—over a range of frequencies between 0.1 Hz and 25 Hz, according to AASHTO T 342. 

 

The modulus master curves of the FAM mixes before silo storage were constructed at a reference temperature of 

20oC (68oF), shown in Figure 7.10. FAM Mix A and FAM Mix B showed lower modulus values at higher 

temperatures (i.e., lower frequencies) compared with FAM Mix C and FAM Mix D. This finding is consistent 

with the flexural beam testing of the full-graded mixes presented earlier in Section 3.1. The ranking of the FAM 

mixes based on their modulus values at higher temperatures agreed with the full-graded mix testing. 

 

The modulus master curves of the FAM mixes after silo storage were also determined. The effect of silo storage 

was assessed by normalizing the modulus master curves obtained for the mixes after silo storage with respect to 

the modulus master curves obtained for the mixes before silo storage. The normalized master curves are shown in 

Figure 7.11. A notable increase in modulus with silo storage is noted for FAM Mix A and FAM Mix C, while 

FAM Mix B showed relatively less increase in modulus. FAM Mix D did not appear to show any increase in 

modulus with silo storage and showed a slight decrease in modulus with silo storage. It was not clear why the 

testing of FAM Mix D did not capture the expected increase in modulus that was evident with the flexural testing 

of the full-graded mixes. 

 

The results of the FAM mix stiffness testing clearly indicate that FAM mixes can be used to provide an indication 

of the stiffness of the full-graded mixes. The FAM mix testing also captured the increase in mix stiffness with silo 

storage, except for Mix D. 

 

 
Figure 7.10: Modulus master curves for the FAM mixes. 
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Figure 7.11: Effect of silo storage on the modulus master of FAM mixes normalized to unaged stiffness for each mix. 
 

7.6 Summary of Fine Aggregate Matrix Testing 

Key observations from the FAM testing include the following: 

• Using LAS testing of FAM mixes, the fatigue life of FAM mixes was determined using the VECD model. 

• The fatigue life decreased with silo storage at 250,000 cycles and 1 million cycles for Mix A and Mix B, 

and Mix C and Mix D showed mixed results. 

• The failure strain, defined at the peak phase angle, decreased with silo storage for all FAM mixes at high 

strain levels while the results were mixed at low strain levels. 

• The failure strain from the FAM mix testing showed good correlation with the strain at 250,000 cycles 

from the flexural beam test. 

• Using temperature-frequency sweep testing of FAM mixes, the modulus master curves of the FAM mixes 

showed ranking of the mixes similar to that of the modulus master curves of the full-graded mixes. This 

indicates that FAM mix testing can be used to provide insight into the stiffness of the full-graded mixes. 
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8 CONCLUSIONS AND PRELIMINARY RECOMMENDATIONS  

8.1 Summary 

Short-term aging of asphalt mixes represents aging that takes place during mixing, transportation, and placement. 

During production, asphalt plants can directly load mix into trucks for transport to the paving site or store mix in 

silos for a few to many hours before transporting it to the job site. Current standard specifications do not limit silo 

storage time. The ability to store mix in a silo is essential for maintaining a steady supply of hot mix to the paver 

during paving, considering available hours to mix, mixing plant and paving productivity rates, and breaks in 

paving caused by lane changes and equipment and trucking breakdowns. 

 

The aging that takes place inside the silo is not accounted for during the mix design process, and it is not strictly 

accounted for in quality assurance procedures. In mixes that incorporate high amounts of RAP/RAS, additional 

blending can occur between the recycled and virgin binders while inside the silo. Moreover, high RAP or RAS 

mixes mostly include petroleum or bioderived additives called rejuvenators, depending on their chemical 

composition, to restore the properties of the mix. These rejuvenators may undergo physical or chemical changes 

during the silo storage, leading to further changes in the mix properties. Silo storage also increases aging of the 

virgin binder in the mix. 

 

This study included a literature review and extensive performance-related testing to assess the effect of silo storage 

on the stiffness, rutting, cracking, and fatigue properties of four high RAP or RAS mixes, including FAM mixes 

and full-graded mixes.  

 

Key points from the literature review include the following: 

• Addition of RAP/RAS increases mix stiffness and reduces fatigue cracking resistance at a given tensile 

strain level, which generally matches performance of the mix when used in thin overlays or new pavement 

layers. When used in thicker overlays and new pavement layers, the increased stiffness will decrease the 

tensile strain while also decreasing the fatigue life at a given tensile strain, and the two counteracting 

influences need to be considered through mechanistic pavement structural analysis. Addition of RAP/RAS 

will reduce low-temperature and block cracking performance. Several mitigation measures can be taken 

to improve fatigue performance of mixes with RAP/RAS at a given strain and low-temperature and block 

cracking performance, including the use of softer virgin binders and rejuvenators.  

• Blending between RAP/RAS and virgin binders is dependent on several factors, including mixing time 

and temperature as well the RAP/RAS stiffness and RAP/RAS content.  
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• A limited number of studies have investigated the effect of silo storage on the performance properties of 

asphalt mixes. The results indicate that the stiffness of the mixes increases with silo storage, and it was 

generally concluded that additional blending takes place between the recycled and virgin binders inside 

the silo, increasing the effective binder content.  

• The SCB and IDEAL-CT tests are understood to provide a measure of the mix cracking resistance. Both 

tests were shown to provide good correlation with field performance—including thermal, reflective, and 

fatigue cracking—based on correlations with the performance of accelerated pavement test sections with 

4.5 in. (110 mm) thick asphalt layers at the FHWA accelerated loading facility and a number of other test 

sections. 

• The flexural beam test has been historically validated to correlate with fatigue cracking in the field, when 

the mix stiffness and fatigue life results are considered in a mechanistic pavement structural analysis.  

 

Key observations from the flexural stiffness and rutting testing include the following: 

• Mix A, with 50% RAP and a petroleum-based rejuvenator, and Mix B, with 40% RAP and a soft virgin 

binder, showed a lower modulus at higher temperatures compared with Mix C, with 20% RAP, 3% RAS, 

and a soft virgin binder, and Mix D, with 40% RAP and a small amount of biobased rejuvenator. This 

finding aligned with the HWT and RLT testing, which showed that Mix A and Mix B were more 

susceptible to rutting.  

• The high rejuvenator dose used in Mix A resulted in a low modulus at high temperatures, leading to a 

reduction in the rutting resistance.  

• The use of RAS in Mix C and the use of a low rejuvenator dose in Mix D resulted in a relatively high 

modulus at high temperatures and increased rutting resistance compared with the other mixes.  

• The increase in modulus with silo storage was dependent on the test frequency and the mix design. The 

maximum increase in stiffness was about 50% to 60% and was noted at low test frequencies (i.e., high 

temperatures). 

• Several parameters were successfully used to measure the rutting resistance of the mixes, including rut 

depth at 10,000 passes from the HWT, strain at 20,000 cycles from the confined RLT, and flow number 

and cycles at 5% strain from the unconfined RLT.  

• Mix C, which included RAS, showed the best rutting performance while Mix A showed the lowest rutting 

resistance, possibly due to the use of a high rejuvenator dose.  

• The rutting resistance of all the mixes was shown to increase with silo storage, except for the HWT test 

results for Mix D. The extent of change in rutting parameters varied between mixes and between rutting 

parameters.  
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Key observations from the SCB and IDEAL-CT testing include the following: 

• The FI from the SCB test and the CTindex from the IDEAL-CT test showed strong correlation.  

• The cracking resistance of the mixes decreased with silo storage as measured by the FI and CTindex.  

• The cracking resistance of the mixes was inversely related to the rutting resistance. Mix C, with RAS, had 

the highest rutting resistance and lowest cracking resistance of all the mixes. On the other hand, Mix B, 

with 40% RAP and a rejuvenator, showed the lowest rutting resistance and highest cracking resistance of 

all the mixes.  

• The FI was shown to correlate very well with the specimen vertical displacement, particularly the 

displacement given by the intercept of the post-peak slope. This indicates that the FI can be viewed as a 

direct measure of the specimen’s ability to deform under load.  

• The flexural stiffness at 20oC (68oF) and 10Hz (E50) showed good correlation with the IDEAL-CT 

strength, indicating that the IDEAL-CT test can be used to provide a measure of the mix stiffness.  

• No correlation was found between the E50 parameter and the CTindex. The variability of the air voids of 

the FI specimens was high, as allowed under the version of the test when the specimens were prepared, 

which should be considered when interpreting these results. The variability of the air voids contents is not 

expected to change this conclusion. 

 

 

Key observations from the flexural beam testing include the following: 

• A strain-controlled flexural beam test showed that silo storage led to a reduction in the fatigue life of all 

mixes at high strain levels and mixed results at low strain levels.  

• For all mixes, the strain at which a fatigue life of 250,000 cycles is reached decreased with silo storage.  

• No correlation could be established between the cracking parameters—FI and CTindex—and the strain at a 

fatigue life of 250,000 cycles. The variability of the air voids of the FI specimens was high, which should 

be considered when interpreting these results. The variability of the air voids contents is not expected to 

change this conclusion. 

 

Key observations from the FAM mix testing include the following: 

• Using LAS testing of FAM mixes, the fatigue life of FAM mixes was determined using the VECD model.  

• The fatigue life of all FAM mixes decreased with silo storage. Similarly, the strain at which the fatigue 

life reached 250,000 cycles decreased with silo storage.  

• The failure strain, defined as the peak phase angle, also decreased with silo storage for all FAM mixes.  

• The failure strain from the FAM mix testing showed good correlation with the strain at 250,000 cycles 

from the flexural beam test.  
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• Using temperature-frequency sweep testing of FAM mixes, the modulus master curves of the FAM mixes 

showed similar ranking of the mixes compared with the modulus master curves of the full-graded mixes. 

This indicates that FAM mix testing can be used to provide insight into the stiffness of the full-graded 

mixes. 

 

8.2 Conclusions 

The following conclusions are based on the summarized test results: 

• The study revealed the significance of silo storage on mix properties. Based on the performance-related 

testing of full-graded and FAM mixes, silo storage has a notable effect on the properties of high RAP or 

RAS mixes and the effect is mix dependent. The results also showed that a notable change in mix 

properties can occur within the first few hours of silo storage (i.e., 5 to 6 hours). 

• Cracking tests—the SCB and IDEAL-CT tests—are highly influenced by mix stiffness, which in turn is 

very sensitive to aging. The IDEAL-CT strength correlated very well with the flexural stiffness of the mix 

at 20oC (68oF) and 10Hz (E50). The variability of the air void contents of the SCB specimens was high. 

• The FI from the SCB test and the CTindex from the IDEAL-CT test showed very good correlation. Both 

parameters appear to provide a good measure of the deformation ability of the mix under monotonic 

loading. 

• The FI and CTindex did not directly correlate with four-point flexural beam (4PB) fatigue test results. Most 

notably, the FI and CTindex were not able to capture the poor fatigue performance of Mix A, with high 

rejuvenator dose and low binder content. Mix A had a low modulus at high temperatures due to the use 

of a high rejuvenator dose, and the low modulus resulted in a good FI and CTindex values. However, Mix A 

showed poor fatigue performance, possibly due to its low total and virgin binder contents.  

• Proper selection of the rejuvenator dose is important to ensure satisfactory performance. Mix A, with a 

high rejuvenator dose, showed poor fatigue performance and exhibited rutting problems.  

• Fatigue testing of FAM mixes showed promising results in terms of characterizing fatigue. However, at 

this stage, this testing is difficult to implement as a QC/QA test.  

• Overall, the interactions of virgin binder grade, RAP content, rejuvenator dose, rejuvenator type, use of 

RAS, binder content, and silo storage are complex and cannot easily be explained due to conflicting effects 

and the likelihood of interactions. Performance-related testing provides a means to evaluate the net effects 

of these mix design and construction variables. 

 

8.3 Recommendations 

The following recommendations are made based on the findings from this study: 
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• The effect of silo storage on the performance properties of high RAP or RAS mixes should be taken into 

consideration when developing specifications for these types of mixes. The choice of sampling location 

can significantly change the performance-related testing results. If silo storage is expected to take place 

during actual production, the recommendation is that mixes be tested for performance-related properties 

before and after silo storage as part of the job mix formula verification to better capture the range of 

expected values during production. 

• The selection of the rejuvenator dose should not be based only on the manufacturer’s recommendations. 

A systematic procedure that involves optimizing the dose based on performance should be adopted. One 

such procedure was recently introduced by the NCHRP Project 9-58. A maximum rejuvenator dose should 

not exceed 8% to 10% of total weight of the binder. The recommendation is also to consider the 

rejuvenator part of the recycled binder (i.e., the addition of a rejuvenator should not result in using less 

virgin binder). 

• The SCB and IDEAL-CT tests can be used to provide a measure of the mix stiffness using the specimen 

strength.  

• The results presented in this study suggest that the FI and CTindex should be used with caution as direct 

indicators of fatigue performance. Alternatively, the SCB and IDEAL-CT tests may be used to develop a 

criterion based on the relationship between stiffness and fatigue. Another UCPRC study looked at 

developing such fatigue criterion based on the testing of a wide range of mixes (31). 

• Inclusion of medium-term oven-aging procedure to capture some of the effects of the silo storage noted 

in this study, or in-place aging of the mix when not subjected to silo storage, should be included in future 

studies.
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