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PROJECT OBJECTIVES 

The objective of this project is to develop a surrogate test for asphalt mixture design and quality control/quality 

assurance (QC/QA) to evaluate fatigue cracking performance. Preliminary research on this topic has been 

completed in this study. The focus of this report includes the following tasks: 

1. A literature review on research related to the topic, with special emphasis on the work of fatigue and 

fracture properties of asphalt material, fatigue and fracture testing on asphalt mixtures, and testing methods 

of asphalt material at small scales. 

2. Selection of candidate surrogate fatigue cracking tests and identification of representative parameters based 

on the literature review. 

3. Design of an experimental plan for a range of asphalt mixtures with varying material properties for four-

point bend (4PB) fatigue tests and candidate surrogate tests in the University of California Pavement 

Research Center (UCPRC) laboratory. 

4. Completion of tests and interpretation of testing results. 

5. Recommendation of the surrogate test along with an index and the corresponding acceptance criteria 

determination process. 

6. Preparation of a summary report detailing the study. 

 

This report covers all tasks. 
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EXECUTIVE SUMMARY 

Fatigue cracking in asphalt pavements is a nationwide problem faced by every highway agency on roads that carry 

heavy vehicles (trucks and buses). Increasing numbers of trucks and more usage of recycled materials (reclaimed 

asphalt pavement [RAP] and recycled asphalt shingles [RAS]) may make current situations even worse. Therefore, 

there is an urgent need to develop a performance-related test for routine asphalt mix design and quality control 

and quality assurance (QC/QA) to minimize fatigue cracking problems. Age-related cracking is a top-down 

distress that is related to environmental conditions and eventually occurs on all asphalt pavements, regardless of 

the vehicle traffic. This study includes a literature review of research on the fatigue and fracture properties of 

asphalt material; selection of candidate surrogate tests; testing of fracture and fatigue performance for asphalt 

material varying in RAP and RAS content, binder types, and preparation methods of mixtures; and evaluation of 

these surrogate testing methods for use in routine mix design and QC/QA. 

 

Key points from the literature review include the following: 

• The fatigue life of asphalt pavement consists of three stages: crack initiation, crack propagation and 

ultimate failure. Fatigue damage theory is a typical method to model crack initiation, and fracture 

mechanics is often applied to describe the cracking propagation. Fracture mechanics consists of linear 

elastic fracture mechanics and elastic plastic fracture mechanics, depending on the fracture state 

(brittle/ductile) and yielding scale. 

• While recently developed fracture testing methods, including semicircular bend (SCB) testing (producing 

the Illinois Flexibility Index Test [I-FIT] and Louisiana Semicircular Bend Test [LOU-SCB] parameters) 

and indirect tensile asphalt cracking testing (IDEAL-CT), are simple and rank the cracking performance 

of asphalt materials based on fracture parameters, they are not focused on the repeated load effects that 

cause fatigue and reflective cracking. Fracture parameters can be related to age-related cracking 

(transverse and longitudinal cracking leading to block cracking), which is caused by oxidation of the 

asphalt mix and thermal contraction, whether a single event or repeated day/night and seasonal 

temperature changes. They have been related to fatigue and reflective cracking of surface mixes as well 

as age-related cracking by other researchers. Age-related cracking is top-down from the surface and 

occurs regardless of the thickness of the new asphalt layer or layers. However, fatigue and reflective 

cracking are primarily bottom-up from the bottom of the new asphalt layers, and the performance is related 

not just to mix properties but also the interaction of mix properties and the thickness of the asphalt layers.  

• For routine asphalt mix design and/or QC/QA implementation, the surrogate cracking test method requires 

minimal operator training time, easy specimen fabrication, straightforward interpretation of testing 

results, and representative indicators for cracking performance. More importantly, this surrogate cracking 
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test should be able to provide a reasonable estimate of the flexural stiffness and flexural fatigue life from 

four-point bending (4PB) testing. 

• SCB and IDEAL-CT testing have been validated against a limited amount of field cracking data and the 

ranking comparison implies that these tests are applicable to mix design or QC/QA implementation. 

However, a more comprehensive study of these testing methods on a wider range of asphalt material types 

and a large correlation study with fatigue testing have not yet been conducted. 

• In previous studies, cracking resistance indicators from SCB and IDEAL-CT tests showed good 

sensitivities to asphalt material mix variables, primarily binder type (including conventional, polymer-

modified, rubberized), and inclusion of RAP, which is critical in providing guidance in mix design 

procedures. Air void content and aggregate gradation variance were not variables that were examined. 

• Linear amplitude sweep (LAS) fatigue testing on fine aggregate matrix (FAM) mixes also stands out as a 

good candidate for a surrogate fatigue cracking test. It is capable of capturing the fatigue properties of the 

FAM mix portion of the full asphalt mixture. Understanding the damage and cracking mechanisms in the 

FAM portion will help characterize asphalt pavement fatigue performance and may provide a faster and 

easier test than the 4PB test. However, this test will not be as fast and easy as SCB and IDEAL-CT testing.  

• Based on the literature review, I-FIT, LOU-SCB, and IDEAL-CT testing and LAS testing of FAM mixes 

were chosen for surrogate performance-related testing to serve the function of 4PB fatigue tests for routine 

mix design and QC/QA implementation. 

 

An experimental design was developed for each candidate testing method. Cracking parameters, including the 

ones recommended in the corresponding standard and potential ones from the literature review, were calculated 

from the testing results. Each testing method was then evaluated in terms of repeatability (variability) and 

correlation with stiffness and fatigue performance obtained from 4PB fatigue tests. 

 

Key observations and findings from the I-FIT test on 36 asphalt mixtures include the following: 

• Loading versus displacement curves from three loading rates (0.5 in./min [12.5 mm/min], 1 in./min 

[25 mm/min], 2 in./min [50 mm/min]) show that asphalt mixtures fracture in a brittle form at higher 

loading rates, as expected. They also show that the flexibility index (FI) value decreases as the loading 

rate increases. However, the Tukey’s honestly significant difference (HSD) testing results indicate no 

significant difference among these three loading rates. In evaluating pairs of mixtures, the Tukey’s HSD 

test results show that the loading rate of 2 in./min (50 mm/min) outperforms the two slower loading rates. 

• Previous verification of the I-FIT test with field data from the University of Illinois suggests a strong 

relationship between FI from the I-FIT test and early-age transverse cracking. Age-related cracking is 

more important for asphalt pavements that do not have significant heavy vehicle traffic. However, the 
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fatigue cracking performance at an intermediate temperature is the main focus of this study because it is 

the primary mode of structural failure for asphalt surfaced pavements in California that carry heavy 

vehicles. The relationship between the I-FIT test and fatigue cracking performance was explored by 

comparing the I-FIT parameters against the 4PB fatigue parameters. 

• Seven fracture parameters—including slope parameters (post-peak slope [Spp] and ascending slope [Sasc]), 

flexibility index (FI), flexibility index calculated using ascending slope (FIasc), fracture toughness (KIC), 

Strength, and fracture energy (Gf)—were reviewed in this study. The variability of each parameter was 

evaluated using coefficient of variance (COV) values. FI and Spp had the highest variability while KIC 

and Strength demonstrate the best repeatability, with COV values of 11%. 

• Fatigue performance from the 4PB tests is represented by the strain value for fatigue life of one million 

cycles (StrainNf1M) and initial flexural stiffness (E50). The relationship between fatigue performance 

and fracture performance was examined by comparing the StrainNf1M and E50 with fracture parameters. 

Both KIC and Strength show a moderate linear positive correlation with the initial flexural stiffness (E50), 

but no significant correlation was found between StrainNf1M and any fracture parameter.  

 

LOU-SCB testing was conducted on seven asphalt mixtures. The fracture properties obtained from two SCB 

testing configurations (LOU-SCB and I-FIT) were compared. The relationship between the fracture parameters of 

LOU-SCB and fatigue parameters from 4PB tests was also investigated. The following conclusions can be drawn 

from this analysis: 

• There is a strong linear correlation between the critical J-integral (Jc) from the LOU-SCB test and the 

area of load-displacement curve before peak load (AreaBefore) from the I-FIT test. KIC from the I-FIT 

test also correlates well with Jc. These findings indicate that the I-FIT and LOU-SCB tests provide the 

same fracture information for these materials. 

• A comparison of LOU-SCB parameters with parameters from 4PB testing shows that Jc is strongly 

correlated with the initial flexural stiffness (E50), while the correlation between Jc and StrainNf1M is not 

noticeable. 

• These results indicate that, at least for these mixes, the LOU-SCB and I-FIT tests are providing similar 

information and that the information correlates well with flexural stiffness but not flexural fatigue life. 

 

The IDEAL-CT test was performed on 13 asphalt mixtures. The variability of fracture parameters from the 

IDEAL-CT test was evaluated. In addition, the IDEAL-CT test was compared to the I-FIT test and then correlated 

with the fatigue results from the 4PB test. The following conclusions can be drawn from this analysis: 

• The fracture parameters from the IDEAL-CT test display lower variability compared with those from the 

I-FIT test. Strength and fracture energy (Gf) show the lowest COV values. 
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• There are strong correlations between the parameters from the IDEAL-CT test and the ones from the I-FIT 

test. The cracking tolerance index (CTindex) is proposed as a representative fracture resistance parameter 

in the IDEAL-CT test, which shows a significantly strong linear relationship with FI, the cracking 

indicator developed in the I-FIT test. 

• The Strength parameter from the IDEAL-CT test (IDT_Strength) shows a strong linear correlation with 

the initial stiffness (E50) from the 4PB test, which matches the finding of the strong correlation between 

Strength from the I-FIT test and E50 from the 4PB test. However, there is no significant relationship 

between fracture parameters from the IDEAL-CT test and fatigue life from the 4PB tests. 

 

The LAS fatigue testing was conducted on FAM mixes specimens for four types of mixtures, all with 20% or 

more RAP content, with two different silo hours (without silo hours versus with silo hours). The viscoelastic 

continuum damage (VECD) model was used to analyze these FAM mixes testing results. The fatigue performance 

of FAM mixes was then compared with the I-FIT fracture results as well as the 4PB fatigue results. The following 

observations were made based on this analysis: 

• The variability analysis shows that fatigue parameters from FAM mixes LAS testing—including the strain 

value corresponding to the fatigue failure (FailureStrain), damage value at the failure (DamageLevel), 

and the power coefficient B in the Wohler’s law—have low average COV values: 11.19%, 3.81% and 

3.1%, respectively. 

• The comparison between FAM mixes LAS testing and I-FIT testing indicates a good relationship between 

the power coefficient B from Wohler’s law of the LAS testing on FAM mixes and most of the fracture 

parameters from the I-FIT test. 

• The relationship between fatigue life and strain values was analyzed for four types of asphalt material 

(HRAP_1, HRAP_2, HRAP_3, HRAP_4) of full mixtures and FAM mixes with different silo hours. The 

VECD analysis of the LAS testing results of FAM mixes shows that the HRAP_1 and HRAP_4 mixtures 

became stiffer after short-term silo hours (5 silo hours for HRAP_1 and 6 silo hours for HRAP_4). In 

addition, the fatigue performance of HRAP_1 and HRAP_4 with silo hours is inferior to the mixes without 

silo hours. However, long-term silo hours did not result in a noteworthy impact on fatigue performance 

as observed from the comparison between HRAP_0H_2 (HRAP_2 without silo hours) and HRAP_16H_2 

(HRAP_2 with 16 silo hours) and the comparison between HRAP_0H_3 (HRAP_3 without silo hours) 

and HRAP_16H_3 (HRAP_3 with 16 hours). On the other hand, the fatigue results from the 4PB tests 

indicate that short-term silo hours increased fatigue life, based on the comparison between HRAP_0H_4 

(HRAP_4 without silo hours) and HRAP_6H_4 (HRAP_4 with 6 silo hours) and the comparison between 

HRAP_0H_1 (HRAP_1 without silo hours) and HRAP_5H_1 (HRAP_1 with 5 silo hours). This 

conclusion matches the findings from the FAM mixes LAS testing results. In terms of the effect of longer 
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silo hours, comparable fatigue performance was found between HRAP_0H_2 and HRAP_16H_2 while 

16 silo hours for HRAP_16H_3 resulted in decreased fatigue life at higher strain values, which are greater 

than values encountered in the pavement. 

• Both the FAM mixes and full mixes fatigue tests reveal that the fatigue performance of HRAP_4, which 

contains the highest amount of RAP material, is inferior to the fatigue performance of all the other 

materials. Among all these mixtures, HRAP_1 without silo hours has the most promising fatigue 

performance at both the FAM and full mixture scales. 

• The correlation analysis between FAM mixes fatigue parameters and the 4PB parameters indicates a 

strong linear correlation between the strain value at fatigue failure (FailureStrain) for FAM mixes LAS 

testing and fatigue life (StrainNf1M) for 4PB testing, with an R2 value of 0.84. As stated previously, the 

stiffness of asphalt mixtures plays an important role in determining the fatigue cracking resistance of 

asphalt pavements and also serves as a key property input in the CalME fatigue damage model. However, 

a weak linear relationship exists between the initial shear stiffness from LAS testing and initial elastic 

stiffness from 4PB testing for the four high RAP/RAS asphalt materials included in this study, with an r 

value of 0.49.  

 

The ability to distinguish the fatigue cracking resistance between asphalt materials is an important criterion when 

selecting a surrogate fatigue performance-related test for the asphalt mix design and QC/QA. The following is a 

summary of the sensitivity of potential tests and corresponding parameters for asphalt mixtures based on the 

findings reviewed in this report: 

• The boxplot of 4PB testing results, including initial stiffness (E50) and StrainNf1M, provides an overview 

of the distribution of fatigue properties for different asphalt material types. The distribution of StrainNf1M 

indicates that mixtures of 0% RAP with asphalt rubber (AR) binder and 15% RAP with polymer-modified 

(PM) binder have the best fatigue cracking resistance and also the softest E50. In addition, the mixtures 

in the category of 50% RAP with recycling agent (RA) have the lowest StrainNf1M values and highest 

E50 values—although some mixtures in other categories that are much stiffer have better fatigue life, 

indicating that variables other than stiffness play an important role in fatigue performance. 

• The Tukey’s HSD analysis shows that the softest mixtures have better fatigue performance and that stiffer 

mixtures have lower fatigue cracking resistance among the mixture types containing low RAP content. 

However, StrainNf1M values show that mixtures with RAP content higher than 25% have noticeably 

weaker fatigue performance, while E50 could not distinguish these mixes from the rest of the materials. 

• The boxplots of the I-FIT test results show that mixtures of 0% RAP with AR binder and 40% RAP with 

neat binder have the highest FI values and are notably different from the rest of the mixtures, while it is 

difficult to distinguish between the rest of the mixtures based on the FI values. The 15% RAP with PM 
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binder mixtures show the lowest strength, the lowest E50 value, and the highest StrainNf1M value of all 

the materials. 

• The Tukey’s HSD grouping results indicate that both FI and Strength display a fair ability to distinguish 

between asphalt mixtures. The grouping results of FI highly match the fatigue grouping results of 

StrainNf1M, though the grouping primarily separates rubberized and polymer binder mixtures from the 

rest of the mixtures. Meanwhile, the grouping result of Strength is consistent with the E50 grouping 

results. 

• The analysis of sensitivity to material types using the Tukey’s HSD method demonstrates that Strength 

distinguishes between asphalt materials, and the grouping results match the stiffness grouping of asphalt 

material with low RAP or RAS content. 

• In conclusion, Strength from the I-FIT test is recommended as the representative indicator for fatigue 

performance because it provides sensitivity to different materials similar to the stiffness (E50) and fatigue 

life (StrainNf1M) measured from the 4PB testing. Strength from IDEAL-CT testing might have the same 

sensitivity to different material types as a strong linear correlation has been found between the IDEAL-CT 

and I-FIT tests. 

 

A summary and comparison of the surrogate tests is presented as well as a procedure for determining the criteria 

value for a specific material to implement the Strength criteria in practice for QC/QA. Different criteria for the 

stiffness and fatigue life of materials need to be satisfied depending on the asphalt material application in the 

pavement structure—for example, in a thin surface layer or in a thick surface layer, intermediate layer, or bottom 

layer. The general procedure recommended considers the minimum stiffness and the fatigue life (minimum strain 

value of one million cycles to failure) determined from flexural beam testing (either project-specific requirements 

or from the CalME standard materials library). The material used in the mechanistic-empirical (ME) pavement 

design using CalME provides the input to determination of the Strength criteria. Criteria for capital preventive 

maintenance mixes can be developed using the same approach. The following are the detailed steps to calculate 

the upper and lower Strength criteria: 

• Based on the relationship between stiffness and Strength from the IDEAL-CT test, the criterion of 

Strengthmin will be determined to meet the minimum stiffness requirement obtained from the stiffness 

value at the same temperature and loading rate used in the ME rehabilitation structural design. For 

maintenance projects where ME design is not used, a reasonable stiffness value for each mix type will 

need to be determined, which will be used to determine the lowest value for Strength.  

• The minimum fatigue life requirement will be satisfied by meeting the criterion of Strengthmax, which is 

the upper bound of Strength from the relationship between Strength and StrainNf1M.  
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• To help obtain good fatigue and reflective cracking performance of asphalt pavement, the Strength value 

of asphalt material from the IDEAL-CT test needs to fall in the range of Strengthmin to Strengthmax. 

 

The appendices include a detailed example for deciding the Strength range for projects with performance-related 

specifications as well as validation from CalME simulations of the efficacy of the proposed approach. An 

alternative approach is also shown for determining the upper and lower limits for the Strength criteria based on 

mean stiffness for those projects without performance-related specifications, also with validation from CalME 

simulations. 

 

The following are final conclusions from this study: 

• The four testing methods included in this study (three monotonic fracture tests: I-FIT [semicircular 

notched beam], LOU-SCB [semicircular notched beam], and IDEAL-CT [indirect tensile]; one repetitive 

fatigue test with increasing strain value: fine aggregate mixes [FAM] mixes with linear amplitude sweep 

[LAS] test) have simple sample preparation processes and testing operations as well as short testing times 

compared to the benchmark 4PB test. 

• The three fracture testing methods (I-FIT, LOU-SCB and IDEAL-CT) showed good correlations with the 

initial flexural stiffness for the range of asphalt mixes included in the study (conventional, rubberized, 

polymer-modified, high RAP), while no strong correlation was found between these tests and flexural 

fatigue life. The results from the three tests are very well correlated linearly with each other for both the 

strength and fracture parameters. Considering that they produced very similar results, but the IDEAL-CT 

test is simpler and faster, the IDEAL-CT test is the recommended test among the three. 

• The Strength parameter obtained from both I-FIT and IDEAL-CT tests has low variability compared with 

the respective fracture parameters (CTindex from IDEAL-CT and FI from I-FIT) and shows a good 

positive linear correlation with the initial stiffness from the 4PB test. Strength from the IDEAL-CT test 

also has a moderate negative correlation with the fatigue life (StrainNf1M) from 4PB. In addition, the 

initial flexural stiffness from the 4PB fatigue test was found to be nonlinearly well correlated with the 

fatigue life. Thus, it is proposed that Strength be a representative indictor for predicting the initial stiffness 

of asphalt mixtures. The moderate relationship between Strength from IDEAL-CT and 4PB fatigue life, 

and the good inverse nonlinear correlation between 4PB stiffness and 4PB fatigue life, leads to a 

conclusion that mix stiffness as measured from IDEAL-CT Strength provides a weak inverse indication 

of the fatigue life. 

• A strong correlation exists between the strain at failure from LAS fatigue testing of FAM mixes and the 

strain value for fatigue life of one million cycles from 4PB fatigue testing of full mixtures, indicating that 

FAM LAS testing may serve as a good candidate fatigue test for mix design and QC/QA. However, due 
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to the limited data set in this study, more experiments on various asphalt materials should be conducted. 

The FAM LAS test is more expensive, time consuming, and complex than IDEAL-CT, but it is less 

expensive, faster, and simpler than conventional full mix flexural beam testing.  

• A procedure for determining the criteria value for a specific material to implement the Strength criteria in 

practice for QC/QA was developed based on the relationships found in this study between flexural 

stiffness and flexural fatigue, and flexural stiffness and Strength from I-FIT and IDEAL-CT tests:  

o Different criteria for the stiffness and fatigue life of materials need to be satisfied depending on the 

asphalt material application in the pavement structure—for example, in a thin surface layer or in a 

thick surface layer, intermediate layer, or bottom layer.  

o The general procedure developed in this study considers both the minimum stiffness to provide 

resistance to bending and a maximum stiffness to provide adequate fatigue life at a given strain 

(minimum strain value of one million cycles to failure).  

o The criterion of Strengthmin will be determined to meet the minimum stiffness requirement obtained 

from the stiffness value at the same temperature and loading rate used in the ME rehabilitation 

structural design. For maintenance projects where ME design is not used, a reasonable value for each 

mix type will need to be determined, which will be the lowest value for Strength. Thin overlays on 

existing asphalt or concrete pavement, and thin layers of new asphalt placed on granular or recycled 

bases, may not require a minimum stiffness (from Strengthmin), while layers in thicker sections will 

(generally asphalt layers thicker than about 0.2 to 0.3 ft.). 

o The minimum fatigue life requirement will be satisfied by meeting the criterion of Strengthmax, which 

is the upper bound of Strength from the moderately correlated relationship between Strength and 

StrainNf1M. To help obtain good fatigue and reflective cracking performance of asphalt pavement, 

the Strength value of asphalt material from the IDEAL-CT test needs to fall in the range of Strengthmin 

to Strengthmax. 

 

The following recommendations are made based on the conclusions of this study: 

• Further development of the IDEAL-CT Strength parameter is recommended for potential use in routine 

mix design and QC/QA, where use of a performance-related test is warranted by the value of the project 

and the cost of testing. The main developments needed are a material aging procedure for preparation of 

test methods and identification of minimum and maximum values for different applications. 

• Further development and potential use in piloting for evaluation for implementation of the procedure 

developed in this study for determining the criteria value for Strengthmin and Strengthmax for different 

applications (asphalt layer thickness, reflective or fatigue cracking, heavy traffic level) are recommended. 
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• In parallel with development and piloting, it is recommended that a search be done for mix test records 

from the AASHTO T 283 testing (similar to IDEAL-CT Strength) done over the past 10 years by Caltrans 

and compared with field cracking performance data in the Caltrans Pavement Management System 

database. The Automated Pavement Condition Survey (APCS) will not distinguish between top-down 

age-related and bottom-up reflective cracking from previous age-related cracking, which will mostly be 

transverse, longitudinal, and block cracking. Identification of bottom-up reflective cracking of previous 

fatigue cracking will be easier to identify because it can only be bottom-up. Consideration will need to be 

given to new asphalt layer thickness, underlying pavement cracking and thickness, climate, and traffic in 

analysis of the data, if a sufficient number of mix test results are available. 

• Further development of the FAM mixes LAS test for potential application in the practice of routine asphalt 

mix design or QC/QA is recommended. This work has not been advanced for the past four years at 

UCPRC due to other priorities. 
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1 INTRODUCTION 

1.1 Background 

In 2020, about 94% of all state and local pavements in the United States and 95% in California were asphalt 

pavements (1). Currently, the California state highway system, owned and operated by the California Department 

of Transportation (Caltrans), is made up of about 37,000 lane miles of asphalt concrete (AC) pavement (also 

referred to as flexible pavement) and 13,000 lane miles of concrete pavement (also referred to as rigid pavement). 

In fiscal year 2019–2020, about $201 million was awarded for pavement maintenance and $1,038 million for 

rehabilitation. Asphalt overlays and chip seals, which are the most widely used asphalt maintenance treatments, 

accounted for nearly 71% of total maintenance funds ($132 million for overlays and $10 million for chip seals) (2). 

Material costs often make up a large part of these overall project costs.  

 

Age-related cracking is a top-down distress that is related to environmental conditions and eventually occurs on 

all asphalt pavements, regardless of the whether there is heavy vehicle traffic (trucks and buses). Age-related 

cracking is caused by oxidation of the asphalt mix and thermal contraction, whether a single event (typically in 

locations with subfreezing temperatures) or repeated day/night and seasonal temperature changes (in locations 

without subfreezing temperatures). Thermal contractions make tensile stresses in the mix larger as oxidation 

makes the asphalt binder stiffer. Age-related cracking initially appears as transverse and longitudinal cracks that 

eventually connect to form block cracking.  

 

Fatigue cracking and reflective cracking, which have similar mechanisms and respond to the same material 

properties, are the most common distresses in asphalt pavements that carry heavy vehicles, and they are caused 

by repeated traffic loading at intermediate temperatures. The number of cracks and cracked areas grows over time. 

Subsequent water infiltration into the underlying layers may lead to more distresses, such as underlayer rutting 

and the pumping of fine materials up from the subgrade. As a result, the loss of pavement functionality is 

accelerated. 

 

The mechanism of fatigue cracking, referring to both bottom-up fatigue cracking and reflective cracking, of 

asphalt pavements is related to pavement structure, traffic loading, asphalt mixture properties, and environmental 

conditions. An asphalt mixture is a complex composite material containing binder, coarse aggregates, fine 

aggregates, and air voids, and its behavior is dependent on loading time and temperature. Due to the viscoelasticity 

of asphalt pavements, modeling their fatigue cracking behavior is difficult. Researchers have proposed many 

analytical viscoelastic models to describe the viscoelastic behavior of asphalt material, including the Maxwell, 

Kelvin, Burger, generalized Kelvin, and generalized Maxwell models (Figure 1.1). These models are composed 
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of two basic elements: a spring and a dashpot. The spring describes the elastic part of the asphalt mixture while 

the dashpot models the viscosity of asphalt material. The elastic-viscoelastic correspondence principle proposed 

by Schapery suggested that the constitutive relationship of viscoelastic material can be expressed in the same form 

as the elastic cases with pseudo variables (3). The ratio between stress and pseudo strain is defined as pseudo 

stiffness. This correspondence principle was then implemented by Kim and Little to describe the nonlinear 

response of asphalt material under loading (4).  

 

 
Figure 1.1: Generalized Maxwell model. 

 

At low temperatures and high loading rates, asphalt mixtures tend to behave in a more elastic way and brittle 

fracture occurs, while viscosity governs material behavior when temperatures increase and/or loading rates 

decrease. The stiffness of asphalt material in the context of a fatigue study is controlled by the combined 

mechanisms that occur at intermediate temperatures and loading rates of traffic speeds. Fatigue damage and 

cracking are related to the energy of bending asphalt pavement under traffic. Fatigue damage is primarily related 

to tensile strains at the bottom of the asphalt layer or the energy associated with the combined tensile and shear 

strains that occur when traffic moves over an asphalt layer that has been placed over a layer with discontinuity (a 

crack or joint), resulting in reflective cracking. Damage is defined with respect to fatigue as the loss of stiffness 

due to repetitive loading. 

 

Researchers have investigated the fatigue phenomenon through laboratory experiments, numerical simulations, 

and field evaluations. There are typically three distinct phases for the modulus evolution during a fatigue test in 

the laboratory, shown in Figure 1.2 (5). Phase I, the adaptation phase, is the combined effect of fatigue, heating, 

and thixotropy, which contribute to the rapid decrease in stiffness. Phase II, the quasi-stationary phase, is 

dominated by fatigue damage. Phase III, the failure phase, occurs when damage results in the formation of micro 

cracks that then propagate as macro cracks. Phases I and II correspond to crack initiation while Phase III represents 

crack propagation. 
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Source: Di Benedetto et al., 2003 (5) 

Figure 1.2: Stiffness evolution curve along cycles. 

 

Researchers have studied the fatigue performance of asphalt pavements at different levels of scale, including 

binder, fine aggregate matrix (FAM) mix, and full mixture. The results of many tests over the past 60 years have 

characterized the cracking resistance of asphalt materials in the laboratory (6). Common tests currently used 

include the four-point bend (4PB) fatigue test, Texas Overlay (TOL) test, indirect tension (IDT) test, semicircular 

bend (SCB) test, indirect tensile asphalt cracking test (IDEAL-CT), and FAM mixes fatigue testing. 

 

Researchers developed the 4PB test, also called the flexural bending beam fatigue test, to predict the fatigue 

performance of asphalt materials (7,8,9). The equipment and procedures have been standardized in Europe 

(EN 12697-24) and North America (AASHTO T 321 and ASTM D8237), and it a standard test in parts of Europe 

and for some projects with performance-related specifications in the United States (10,11,12). In 4PB testing, 

prismatic beam specimens are subjected to repeated strain-controlled or stress-controlled loading until predefined 

failure. Researchers have proposed multiple parameters from 4PB testing to represent fatigue resistance. The 

failure criterion may be defined by the reduction in the initial stiffness, peak of phase angle, peak of product of 

stiffness and loading cycles, or dissipated energy. Wohler’s law describes the relationship between applied strain 

or stress level and the loading repetitions to failure (13). Researchers have identified 4PB testing as appropriately 

sensitive to the material variables that determine fatigue performance (14,15). However, 4PB testing is not 

necessarily appropriate for use in the routine job mix formula (JMF) because of its cost and complexity and 

because it is too slow for routine quality control/quality assurance (QC/QA) (14).  

 

The process of determining criteria for asphalt mixture fatigue performance should include consideration of the 

pavement structure, traffic loading, and material stiffness, as illustrated in Figure 1.3. The fatigue performance of 

asphalt pavements is mostly an interaction of the tensile strain in the structure and the asphalt material fatigue 

damage resistance property. In general, the fatigue performance is primarily related to the energy of tensile 

deformation under loading with greater energy causing greater damage in the material. The energy of deformation 
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is a function of the product of strain and stress, which can also be written in elastic mechanics as the product of 

the stiffness and the strain squared. The tensile strain in the pavement is an interactive function of the material 

stiffness and structure thickness. Figure 1.3 shows that for the same tensile strain, a mix with a softer binder will 

have a longer fatigue life because there is less energy of deformation. The figure also shows that a mix with a stiff 

binder in a thick pavement structure will result in the lowest tensile strain value and highest fatigue life compared 

with a soft binder in the same thick structure, while a soft binder in a thin pavement structure will result in better 

fatigue performance than a stiff binder because the stiffness of the thin asphalt layer has a relatively small effect 

on the tensile strain. The energy and damage relationship and the performance of binders with different stiffnesses 

in structures of different thicknesses are general principles that show variability for different materials, structures, 

and other variables, such as traffic loads and support to the asphalt layers from underlying layers. 

 

 
Figure 1.3: General principle of asphalt mixture stiffness, structural thickness, and fatigue performance. 

 

1.2 Problem Statement 

Caltrans implemented the Superior Performing Asphalt Pavement (Superpave) mix design procedure for asphalt 

pavements with initial pilot projects in 2011 and full implementation in 2015, but fatigue cracking performance 

is not assessed in the Superpave volumetric mix design method (15). Current QC/QA specifications for asphalt 

pavement design and construction are based on the volumetric properties of compacted asphalt mixtures using 

parameters such as aggregate gradation, air voids, voids filled with asphalt, and voids in mineral aggregate. 

However, no fundamental correlation exists between these volumetric parameters and the fatigue cracking field 

performance of asphalt pavements. The increased use of new pavement materials—such as mixes with high 

percentages of recycled material, polymer-modified asphalt mixtures, and warm-mix technologies—and the desire 

to better engineer and produce materials for longer-lasting pavements are some of the motivations to introduce 

performance-related testing for fatigue cracking of asphalt pavement. The overall goals are less variability of 



 

UCPRC-RR-2021-02 5 

performance, lower life cycle costs, and fewer construction closures. Therefore, an effective and reliable QC/QA 

testing method to ensure the as-built pavement meets the as-designed criteria is necessary.  

 

Performance-related specification (PRS) is a promising approach to overcome the shortcomings of current QC/QA 

methods by measuring fundamental mechanical properties of asphalt mixtures. Repeated load laboratory tests to 

support PRS, including 4PB and TOL testing, produce results that can improve mix design. The 4PB tests are also 

used for mechanistic-empirical (ME) design, but they are complex and time consuming for routine use in asphalt 

mix design and QC/QA activities (10). A more efficient surrogate performance-related test providing results 

sufficiently correlated with the results of the more complex repeated load tests, and ultimately with field performance, 

can offer an improvement over the current lack of performance-related tests in mix design and QC/QA.  

 

1.3 Study Objectives and Tasks 

The objective of this project is to identify a surrogate test for asphalt mixture design and QC/QA for fatigue 

performance. This objective is achieved through the following tasks: 

1. Completion of a literature review on research related to asphalt material fatigue performance, with special 

emphasis on work about the fatigue properties of asphalt material, fracture testing of asphalt mixtures, 

and testing method of multiple scales. 

2. Selection of candidate surrogate fatigue cracking tests and identification of representative parameters 

based on the literature review. 

3. Design and execution of an experimental plan for 4PB tests and other candidate testing methods on a 

range of asphalt mixtures with different material properties at the University of California Pavement 

Research Center (UCPRC) laboratory. 

4. Interpretation of testing results. 

5. Preparation of a summary report detailing the study. 

 

This study includes the following results: 

• Evaluation of the repeatability of the testing method and variability of cracking parameters proposed for 
each test.  

• Assessment of the correlation among candidate tests and of the relationship between candidate tests and the 
4PB test. 

• Comparison and evaluation of each candidate testing method and cracking parameters regarding the 
potential for characterizing fatigue cracking performance. 

• Recommendation of a performance-related test along with representative indicators. 
 

This report documents the work completed for each of the project tasks. 



 

6 UCPRC-RR-2021-02 

Equation 3.10 

2 LITERATURE REVIEW 

2.1 Introduction 

This literature review includes research related to the fracture and fatigue performance of asphalt pavements, 

including fatigue and fracture mechanisms of hot mix asphalt (HMA) and current cracking tests.  

 

2.2 Fatigue and Fracture Models 

Fatigue is defined as a cumulative, progressive, and permanent damage process that occurs in a material subjected 

to external cyclic or fluctuating strains or stresses, where the maximum value of the stress is less than the static 

yield strength of the material (1). The fatigue life of an asphalt mixture consists of crack initiation, crack 

propagation, and ultimate failure (17). During crack initiation, a microcracking network develops in a diffuse way 

that decreases the modulus. In the propagation phase, microcracks coalesce into macrocracks and spread inside 

the material, which leads to the ultimate failure of the material.  

 

Like many other materials, the fatigue performance of asphalt mixtures is expressed by the relationship between 

strain or stress and loading cycles to failure, also known as Wohler’s law, and fatigue behavior is evaluated by the 

slope of this relationship. Equation 2.1 shows this relationship (18,19): 

 𝑁𝑁𝑓𝑓 = 𝑎𝑎 � 1
𝜀𝜀0
�
𝑏𝑏
� 1
𝑆𝑆0
�
𝑐𝑐
 (2.1) 

Where: 

𝑁𝑁𝑓𝑓 = fatigue life, 

𝜀𝜀0 = applied strain value, 

𝑆𝑆0 = initial mix stiffness, and 

a, b, c = experimentally determined coefficients. 

 

The fatigue life of an asphalt mixture specimen is normally defined by the stiffness evolution, shown in Figure 1.2. 

The conventional criterion for fatigue failure is the stiffness modulus reaching a 50% reduction of initial stiffness. 

Despite its simplicity, this criterion does not include other fatigue-related material properties such as self-heating 

and thixotropy (20). In addition, no cracking appears for some asphalt materials, particularly polymer- and rubber-

modified mixes, when the stiffness decreases to 50% and results in the underestimating of fatigue life (21). 

 

Fatigue damage modeling is an alternative theoretical approach for crack initiation modeling. CalME, software, 

which the UCPRC developed for Caltrans for new asphalt pavements and rehabilitation design, simulates the 
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fatigue cracking performance of asphalt materials and pavement structures together. It is based on ME principles 

to model and simulate pavement performance. For fatigue performance, the mechanical part includes calculating 

pavement response, such as tensile strain based on material stiffness and traffic loading. An incremental-recursive 

procedure updates the stiffness of asphalt materials after damage, where the output from one increment is the input 

for the next increment. The relationship between stiffness and damage is shown in the following equation: 

 log(𝐸𝐸) = 𝛿𝛿 + 𝛼𝛼×(1−𝜔𝜔)
1+𝑒𝑒(𝛽𝛽+𝛾𝛾log (𝑡𝑡𝑡𝑡)) (2.2) 

Where:  

tr = reduced time (s), and 

𝜔𝜔 = damage, which is a function of number of loads, strain, and stiffness:  

 𝜔𝜔 = ( 𝑀𝑀𝑀𝑀
𝑀𝑀𝑀𝑀𝑝𝑝

)𝛼𝛼 (2.3) 

 𝛼𝛼 = exp (𝛼𝛼0 + 𝛼𝛼1 × 𝑡𝑡
1°𝐶𝐶

) (2.4) 

 𝑀𝑀𝑁𝑁𝑃𝑃 = 𝐴𝐴 × ( 𝜇𝜇𝜀𝜀
𝜇𝜇𝜀𝜀𝑡𝑡

)𝛽𝛽 × ( 𝐸𝐸
𝐸𝐸𝑡𝑡

)𝛾𝛾 × (𝐸𝐸𝑖𝑖
𝐸𝐸𝑡𝑡

)𝛿𝛿 (2.5) 

Where: 

MN = number of repeated loadings in millions, 

MNp = allowable repetitions, 

𝜇𝜇𝜀𝜀 = bending strain for bottom-up fatigue, calculated using layer elastic theory, 

E = damaged modulus, 

Ei = intact modulus, 

t = temperature, and 

A, 𝛼𝛼0, 𝛼𝛼1, 𝛽𝛽, 𝛾𝛾, 𝛿𝛿, 𝜇𝜇𝜀𝜀𝑟𝑟, and 𝐸𝐸𝑟𝑟 are constants. 

 

The fatigue cracking density on the pavement surface can then be calculated with an empirical model based on 

fatigue damage in the asphalt surface layer. The simulation of reflective cracking performance in CalME applies 

the same damage model Equation  2.2 as fatigue cracking, while the tensile strain in Equation 2.5 for reflective 

cracking is the one calculated for the bottom of the asphalt overlay using Wu’s regression equation through finite 

element modeling (22).  

 

Viscoelastic continuum damage (VECD) models are based on the elastic-viscoelastic correspondence principle 

and model the mechanical behavior of asphalt mixtures (23). Correspondence principles establish a simple 

relationship between mechanical states of elastic and viscoelastic material (3). In VECD models, pseudo stiffness 
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(C) and the damage parameter (S) describe the deviation of stress from pseudo strain. The relationship between 

the C and S parameters is used to predict fatigue life. The following are the main elements of this model (5): 

 Pseudo strain energy density function:𝑊𝑊𝑅𝑅 = 𝑊𝑊𝑅𝑅(𝜀𝜀𝑅𝑅, 𝑆𝑆) (2.6) 

 Constitutive relationship:𝜎𝜎 = 𝜕𝜕𝑊𝑊𝑅𝑅

𝜕𝜕𝜀𝜀𝑅𝑅
= 𝐶𝐶(𝑆𝑆)𝜀𝜀𝑅𝑅 (2.7) 

 Uniaxial pseudo strain: 𝜀𝜀𝑅𝑅 = 1
𝐸𝐸𝑅𝑅
∫ 𝐸𝐸(𝑡𝑡 − 𝜏𝜏) 𝜕𝜕𝜀𝜀

𝜕𝜕𝜕𝜕
𝑑𝑑𝜏𝜏𝑡𝑡

0  (2.8) 

 Damage evolution law: 𝑑𝑑𝑆𝑆
𝑑𝑑𝑡𝑡

= (−𝜕𝜕𝑊𝑊𝑅𝑅

𝜕𝜕𝑆𝑆
)𝛼𝛼 (2.9) 

Where: 

 𝑊𝑊𝑅𝑅 = pseudo strain energy density function, a function of pseudo strain and damage parameter S, 

𝛼𝛼 = material constant, depending on the fracture characteristics of the material, 

𝛼𝛼 = 1
𝑚𝑚

 in controlled-stress mode and 𝛼𝛼 = 1
𝑚𝑚

+ 1 in controlled-strain mode, 

t = reduced time, and 

𝐸𝐸𝑅𝑅 = reference modulus included for dimensional compatibility. 

 

Researchers integrated VECD-based damage and healing models to study fatigue damage and healing 

characteristics and found that C versus S is a unique material property independent of healing history (24). 

 

One study proposed a viscoelastic method, with dissipated energy criteria, to predict fatigue life during the crack 

initiation and fitted asphalt mixture properties through a four-Maxwell element model (25). A comparison between 

the fatigue life to crack initiation from this method and an elastic method found that the elastic analysis 

overpredicted fatigue life and that the viscoelastic analysis was not as sensitive to pavement thickness as the elastic 

method. 

 

Monotonic fracture is the failure of a material under constant static loading exceeding the ultimate strength of the 

material. It differs from fatigue failure mainly in the phases before crack propagation, when the fatigue process 

exhibits more crack nucleation locations (26). Linear elastic fracture mechanics (LEFM) and elastic plastic 

fracture mechanics (EPFM) are the main fracture mechanics approaches for assessing the fracture properties of 

asphalt mixtures. LEFM is more suitable for brittle materials, which have small-scale yielding areas, while EPFM 

is better for quasi-brittle materials with high-scale yielding areas at the crack tip (27). LEFM uses a single loading 

level, and common parameters include the stress intensity factor (K), fracture toughness (KIC), and fracture energy 

(GIC). The stress intensity factor linearly depends on applied stress, and it is a function of the specimen geometry. 
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When the factor is equal to fracture toughness, the material fails. Figure 2.1 shows the fracture process of different 

materials. 

 

 
Source: Mobasher et al., 1997 (28). 

Figure 2.1: Stress intensity factor for brittle and quasi-brittle material. 

 

The energy release rate, expressed by the J-integral, is a parameter in EPFM analysis. The J-integral is defined as 

the work done per unit area of crack growth (29). In one study, a generalized J-integral for viscoelastic materials 

was developed (3):  

 𝐽𝐽 = ∫𝛤𝛤 �𝑤𝑤𝑑𝑑𝑤𝑤 − 𝑇𝑇𝑖𝑖
𝜕𝜕𝑢𝑢𝑖𝑖
𝜕𝜕𝜕𝜕
𝑑𝑑𝑑𝑑� (2.10) 

 𝐽𝐽𝑒𝑒 = ∫Γ(𝑤𝑤𝑒𝑒𝑑𝑑𝑤𝑤 − 𝑇𝑇𝑖𝑖
𝜕𝜕𝑢𝑢𝑖𝑖𝑒𝑒

𝜕𝜕𝜕𝜕
𝑑𝑑𝑑𝑑) (2.11) 

Where:  

Γ = arbitrary counterclockwise path around the crack tip, 

𝑇𝑇𝑖𝑖 = components of the traction vector, 

𝑢𝑢𝑖𝑖 = displacement vector components, 

𝑢𝑢𝑖𝑖𝑒𝑒 = pseudo displacement vector components, 

𝑤𝑤,𝑤𝑤𝑒𝑒 = strain energy density and pseudo strain energy density, and 

𝐽𝐽𝑒𝑒 = pseudoelastic J-integral. 

 

Researchers have used fracture mechanics to predict the fatigue life of asphalt pavement (30,31). It presupposes 

the existence of flaws and their propagation as cracks as the damage mechanism governing fatigue under repeated 

cyclic loading, until a flaw has developed to an unstable size. Fracture mechanics divides fatigue life into four 
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phases: (1) a crack nucleation phase associated with cyclic slip on the atomic scale and controlled by the local 

stress and strain concentrations; (2) a microcrack growth phase, where a crack grows due to void, inclusion, or 

flaws; (3) a macrocrack growth phase; and (4) final failure. The fracture mechanics approach has successfully 

correlated and predicted fatigue life in the macrocrack growth and final failure phases (32). Paris’s law describes 

the relationship between crack propagation and the stress intensity factor under repeated loading: 

 𝑑𝑑𝑑𝑑
𝑑𝑑𝑀𝑀

= 𝐶𝐶(∆𝐾𝐾)𝑚𝑚 (2.12) 

Where: 

∆𝐾𝐾 = 𝐾𝐾𝑚𝑚𝑑𝑑𝜕𝜕 − 𝐾𝐾𝑚𝑚𝑖𝑖𝑚𝑚, 

𝑎𝑎 = crack length, 

N = number of cycles, and  

𝐶𝐶,𝑚𝑚 = material parameters to be determined experimentally. 

 

Similarly, researchers have applied the J-integral instead of the stress intensity factor in Paris’s law in assessing 

the viscoelasticity of asphalt mixtures (17,33). 

 

2.3 Overview of Current Cracking Tests 

The four-point bending (4PB) test (AASHTO T321, ASTM D8237), shown in Figure 2.2, is a widely used 

repeated-loading beam fatigue test for evaluating the fatigue cracking potential of asphalt materials. This test 

measures either the load repetitions to the predefined failure or the rate of dissipated strain energy per loading 

cycle until the rate reaches a constant level. Researchers have verified the 4PB test through field projects and 

found it is a good predictor of asphalt material stiffness and fatigue performance. In addition, the 4PB test helps 

the simulation of the fatigue cracking of asphalt pavements in CalME. Fitting the stiffness reduction curve from 

4PB testing results produces the parameters in the damage models of CalME, Equation 2.2 to Equation 2.5. 

Researchers have calibrated the fatigue damage model in CalME against multiple accelerated pavement testing 

projects (34,35,36). However, 4PB testing has numerous disadvantages, including a complicated specimen 

preparation procedure, long testing time, high variability (typical of all repeated-loading tests), and an expensive 

testing apparatus. In the study presented in this report, the 4PB test was the benchmark testing for flexural stiffness 

and fatigue life performance, and it was used to evaluate potential surrogate fatigue performance-related testing 

candidates. The final recommended surrogate fatigue performance-related test should provide the same stiffness 

and fatigue information as the 4PB test without the disadvantages of that test. 
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Figure 2.2: 4PB test configuration. 

 

The Texas Overlay Test (TxDOT Tex-248-F [TOL]), shown in Figure 2.3, simulates accelerated reflective 

cracking in asphalt pavement overlays, with the number of cycles measuring crack resistance. Good relationships 

were found between TOL test results and field fatigue performance (37). The main disadvantages of this test are 

high variability, typical of repetitive loading tests, and the high cost of the test device (38). 

 

 
Figure 2.3: TOL test configuration. 

 

The 4PB and TOL repetitive cracking tests share common shortcomings because they are complicated tests and 

they have high variability. As a result, implementing them for routine mix designs and QC/QA of pavement 

construction is difficult. Researchers have developed several monotonic fracture tests to characterize the cracking 

performance of asphalt mixtures intended for practical application, including SCB, IDT, and IDEAL-CT tests.  

 

One study proposed the SCB test as a simple testing method to measure the fracture performance of materials 

such as rock and concrete (39). The SCB test is a three-point loading configuration on a semicircular specimen 

with a notch in the center, a simplified approach suggested for use in performance-related specifications (PRS, 
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sometimes referred to as performance-based specifications [PBS]) that could improve the reliability of current 

QC/QA specifications. A simplified PRS framework was proposed, with three notch depths for SCB specimens 

and constant crosshead loadings of 0.5 mm/min until failure fracture (40). This testing is referred to as the 

Louisiana Semicircular Bend (LOU-SCB) test. The critical value of the energy release rate, the J-integral (Jc), 

calculated based on the area under the load-displacement test curve, showed a weak correlation with the IDT 

strength but a relatively good correlation with the IDT toughness index value (41). Another study conducted 

monotonic SCB tests and repeated SCB (R-SCB) tests at room temperature 77°F (25°C) as a part of a comparison 

to the TOL test (42). The conclusion was that neither SCB nor R-SCB tests were ready to be used as a routine 

HMA cracking test because of the poor repeatability and high variability (COV >30%). 

 

Two common SCB testing methods are the Illinois Flexibility Index Test (I-FIT) (AASHTO TP124), developed 

at the University of Illinois, and the LOU-SCB (DOTD TR330) test, developed at Louisiana State University. 

Researchers at the Illinois Center for Transportation (ICT) developed the I-FIT test, shown in Figure 2.4, and 

proposed a cracking parameter called the flexibility index (FI) based on the load-displacement curve to distinguish 

cracking performance between asphalt concrete (AC) mixtures (43). Table 2.1 compares these two methods in 

terms of specimen geometries, testing configurations, and cracking parameters. 

 

 
Figure 2.4: I-FIT fixture and test specimen (dimensions in mm). 
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Table 2.1: Summary of Semicircular Bend Test Methods 

Test Method LOU-SCB (DOTD TR330) I-FIT (AASHTO TP124) 
Parameter Critical strain energy release rate (Jc) Flexibility index (FI) 

Loading rate (mm/min) 0.5 50 
Temperature (°C) 25±1 25 

Compaction method Gyratory Gyratory 
Air voids (%) 7.0±0.5 7.0±0.5 

Thickness (mm) 57 50±1 
Diameter (mm) 150 150±1 

Notch length (mm) 
25.4±1.0 
31.8±1.0 
38.1±1.0 

15.0±1.0 

Notch width (mm) 3.0±0.5 1.5±0.05 
 

Researchers have used SCB tests to evaluate the fracture behavior of various asphalt materials. Of SCB specimens 

with three notches tested at 0.5 mm/min, the specimens with crumb rubber asphalt showed higher critical fracture 

resistance than the specimens without it (44). Researchers have also conducted SCB tests at a constant crack 

mouth opening displacement of 0.0005 mm/sec to compare the fracture energy for asphalt materials with 

reclaimed asphalt pavement (RAP) content of 0%, 20%, and 40%. The 20% RAP mixtures had a similar fracture 

resistance to that of the control mixture without RAP while the addition of 40% RAP resulted in a clear decrease 

in fracture resistance (45). SCB tests following the I-FIT test procedure on the effect of rejuvenator agents added 

to RAP showed that the fracture resistance of the asphalt material with rejuvenator improved (43,46). 

 

SCB testing can also assess fatigue performance. One study used SCB tests to study the fracture properties of 

asphalt mixtures with polymer-modified asphalt binders (41). The specimens had three notches, and the loading 

speed was 0.5 mm/min. The results showed a moderate correlation between the fracture test results and the 

combined cracking rate in the field (transverse and alligator cracking). Additional research has shown a good 

correlation between the FI from I-FIT tests and fatigue cycles from TOL tests for eight asphalt materials with 

varying RAP and recycled asphalt shingle (RAS) contents and binder types (47). A comparative study of fracture 

parameters (Jc and K factor) from SCB testing with a loading speed of 0.5 mm/min and fatigue life from 4PB tests 

for seven mixtures implied a weak correlation between fracture properties and fatigue life (48). 

 

Researchers have also investigated the ability of SCB testing to predict the fracture properties of FAM mixes. 

They fabricated SCB specimens of FAM mixes (sieve size ≤ #50) by slicing Superpave gyratory compactor (SGC) 

samples and cutting 2.5 mm wide and 25 mm deep notches (49). They then incorporated the material fracture 

properties obtained from SCB tests into the cohesive-zone fracture model for the finite element modeling (FEM) 

simulation. 
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The indirect tension (IDT) test (ASTM D6931 [IDT]), shown in Figure 2.5, is a frequently used monotonic crack 

test for characterizing the fracture properties of HMA mixes. The loading configuration is similar to SCB testing 

but with fewer specimen preparation steps. Diametric compression loading of cylindrical specimens induces 

horizontal tensile stress indirectly and ultimately causes cracking. IDT tests conducted on WesTrack field cores 

showed the relationship between IDT parameters and field fatigue performance (50). However, tensile strength 

and horizontal strain at peak stress from IDT tests did not have a strong relationship to fatigue cracking. Only the 

fracture energy seemed to weakly correlate with the fatigue cracking percentage measured in the field.  

 

 
Figure 2.5: IDT test configuration. 

 

The IDEAL-CT test is a newly developed fracture test for mix design and QC/QA from the Texas A&M 

Transportation Institute that is based on the same loading configuration as IDT testing (6,51). The benefits of this 

test are simple specimen preparation, fast testing procedure, and accessible testing equipment. Researchers 

developed a cracking index (Ctindex) based on a function of the slopes, displacement, and area under the load-

versus-displacement curve. They examined the sensitivity of Ctindex with asphalt mixtures containing three 

different RAP/RAS contents. A comparison study showed that adding a higher percentage of RAP and RAS in 

the asphalt mixture reduced the Ctindex value (51).  

 

The development of cracking tests has expanded to multiple scales of asphalt material. The FAM mix is the portion 

of a full-gradation asphalt mix consisting of binder, dust, and fine aggregates smaller than a given size. Testing 

on FAM mixes is an efficient approach for characterizing the performance of asphalt mixtures using substantially 

less material. Additionally, the FAM portion determines the cracking resistance of asphalt mixtures rather than 
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the larger aggregate portions since cracks typically initiate and develop in the FAM portion. The performance of 

full asphalt mixtures can also be predicted through the testing of FAM mixes (52,53,54). 

 

Researchers evaluated the fatigue performance and stiffness of asphalt mixtures with 50% and 100% RAP 

replacement in the asphalt mix by means of time sweep tests at constant strain values (55). They found the addition 

of RAP had an adverse effect on fatigue life. In addition, they constructed master curves from frequency sweep 

tests on FAM mix specimens with varying amounts of RAP replacement (56). Comparisons of the master curves 

demonstrated that adding RAP to FAM mixes contributed to greater stiffnesses and that testing of FAM mixes 

distinguished between mixes with varying contents of RAP replacement. These findings also suggest that testing 

on FAM mixes can be further developed to replace extraction, recovery, and testing of RAP binder to assess the 

effects of RAP inclusion. 

 

Another study examined the relationship between the fatigue resistance of HMA and the binder (57). The 4PB 

tests revealed the fatigue behaviors of two asphalt mixtures, one with 35% RAP and one without RAP. The 

evaluation of binder fatigue occurred through time sweep tests and linear amplitude sweep (LAS) tests. A good 

relationship was found between the fatigue life of the mixtures and binders at different loading frequencies. A 

summary report from the Asphalt Institute also noted that the parameter ΔTc of asphalt binder, which is calculated 

from S and m from the bending beam rheometer tests, can indicate the stiffness and relaxation ability of asphalt at 

low temperatures and has the potential to predict durability-related cracking performance of aged asphalt 

pavement (58,59,60,61). The report suggests that ΔTc has a direct effect on block cracking and indirect effects on 

fatigue cracking and reflective cracking (62). 

 

Table 2.2 summarizes the calibration information for these potential surrogate tests, including the 4PB, I-FIT, 

LOU-SCB, and IDEAL-CT tests. 
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Table 2.2: Calibration Information for Fatigue and Fracture Tests 

Test Calibrated 
Against 

Structure 
Information Traffic Replicate Climate Mix Type Crack Type Recommend 

Threshold 
Correlation 

Result 

4PB 

SWK1 wheel 
track device in 
Nottingham, 
United Kingdom 
(63) 

50 mm asphalt 
slabs over a 
weak thick 
(92 mm) rubber 
sheet 

Tire pressure of 
650 kPa; 
frequency of 
loading was 30 
passes per 
minute 

2 replicates at 
each strain value Tested at 20°C 

6 conventional 
asphalt mixes 
and 3 asphalt 
mixes with 
modifiers 

Fatigue cracking — 

Similar ranking 
results of fatigue 
life from 4PB 
and wheel-
tracking device 
for conventional 
mixes 

4PB 

LCPC2 circular 
test track in 
Nantes, France 
(63) 

Wearing layer 
of SMA3 on top 
of thick AC4 
with AB5 

Dual tire with 
63.6 kN load 
and 800 kPa tire 
pressure 

2 replicates at 
each strain value 

Nantes, France 
(northwest of 

France) 

4 conventional 
asphalt mixes 
including one 
high-modulus 
mix 

Surface cracking — Not well 
correlated  

4PB 

HVS6 sections 
in Richmond 
and Davis, 
California (64) 

Structure 1: 2 
AC layers with 
an AB and an 
ASB7 
Structure 2: 2 
AC layers with 
an ATPB8, AB, 
and ASB 

Dual bias-ply 
tires with 690 
kPa pressure, 
consisted of 
150,000 
repetitions of a 
40 kN load 
followed by 
50,000 
repetitions of an 
80 kN load and 
then by about 
1.23 million 
repetitions of a 
100 kN load 

More than 2 
replicates at 

each strain value 

A constant 
temperature of 

20°C 

The surface mix 
was Caltrans 
Type A, 19 mm, 
maximum-size, 
coarse-graded 
AC 

Fatigue cracking — 

Parameters for 
CalME fatigue 
damage model 
were derived 
from 4PB tests; 
deflection 
simulated from 
CalME during 
the fatigue 
loading process 
matches well 
with the 
measured 
deflection in the 
2 HVS 
structures 

4PB 

HVS sections in 
Richmond and 
Davis, 
California (64) 

Structure 1: AC 
overlay on top 
of cracked 
existing AC 
layer with an 
ATPB, AB, and 
ASB 
Structure 2: AC 
overlay top of 
cracked AC 
with AB and 
ASB 

Dual bias-ply 
tires with 
690 kPa 
pressure, 
consisted of 
150,000 
repetitions of a 
40 kN load 
followed by 
50,000 
repetitions of a 
80 kN and then 
by about 1.23 
million 
repetitions of a 
100 kN load 

More than 2 
replicates at 

each strain value 

A constant 
temperature of 

20°C 

2 AC overlay 
mixes: an 
asphalt rubber 
hot mix gap-
graded concrete 
overlay and a 
dense-graded 
AC 

Reflective 
cracking — 

Reflective 
cracking model 
in CalME used 
the fatigue 
damage model; 
the predicted 
resilient 
deflections 
agree well with 
the measured 
deflection in the 
HVS sections 
during all the 
loading levels  
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Test Calibrated 
Against 

Structure 
Information Traffic Replicate Climate Mix Type Crack Type Recommend 

Threshold 
Correlation 

Result 

4PB 

Westrack 
section in 
Fallon, Nevada 
(65) 

150 mm AC 
layer on a 
300 mm thick 
aggregate base 
with a subgrade 
below 

4 triple-trailer 
combinations at 
a speed of 
40 mph, 10.3 
equivalent 
single-axle load 
applications per 
vehicle pass 

3 replicates at 
each strain value 
(2 strain values) 

Fallon, Nevada 

26 conventional 
asphalt mixes 
varying in 
aggregate 
gradation, 
asphalt content 
and air void 

Wheelpath 
fatigue cracking — 

Good 
correlation 
between the 
deflection 
calculated from 
CalME and 
measured from 
WesTrack 
sections caused 
by fatigue 
loading 

I-FIT 
9 field sections 
in Chicago, 
Illinois (66) 

AC overlay on 
PCC9, and FD 
HMA10 

Speed limit 
varied from 30 
to 50 mph; 
two-way ADT11 

varied from 
1,700 to 22,400 

— Chicago, Illinois 

12 asphalt mixes 
ranging in 
ABR12 from 
15% to 60% 

Transverse 
cracking 

(reflective 
cracking) 

FI13 > 8 for AC 
surface 

Good linear 
correlation 
between log 
scale of FI and 
transverse 
cracking (R2 ≈ 
0.70); suitable 
for early-age 
cracking 

I-FIT 

ALF14 of 
Federal 
Highway 
Administration 
in McLean, 
Virginia (67) 

AC layer on AB 

Super-single tire 
with pressure of 
689 kPa and 
wheel load of 63 
kN 

A minimum of 3 
replicates 

Conditioned at 
20°C 

8 asphalt mixes 
ranging in ABR 
from 0% to 40% 

Fatigue cracking 
(first surface 

cracking) 
— 

Good linear 
correlation 
between ALF 
cycles and FI 
(R2 ≈ 0.83) 

LOU-SCB 
9 field projects 
in Louisiana 
(40)  

AC overlay on 
existing AC 
layer and newly 
built HMA15 

Level 2 traffic 
volume and 
level 1 traffic 
volume16 

4 replicates per 
single notch 

depth 

Across 
Louisiana 

21 asphalt 
mixtures 
varying RAP17 
from 0% to 30% 
(PM18 binder or 
CRM19 binder) 

Random 
cracking (sum 
of longitudinal 
and transverse 

cracks) 

Jc > 0.5 kJ/m2 

Moderate linear 
regression (R2 = 
0.6) between 
RCI20 and Jc  

IDEAL-CT 

ALF of Federal 
Highway 
Administration 
in McLean, 
Virginia (51) 

AC layer on 
aggregate base  

Super-single tire 
with pressure of 
689 kPa and 
wheel load of 63 
kN. Speed was 
11 mph 

3 replicates Conditioned at 
20°C 

8 asphalt mixes 
ranging in ABR 
from 0% to 40% 

Fatigue cracking CTindex > 80 

Good 
correlation 
between ALF 
cycles to the 
first crack and 
CTindex (in power 
function) (R2 ≈ 
0.87) 
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Test Calibrated 
Against 

Structure 
Information Traffic Replicate Climate Mix Type Crack Type Recommend 

Threshold 
Correlation 

Result 

IDEAL-CT 

5 SPS21 test 
sections in 
Yukon, 
Oklahoma (51) 

AC layer on 
existing cracked 
pavement 

— 3 replicates 

Yukon, 
Oklahoma 
(center of 

Oklahoma) 

5 asphalt mixes 
with 12% RAP 
and 3% RAS22, 
varying in 
WMA23 dose 
and RA24 dose 

Reflective 
cracking — 

Good 
correlation 
between 
reflective 
cracking 
percentage and 
CTindex (in 
exponential 
function) (R2 = 
0.98); 5 data 
points of 
reflective 
cracking 
percentage 
clustered at 
100% and 30% 

IDEAL-CT 

2 field test 
sections in 
Perryton, Texas 
(51) 

AC layer on top 
of milled AC 
layer 

— 3 replicates Perryton, Texas 
(north Texas) 

2 asphalt mixes 
with 20% RAP 
varying in 
asphalt content 

Fatigue cracking — 

Ranking of 
fatigue cracking 
rate among 2 
sections matches 
the CTindex 
ranking of 2 
mixes  

IDEAL-CT 

2 field test 
sections in 
Childress, Texas 
(51) 

AC layer on top 
of milled AC 
layer with 
severe 
transverse 
cracking 

— 3 replicates Childress, Texas 
(north Texas) 

2 asphalt mixes: 
one is virgin 
mix, one with 
5% RAP and 
5% RAS 

Reflective 
cracking — 

Ranking of 
reflective 
cracking among 
2 sections 
matches the 
CTindex ranking 
of 2 mixes 

1 SWK: SWK (Scott Wilson Kirpatrick) Pavement Engineering Ltd. 
2 LCPC: Laboratoire Central des Ponts et Chausstes  
3 SMA: Stone mastic asphalt 
4 AC: Asphalt concrete 
5 AB: Aggregate base 
6 HVS: Heavy Vehicle Simulator 
7 ASB: Aggregate subbase 
8 ATPB: Asphalt-treated permeable base 
9 PCC: Portland cement concrete  
10 FD HMA: Full-depth hot mix asphalt 
11 ADT: Average daily traffic 
12 ABR: Asphalt binder replacement 
13 FI: Flexibility index 
14 ALF: Accelerated loading facility 
15 HMA: Hot mix asphalt 
16 In accordance with the 2006 Louisiana Standard Specifications for Roads and Bridges 
17 RAP: Reclaimed asphalt pavement 
18 PM: Polymer modified 
19 CRM: Crumb rubber modified 
20 RCI: Random cracking index 

21 SPS: Specific pavement studies 
22 RAS: Recycled asphalt shingles 
23 WMA: Warm-mix asphalt 
24 RA: Recycling agent 
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Table 2.2 shows that SCB tests (both I-FIT and LOU-SCB tests) have good correlations with transverse cracking, 

and the calibration with the field cracking data implies the potential of I-FIT and IDEAL-CT tests as surrogate 

tests for the 4PB test.  

 
2.4 Literature Review Summary 

The following are key points from the literature review relevant to this UCPRC research: 

• Recently developed fracture testing methods, including SCB tests (producing I-FIT and LOU-SCB 

parameters) and IDEAL-CT tests, are simple and rank the cracking performance of asphalt materials based 

on fracture parameters (FI or Ctindex), but they are not focused exclusively on fatigue and reflective 

cracking.  

• For adoption for routine asphalt mix design or QC/QA implementation, the surrogate cracking test method 

should require minimal operator training time, easy specimen fabrication, straightforward interpretation 

of testing results, and representative indicators for cracking performance. More importantly, this surrogate 

cracking test should be able to provide a reasonable estimate of the stiffness and fatigue life and results 

similar to the 4PB testing. 

• I-FIT, LOU-SCB, and IDEAL-CT testing have been validated against a limited amount of field cracking 

data, and the ranking comparison implies the applicability of these tests for mix design or QC/QA 

implementation. However, a more comprehensive study of these testing methods on a wider range of 

asphalt material types and a correlation study with fatigue testing have not yet been conducted. 

• In previous studies, cracking resistance indicators from SCB tests and the IDEAL-CT test showed good 

sensitivities to asphalt material mix variables, primarily binder type (including conventional, polymer-

modified, rubberized), and the inclusion of RAP, which is critical in providing guidance in mix design 

procedures. 

• LAS testing of FAM mixes also stands out as a good candidate for the surrogate fatigue cracking test. It 

is capable of capturing the fatigue properties of the FAM mix portion in the full asphalt mixture. 

Understanding the damage and cracking mechanisms in the FAM mixes portion will help characterize 

asphalt pavement fatigue performance and may provide a faster and easier test than the 4PB test. However, 

this test will not be as fast and easy as the SCB and IDEAL-CT tests.  

• Based on the literature review, I-FIT, LOU-SCB, IDEAL-CT, and LAS tests of FAM mixes were chosen 

for surrogate performance-related testing to replace 4PB fatigue tests for routine mix design and QC/QA 

implementation. 
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3 SUMMARY OF PERFORMANCE-RELATED TESTS 

This chapter discusses the performance-related tests conducted in this study. The specific tests and corresponding 

standards are the following: 

• Fatigue cracking resistance of full asphalt mixture: 4PB fatigue testing, also called flexural fatigue testing 

(AASHTO T 321: Standard Method of Test for Determining the Fatigue Life of Compacted Asphalt 

Mixtures Subjected to Repeated Flexural Bending), is used as a reference test in this study for stiffness 

and fatigue cracking performance. 

• Fracture performance of full asphalt mixtures: I-FIT testing (AASHTO TP 124: Standard Method of Test 

for Determining the Fracture Potential of Asphalt Mixtures Using the Flexibility Index Test [FIT]), 

LOU-SCB testing (DOTD TR 330-14: Evaluation of Asphalt Mixture Crack Propagation Using the Semi-

Circular Bend Test [SCB]), and IDEAL-CT testing (ASTM D8225-19: Standard Test Method for 

Determination of Cracking Tolerance Index of Asphalt Mixture Using the Indirect Tensile Cracking Test 

at Intermediate Temperature) are used to measure fracture performance. 

• Fatigue performance of FAM mixes: LAS testing. Currently, standardized testing for the fatigue 

performance of FAM mixes does not exist, and the LAS procedure is adopted from the binder fatigue 

testing standard (AASHTO TP 101: Estimating Damage Tolerance of Asphalt Binders Using the Linear 

Amplitude Sweep). 

 

These tests used two air void measurement methods: (1) AASHTO T 331: Standard Method of Test for Bulk 

Specific Gravity (Gmb) and Density of Compacted Hot Mix Asphalt (HMA) Using Automatic Vacuum Sealing 

Method and (2) AASHTO T 166: Standard Method of Test for Bulk Specific Gravity (Gmb) of Compacted Hot 

Mix Asphalt (HMA) Using Saturated Surface-Dry Specimens. The specific method depended on the test method 

or the UCPRC’s standard practice if the method is not outlined in the testing specification. Air voids obtained by 

vacuum sealing (AASHTO T 331) include those voids connected to surfaces and are not measured by the saturated 

surface-dry method (AASHTO T 166). Therefore, the vacuum sealing method is suitable for specimens with high 

air voids. However, sealing the surface is difficult to do for specimens without smooth surfaces because the surface 

is not cut or a notch is cut in it. As a result, multiple considerations were taken into account when selecting the 

appropriate air void measuring method for the fatigue and fracture tests and when selecting specimens for testing 

in the factorial, including the standard specification recommendation, the simplifying of specimen preparation 

step, and the allowable air void range of the specimens.  
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3.1 Flexural Fatigue Testing 

Specimens for the 4PB tests were compacted using the rolling wheel compactor and cut to 2.5 in. (63.5 mm) wide 

by 2 in. (50.8 mm) tall by 15 in. (381.0 mm) long. Measurement of the air voids for the 4PB testing specimens 

followed AASHTO T 331. For those specimens mixed and compacted in the laboratory, target air voids were 

7±0.5%. The specimens collected in the field did not have air void requirements. Cyclic loading was applied to 

the HMA beams in the configuration of the four-point bending beam to maintain the same peak strain in each 

cycle. In this study, specimens for 4PB testing were first conditioned at 68°F (20°C) in the environmental testing 

chamber. Initial strain values (normally in the range of 250 to 750 microstrain for conventional mixes) were 

selected depending on the material and performance at 68°F (20°C), with the testing frequency fixed at 10Hz. The 

testing used three strain values selected by first identifying a high strain that would ensure the specimen would 

undergo a minimum of 10,000 cycles before failure. The next level was a middle strain. The results of these first 

two strains were used to extrapolate a log strain versus log fatigue life plot to select the third and lowest strain 

value where failure would occur after approximately one million cycles. Three replicates were tested for each 

strain value. Figure 3.1 shows an example of 4PB testing with a beam specimen. 

 

Applied strain, response stress, and loading cycles were recorded during the test, and the stiffness reduction along 

with loading cycles were calculated based on these measures. Figure 3.2 shows an example of the stiffness master 

curve and the fatigue failure criterion. In this study, fatigue failure is defined based on the dissipated flexural 

energy in the material, which is a function of the loading cycles, stiffness, and strain values. As the strain is a 

controlled value, the function can be simplified to only include loading cycles and stiffness. Therefore, fatigue 

failure is determined by the peak value of the product of loading cycles and the stiffness reduction (𝑛𝑛 × 𝑆𝑆𝑆𝑆), 

shown in Figure 3.2. The stiffness reduction is the ratio of damaged stiffness to initial stiffness, and the initial 

stiffness is defined as that occurring at the 50th loading cycle. 
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Figure 3.1: 4PB testing apparatus with a beam specimen. 

 

  
Figure 3.2: Stiffness curve and fatigue failure determination. 
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Equation 3.10 

Equation 3.10 

Two fatigue parameters were obtained during each fatigue test: initial stiffness (E50) and fatigue life (Nf). The 

relationship between strain value and fatigue life was expressed with Wohler’s law for every mixture, shown in 

Equation 3.1: 

 𝑁𝑁𝑓𝑓 = 𝑎𝑎𝜀𝜀𝑏𝑏 (3.1) 

Where: 

𝑁𝑁𝑓𝑓 = fatigue cycles, 

𝜀𝜀 = applied strain value, and 

𝑎𝑎, 𝑏𝑏 = regression coefficients. 

 

To compare the fatigue performance of all types of asphalt mixtures efficiently, the strain value for fatigue life of 

one million cycles (StrainNf1M) was obtained with Wohler’s law for each mixture, using Equation 3.2: 

 𝜀𝜀𝑀𝑀𝑓𝑓=106 = 𝑒𝑒
ln (106)−ln (𝑎𝑎)

𝑏𝑏  (3.2) 

Where: 

𝜀𝜀𝑀𝑀𝑓𝑓=106 = strain value when fatigue life is one million cycles. 

 

3.2 SCB Testing 

This study used two configurations of SCB testing: I-FIT testing and LOU-SCB testing. The notching depths and 

the loading rates are the main differences between these two tests.  

3.2.1 I-FIT Testing 

Specimens prepared in the laboratory for I-FIT testing were fabricated according to AASHTO TP 124. The SGC 

was used to compact SCB test specimens to a diameter of 5.9 in. (150 mm) and a height of 6.9 in. (175 mm), and 

the target air void for mixtures prepared in the laboratory was set to 7±1.0%. Compacted specimens were then cut 

into two disks with a thickness of 2.0 in. (50 mm). The air void for each disk was measured according to 

AASHTO T166. Then the disk was cut into two halves, a 0.6 in. (15 mm) deep notch was added to each half, and 

the dimensions—including diameter, notch depth, and thickness—were recorded. At least four replicates were 

used for the I-FIT testing of each specimen. The specimen preparation and testing apparatus used for the I-FIT 

testing are shown in Figure 3.3 and Figure 3.4. 
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Figure 3.3: Schematic I-FIT specimen preparation. 

 

            
(a)  I-FIT machine                       (b) Loading jig with an 

                                                       SCB specimen 
Figure 3.4: I-FIT machine with a specimen. 

 

Specimens were conditioned in an oven at 77°F (25°C) for at least two hours prior to testing. The linear variable 

differential transformer recorded the displacement, and the loading cell measured the concentrated loading force. 

Specimens deformed under a loading rate of 2 in./min (50 mm/min) until final failure. A typical loading-

displacement in I-FIT is shown in Figure 3.5. The load increases as the displacement increases until it reaches the 

peak load. Prior to reaching the peak load, the nonlinearity between load and displacement indicates both the 

viscoelasticity of the asphalt mixture and the initiation of microcracks near the notch tip. The peak load point 

represents the onset of macro crack growth along the notch. 
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Figure 3.5. Example load-displacement curve from I-FIT. 

 

The displacement versus loading curve was analyzed using I-FIT software developed by ICT, and the analysis 

results were validated using a MATLAB-based program developed at the UCPRC. The flexibility index (FI), 

fracture energy (Gf), and post-peak slope (Spp) parameters obtained from I-FIT testing corresponded well with the 

ones calculated using the UCPRC software. This study also included new parameters based on previous UCPRC 

research to evaluate the initial stiffness of materials: ascending slope (Sasc), flexibility index calculated based on 

ascending slope (FIasc), and fracture toughness (KIC) (15). Table 3.1 shows a detailed list of the parameters and 

equations. 
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Table 3.1: Fracture Parameters for I-FIT Testing 

Parameters Equations 

𝑆𝑆𝑑𝑑𝑎𝑎𝑐𝑐: ascending slope 

𝑆𝑆𝑑𝑑𝑎𝑎𝑐𝑐 = 𝑃𝑃1−𝑃𝑃2
𝑑𝑑1−𝑑𝑑2

                                                                                     (3.3) 
Where:  
𝑃𝑃1 = 3

4
 peak load, 

𝑃𝑃2 = 1
4
 peak load, 

𝑑𝑑1 = deformation at 𝑃𝑃1, and 
𝑑𝑑2 = deformation at 𝑃𝑃2. 

𝑆𝑆𝑝𝑝𝑝𝑝: post-peak slope Tangent slope at inflection point of the curve after peak load 

𝐺𝐺𝑓𝑓: fracture energy (𝐽𝐽/𝑚𝑚2) 

𝐺𝐺𝑓𝑓 =
𝑊𝑊𝑓𝑓

𝐴𝐴𝑟𝑟𝑒𝑒𝑑𝑑𝑙𝑙𝑖𝑖𝑙𝑙
                                                                                       (3.4) 

Where:  
𝑊𝑊𝑓𝑓 = area under load-displacement curve, 
𝐴𝐴𝐴𝐴𝑒𝑒𝑎𝑎𝑙𝑙𝑖𝑖𝑙𝑙= 𝑡𝑡 × (𝐴𝐴 − 𝑎𝑎), and 
𝑡𝑡 = 𝑡𝑡ℎ𝑖𝑖𝑖𝑖𝑖𝑖𝑛𝑛𝑒𝑒𝑑𝑑𝑑𝑑, 𝐴𝐴 = 𝐴𝐴𝑎𝑎𝑑𝑑𝑖𝑖𝑢𝑢𝑑𝑑,𝑎𝑎 = 𝑛𝑛𝑛𝑛𝑡𝑡𝑖𝑖ℎ 𝑑𝑑𝑒𝑒𝑑𝑑𝑡𝑡ℎ. 

𝐹𝐹𝐹𝐹: flexibility index  𝐹𝐹𝐹𝐹 =
𝑊𝑊𝑓𝑓×0.01

𝐴𝐴𝑟𝑟𝑒𝑒𝑑𝑑𝑙𝑙𝑖𝑖𝑙𝑙×|𝑆𝑆𝑝𝑝𝑝𝑝|
                                                                              (3.5) 

𝐹𝐹𝐹𝐹𝑑𝑑𝑎𝑎𝑐𝑐: flexibility index  𝐹𝐹𝐹𝐹𝑑𝑑𝑎𝑎𝑐𝑐 =
𝑊𝑊𝑓𝑓×0.01

𝐴𝐴𝑟𝑟𝑒𝑒𝑑𝑑𝑙𝑙𝑖𝑖𝑙𝑙×𝑆𝑆𝑎𝑎𝑎𝑎𝑎𝑎
                                                                           (3.6) 

𝐾𝐾𝐹𝐹𝐶𝐶: fracture toughness (𝑀𝑀𝑃𝑃𝑎𝑎√𝑚𝑚) 
𝐾𝐾𝐹𝐹𝐶𝐶 = 𝑌𝑌𝐼𝐼(0.8)𝜎𝜎0√𝜋𝜋𝑎𝑎                                                                          (3.7) 
Where: 
𝑌𝑌𝐼𝐼(0.8) = 4.782 + 1.219 �𝑑𝑑

𝑟𝑟
� + 0.063exp (7.045 �𝑑𝑑

𝑟𝑟
�). 

𝑆𝑆trength (Mpa) 𝑆𝑆𝑡𝑡𝐴𝐴𝑒𝑒𝑛𝑛𝑆𝑆𝑡𝑡ℎ = 𝑃𝑃𝑒𝑒𝑑𝑑𝑃𝑃 𝑙𝑙𝑙𝑙𝑑𝑑𝑑𝑑
2𝑟𝑟𝑡𝑡

                                                                                   (3.8) 

 

Sasc and Spp are indices representing the stiffness information of a specimen. Sasc reflects the intact stiffness of a 

specimen before the crack occurs. Spp is the stiffness of a specimen after the crack initiates and starts to propagate, 

formulated as the slope of the inflection point after the peak load is reached. For certain specimens, especially 

brittle materials, it is difficult to locate the inflection point mathematically. Therefore, Sasc is defined as the secant 

slope between two points, unlike Spp, which is defined as the tangent slope of the inflection point. The first point 

is in the pre-peak curve corresponding to one-quarter of the peak load, and the second point is at three-quarters of 

the peak load. The corresponding flexibility index is obtained simply by replacing Spp with Sasc. 

 

All the I-FIT specimens in this study fractured suddenly from the crack tip under a loading rate of 2 in./min 

(50 mm/min), implying brittle fracture behavior. Due to such brittle fracture behavior, LEFM is more suitable for 

describing the testing data and the critical stress intensity K factor from LEFM, also called the fracture toughness 

(KIC), and the strength of the materials were included as parameters instead of those recommended in 

AASHTO TP 124. KIC represents the critical stress value at which a crack starts to propagate. It is not only related 

to the material strength but also associated with the presence of preexisting structural flaws in the material.  
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3.2.2 LOU-SCB Testing 

The same compaction procedure used for I-FIT specimens was used for preparing LOU-SCB specimens. 

Compacted specimens were cut into two disks with a thickness of 2.2 in. (57 mm). Then each disk was cut into 

two halves. At least four replicate SCB specimens were prepared for each notch depth. Therefore, there were 12 

total SCB specimens for all three notch depths (1.0 in. [25.4 mm], 1.25 in. [31.8 mm], and 1.5 in. [38.1 mm]). Air 

voids were measured following AASHTO T 166 specifications and the required range of air voids was the same 

as those used in the I-FIT tests. 

 

Specimens were conditioned in an oven at 77°F (25°C) for at least two hours prior to LOU-SCB testing. The 

LOU-SCB specimens were tested using the same testing apparatus as the I-FIT tests, shown in Figure 3.4, except 

that the spacing between the two supports was adjusted from 4.7 in. (120 mm) for the I-FIT test to 5 in. (127 mm) 

for the LOU-SCB test. A loading rate of 0.5mm/min was applied to specimens until the load diminished to 25% 

of the peak load. A typical loading versus displacement curve is shown in Figure 3.6. 

 

  
Figure 3.6: Typical result curve from LOU-SCB method (notch depth in in.) (40).  
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Equation 3.10 

The following Equation 3.9 shows the calculation of the critical J-integral: 

 𝐽𝐽𝑐𝑐 = −�1
𝑏𝑏
� 𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑

 (3.9) 

Where: 

Jc = critical strain energy release rate (kJ/m2), 

b = sample thickness (m), 

a = notch depth (m), 

U = strain energy to failure (kilo-Joule, kJ), and 
𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑

 = change of strain energy with notch depth (kJ/m). 

 

To calculate the 𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑

 in Equation 3.9, a linear regression curve was fitted between the notch depth and the 

corresponding strain energy to failure. The slope of the fitted curve is equal to the value of 𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑

. 

 

3.3 IDEAL-CT Testing 

Specimens for the IDEAL-CT testing were compacted using the SGC to a diameter of 5.9 in. (150 mm) and a height 

of 2.4 in. (62 mm). No further cutting process was required for this test. Air voids of specimens were obtained 

according to AASHTO T 331 specifications, and target air voids for specimens prepared in the laboratory were set 

to 7±0.5%. At least four replicates were prepared for each mixture, and they were conditioned at 77°F (25°C) for at 

least two hours prior to testing. The IDEAL-CT testing used the same apparatus as the SCB testing but with a 

different specimen fixture, shown in Figure 3.7. A loading rate of 2 in./min (50 mm/min) was applied until the tested 

specimen reached failure. An example of a test result from the IDEAL-CT testing is illustrated in Figure 3.8.  

 

 
Figure 3.7: Testing machine for IDEAL-CT testing with a specimen.  
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Figure 3.8: Example load-displacement curve from IDEAL-CT testing. 

 

Fracture parameters obtained from the IDEAL-CT testing are shown in Table 3.2 along with definitions. In 

addition to the parameters suggested in the standard, the strength of a material was also included using the same 

equation that was used to calculate the same parameter in the I-FIT testing.  
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Table 3.2: Fracture Parameters from IDEAL-CT Testing 

Parameters Equations 

|𝑚𝑚75|: post-peak slope (N/m) 

|𝑚𝑚75| = | 𝑃𝑃85−𝑃𝑃65
𝐼𝐼85−𝐼𝐼65

|                                                                          (3.10) 
Where:  
𝑃𝑃85 = 85% of peak load, 
𝑃𝑃65 = 65% of peak load, 
𝐹𝐹85 = deformation at 𝑃𝑃85, and 
𝐹𝐹65 = deformation at 𝑃𝑃65. 

𝑙𝑙75 (mm) Displacement at 75% of the peak load after the peak 

𝐺𝐺𝑓𝑓: failure energy (𝐽𝐽/𝑚𝑚2) 

𝐺𝐺𝑓𝑓 =
𝑊𝑊𝑓𝑓

𝐷𝐷×𝑡𝑡
× 106                                                                               (3.11) 

Where:  
𝑊𝑊𝑓𝑓 = area under load-displacement curve (J), and 
𝑡𝑡 = 𝑡𝑡ℎ𝑖𝑖𝑖𝑖𝑖𝑖𝑛𝑛𝑒𝑒𝑑𝑑𝑑𝑑 (𝑚𝑚𝑚𝑚),𝐷𝐷 = 𝑑𝑑𝑖𝑖𝑎𝑎𝑚𝑚𝑒𝑒𝑡𝑡𝑒𝑒𝐴𝐴 (𝑚𝑚𝑚𝑚). 

𝐶𝐶𝑇𝑇𝑖𝑖𝑚𝑚𝑑𝑑𝑒𝑒𝜕𝜕: cracking tolerance index  𝐶𝐶𝑇𝑇𝑖𝑖𝑚𝑚𝑑𝑑𝑒𝑒𝜕𝜕 = 𝑡𝑡
62

× 𝑙𝑙75
𝐷𝐷

×
𝐺𝐺𝑓𝑓

|𝑚𝑚75|
× 106                                                    (3.12) 

Strength 𝑆𝑆𝑡𝑡𝐴𝐴𝑒𝑒𝑛𝑛𝑆𝑆𝑡𝑡ℎ =
𝑃𝑃𝑒𝑒𝑎𝑎𝑖𝑖 𝑙𝑙𝑛𝑛𝑎𝑎𝑑𝑑

2𝐴𝐴𝑡𝑡
 

 

3.4 FAM Mixes LAS Testing 

FAM mixes are defined in this study as a homogeneous blend of asphalt binder and fine aggregates that will pass 

through a No. 8 (0.094 in. [2.36 mm]) sieve. The research team selected the maximum size of 0.094 in. (2.36 mm) 

to balance the largest size possible with the minimal amount of wasted material while maintaining a representative 

volume element (56,68,69) and staying within the geometrical and mechanical constraints of the dynamic shear 

rheometer (DSR) testing device. For mixes designed and prepared in the laboratory, the binder content and 

aggregate gradation of a FAM mix should reflect the fine portion of the corresponding full-graded mix. The binder 

content and aggregate gradation of these FAM mixes were determined based on a UCPRC procedure that involves 

designing a full-graded asphalt mix with optimum binder content using virgin binder, virgin aggregates, and RAP, 

according to AASHTO R 35 (56). After short-term aging for two hours, the loose mix was sieved through the 

0.094 in. (2.36 mm) sieve (AASHTO R 30) using a high-capacity screen shaker. Agglomerations were broken up 

gently by hand prior to the sieving to ensure that most of the material finer than 0.094 in. (2.36 mm) would be 

collected. The binder content and aggregate gradation of the FAM portion were then determined through 

extraction and recovery of the binder (AASTHO T164, Method A) and wet sieving of the recovered aggregate 

(AASHTO T30). For loose mixes collected in the field, the mix design step was skipped. The same short-term 

aging and sieving process with the high-capacity screen shaker were performed directly on the loose field samples 

to obtain the fine portion of the mix.  

 

Mixes for FAM testing were sampled from other laboratory or field experiments used in a number of different 

research projects. Any project that required flexural beam testing had FAM testing done on the same mixes. None 
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of the mixes was specifically prepared for FAM testing. Loose FAM mix samples, mixed in the laboratory or field 

mix collected from the plant, were sieved through a 0.094 in. (2.36 mm) sieve and then compacted using the SGC 

to a height of 4 in. (100 mm) and a diameter of 6 in. (150 mm). The target air void was set to 9±2%. Two ends 

with a thickness of 0.98 in. (25 mm) were cut off the compacted cylinder to produce a specimen 1.97 in. (50 mm) 

tall. The cutting minimized air void variations on the compacted specimens and produced smooth parallel end 

faces. The air void contents of SGC-compacted specimens before and after cutting were determined by measuring 

the maximum theoretical specific gravity of the mix (AASHTO T 209) and bulk specific gravity of the saturated 

surface-dry specimens (AASHTO T 166). Small FAM mix specimens for LAS testing with a diameter of 

approximately 0.47 in. (12 mm) and a height of 1.97 in. (50 mm) were then cored from the compacted cylinder, 

shown in Figure 3.9. The air void content of the FAM mix specimens was determined according to 

AASHTO T 166 Method A. 

 

                          
(a) A compacted cylinder with two ends cut off           (b) A FAM specimen cored from the cylinder  

Figure 3.9: A cylinder of FAM mix after cutting and coring. 

 

The modified LAS testing procedure was conducted on the FAM mix cores using a solid torsion bar fixture in a 

DSR, shown in Figure 3.10. Two ends of a FAM specimen were glued to aluminum caps, which were later 

clamped in the DSR torsion fixture. Each specimen was carefully inspected to ensure that its two ends were clean 

and undamaged in the clamping zone and that no localized weak areas—such as aggregates torn out during 

coring—were present that could influence the testing results.  
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Equation 3.10 

 
Figure 3.10: DSR equipment for FAM mixes LAS testing with a specimen. 

 

At least three replicates were tested for each FAM mix type. Specimens were conditioned at 77°F (25°C) for one 

hour in the DSR chamber before testing. At the beginning of a test, a frequency sweep test was performed covering 

frequencies from 25 Hz to 0.1 Hz at a strain value of 0.002% and a temperature of 77°F (25°C). The strain value 

of 0.002% was selected to ensure the material would remain in the linear viscoelastic region and the undamaged 

material properties could be determined. The testing temperature of 77°F (25°C) was determined based on 

previous research experience to ensure that fatigue damage took place within the DSR torque limit. Based on the 

frequency sweep testing results, a parameter α was calculated to describe the damage rate relative to undamaged 

properties as defined in the VECD model. Following the frequency sweep testing, an LAS test was conducted to 

induce damage to the specimen and the strain amplitude was systematically increased to accelerate damage. The 

strain amplitude was changed over time, using a linear log scale, from 0.002% to 0.6% at 77°F (25°C) and a 

constant frequency of 10 Hz. The linear log increased the strain amplitude over time, applying more loading cycles 

at lower strains and less loading cycles at higher strains. As a result, sufficient damage was induced in the specimen 

at lower strains before higher strains were applied, which is important because of the limitation on the applied 

torque in the DSR. 

 

The VECD model was developed based on Schapery’s work potential theory shown in Equation 3.13 (3): 

 𝑑𝑑𝐷𝐷
𝑑𝑑𝑡𝑡

= �𝑑𝑑𝑊𝑊
𝑑𝑑𝐷𝐷
�
𝛼𝛼

 (3.13) 

Where:  

𝐷𝐷 = damage, 

𝑡𝑡 = time, 

𝑊𝑊 = work performed, and  

𝛼𝛼 = material constant. 
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Equation 3.10 

Equation 3.10 

Equation 3.10 

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

Although it has been primarily applied to the fatigue damage behavior in asphalt mixtures as a function of tensile 

strains, it is formulated in terms of general work of distortion to the internal state of material (4,70,71,72). The 

FAM LAS testing in this study used sinusoidal torsional loading, and the work energy is purely torsional with 

minimal tensile force caused by the clamping restraints at the two ends. Therefore, only the torsion-caused energy 

was considered during the analysis for the VECD model. The material constant α 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 3.14: 

 log𝐺𝐺′(𝜔𝜔) = 𝑚𝑚(log𝜔𝜔) + 𝑏𝑏 (3.14) 

Where: 

𝐺𝐺′ = storage modulus, 

𝜔𝜔 = test frequency, 

𝑚𝑚 = slope of the regression line, and 

𝑏𝑏 = constant. 

 

The parameter α can then be calculated as: 

 𝛼𝛼 = 1
𝑚𝑚

 (3.15) 

Using the LAS test results, the accumulation of damage intensity over the loading cycles (N) can be calculated as 

follows: 

 𝐷𝐷(𝑡𝑡) ≅ ∑ [𝜋𝜋𝐹𝐹𝐷𝐷𝛾𝛾𝑙𝑙2(|𝐺𝐺∗|𝑑𝑑𝑖𝑖𝑛𝑛𝛿𝛿𝑖𝑖−1 − |𝐺𝐺∗|𝑑𝑑𝑖𝑖𝑛𝑛𝛿𝛿𝑖𝑖)]
𝛼𝛼

1+𝛼𝛼(𝑡𝑡𝑖𝑖 − 𝑡𝑡𝑖𝑖−1)
1

1+𝛼𝛼𝑀𝑀
𝑖𝑖=1  (3.16) 

Where: 

𝐷𝐷(𝑡𝑡) = damage intensity at loading time t, 

𝐹𝐹𝐷𝐷 = initial complex shear modulus, Mpa, 

𝑡𝑡 = loading time, s, 

𝛾𝛾𝑙𝑙 = applied shear strain, and 

|𝐺𝐺∗| = complex shear modulus, Mpa. 

 

The relationship between damage intensity and the loss modulus (|𝐺𝐺∗|𝑑𝑑𝑖𝑖𝑛𝑛𝛿𝛿) can be fitted using a power law curve 

as follows (73): 

 |𝐺𝐺∗|𝑑𝑑𝑖𝑖𝑛𝑛𝛿𝛿 = 𝐶𝐶0 − 𝐶𝐶1𝐷𝐷𝐶𝐶2   (3.17) 
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Equation 3.10 

Where: 

𝐶𝐶0 = averaged |𝐺𝐺∗|𝑑𝑑𝑖𝑖𝑛𝑛𝛿𝛿 at the initial strain rate, and 

𝐶𝐶1 and 𝐶𝐶2 = curve fitting coefficients. 

 

The relationship between fatigue life (Nf) and strain rate can be written as: 

 𝑁𝑁𝑓𝑓 = 𝐴𝐴(𝛾𝛾𝑙𝑙)𝐵𝐵  (3.18) 

Where the coefficients A and B are given by: 

 𝐴𝐴 = 𝑓𝑓�𝐷𝐷𝑓𝑓�
𝑘𝑘

𝑃𝑃(𝜋𝜋𝐼𝐼𝐷𝐷𝐶𝐶1𝐶𝐶2)𝛼𝛼  (3.19) 

 𝐵𝐵 = −2𝛼𝛼  (3.20) 

Where: 

𝐷𝐷𝑓𝑓 = damage intensity at failure. 

 

According to AASHTO TP101, failure occurs in a binder when the initial undamaged value of |𝐺𝐺∗|𝑑𝑑𝑖𝑖𝑛𝑛𝛿𝛿 decreases 

by 35%. In this study, the failure criterion was defined as the peak of the phase angle curve, which was identified 

as a realistic failure criterion for FAM mixes (74). The main fatigue parameters from FAM mixes LAS testing are 

listed in Table 3.3. 

 
Table 3.3: Fatigue Parameters from FAM Mixes LAS Testing 

Parameters Equations 

E10 
Initial stiffness from LAS testing on FAM mixes, calculated as the average 
complex modulus of the first ten loading cycles 

FailureStrain Applied shear strain corresponding to the peak of phase angle  

𝐴𝐴 and 𝐵𝐵: Wohler’s law coefficients 𝑁𝑁𝑓𝑓 = 𝐴𝐴(𝛾𝛾𝑙𝑙)𝐵𝐵 

DamageLevel: damage level at the 
failure 

𝐷𝐷𝑎𝑎𝑚𝑚𝑎𝑎𝑆𝑆𝑒𝑒𝐷𝐷𝑒𝑒𝐷𝐷𝑒𝑒𝑙𝑙 = 1 −
𝐺𝐺𝑓𝑓

∗

𝐹𝐹𝐷𝐷
                                                                                  (3.21) 

Where:  
𝐺𝐺𝑓𝑓∗ = complex modulus corresponding to peak phase angle. 

𝐷𝐷𝑓𝑓: damage intensity at failure 
𝐷𝐷(𝑡𝑡)𝑡𝑡=𝑡𝑡𝑓𝑓 ≅� [𝜋𝜋𝐹𝐹𝐷𝐷𝛾𝛾𝑙𝑙2(|𝐺𝐺∗|𝑑𝑑𝑖𝑖𝑛𝑛𝛿𝛿𝑖𝑖−1 − |𝐺𝐺∗|𝑑𝑑𝑖𝑖𝑛𝑛𝛿𝛿𝑖𝑖)]

𝛼𝛼
1+𝛼𝛼(𝑡𝑡𝑖𝑖 − 𝑡𝑡𝑖𝑖−1)

1
1+𝛼𝛼

𝑀𝑀

𝑖𝑖=1
 

Where: 
𝑡𝑡𝑓𝑓 = test time corresponding to peak phase angle. 

 

As a material is subjected to external loading, the work done on the body will be partially stored as strain energy 

and part of it will dissipate due to damage growth. Specific VECD models can be developed from the material’s 
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general form for multiaxial loading to other specific forms depending on the applied work (pure tension, pure 

shear, or mixed mode). In Equation 3.16, fatigue damage is a function of the complex shear stiffness times the 

shear strain squared (𝐺𝐺∗𝛾𝛾𝑜𝑜2), which is equivalent to the shear stress times the shear strain, or the simple work of 

the shear distortion. In CalME, the fatigue damage model is defined as a function of the Young’s modulus times 

the tensile strain squared (𝐸𝐸𝜀𝜀2), which is equivalent to the tensile stress times the tensile strain, or the simple work 

of tensile distortion. In reality, the stress or strain components in asphalt pavements are complex and not pure 

tension or pure shear. The fatigue failure primarily comes from the sum of normal and shear work caused by the 

traffic loading. In this study, pure tensile loading or pure torsional loading was performed in the laboratory to 

evaluate the fatigue damage resistance of asphalt mixtures.  
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4 MATERIAL AND EXPERIMENTAL DESIGN 

To investigate the practical application of surrogate tests and the relationship between fatigue tests and fracture 

tests, this study tested a varying set of asphalt mixture types (dense gradations unless otherwise noted):  

• Rubberized hot mix asphalt with gap gradation 

• Hot mix asphalt with 0% RAP and base binder 

• Hot mix asphalt with 15% RAP and base binder 

• Hot mix asphalt with 15% RAP and rubberized binder 

• Hot mix asphalt with 15% RAP and polymer-modified binder 

• Hot mix asphalt with 25% RAP and base binder 

• Hot mix asphalt with 25% RAP and polymer-modified binder 

• Hot mix asphalt with 20% RAP and 3% RAS with base binder 

• Hot mix asphalt with 40% RAP with base binder 

• Hot mix asphalt with 40% RAP mixed with rejuvenator in base binder 

• Hot mix asphalt with 50% RAP mixed with rejuvenator in base binder 

 

The State of California permits the use of RAP material in asphalt mixtures. In 2009, Caltrans started allowing 

15% RAP replacement in asphalt pavement by aggregate mass. Caltrans has used up to 25% RAP for AC Long 

Life mixes since 2012. Recycled asphalt shingles (RAS) are another potentially valuable source of asphalt binder 

for use in asphalt pavement construction. Caltrans is currently permitting 25% RAP in HMA by aggregate mass 

for surface course, and it is studying other mixes with more than 25% RAP and small amounts of RAS. Recycled 

tire rubber has been used in asphalt pavements since the 1960s and used extensively in California since the 1990s. 

The incorporation of rubber into asphalt pavements has been found to improve the low temperature fracture 

resistance (75,76). In this study, asphalt materials included various RAP/RAS contents, asphalt binder contents, 

and asphalt modifier types and were prepared using different mixture methods. These test samples were tested 

using both the proposed potential surrogate fatigue tests and 4PB test. This diverse set of mixes was expected to 

exhibit a wide range of stiffness and fatigue properties, which would be used to evaluate the relationships between 

flexural fatigue and stiffness and the parameters from the potential surrogate tests. 

 

This study included a total of 49 asphalt mixtures. The binder performance grades (PGs) included PG 58-22, 

PG 64-10, PG 64-28, PG 64-16, PG 64-22, and PG 70-10. Some asphalt binders in the mixtures were polymer-

modified (PM) or crumb rubber-modified (CRM) asphalt binders. There were six levels of RAP/RAS content by 

the total mass of production (TMP: RAP/RAS material + virgin aggregates): 0% RAP, 15% RAP, 25% RAP, 

40% RAP, 20% RAP + 3% RAS, and 50% RAP. Table 4.1 shows the detailed information for each mixture. The 
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Mix Type column groups the 49 asphalt mixtures into 11 categories based on the RAP/RAS content and binder 

type.  

 

Five asphalt mixtures were collected from paved state highways in California and labeled FMFC in the Preparation 

Method column. Loose mixes of some asphalt mixtures, labeled FMLC, were sampled from the field plant and 

then compacted in the UCPRC laboratory. The remaining mixtures, labeled LMLC, were both mixed and 

compacted in the laboratory.  

 

Among the FMLC materials, the asphalt mixtures label with the MIXID label HRAP were collected from plants 

in Southern California and these mixes contain high percentages of recycled asphalt material. These mixes are 

produced for private or local government clients and do not necessarily meet Caltrans specifications. The mixes 

were sampled for the study specifically because of their high RAP content. They were sampled after two different 

silo storage periods to evaluate the effect of high temperatures over time on their fatigue properties. Previous 

research has shown that more complete blending of the RAP binder with the virgin binder as well as additional 

aging occur at high temperatures over longer time periods (77). HRAP_0H_1 and HRAP_5H_1 followed the same 

mix design but with a different number of storage hours in the silo at the plant (0 hours versus 5 hours). The same 

identification convention applies to HRAP_0H_2 and HRAP_16H_2 (0 hours versus 16 hours), HRAP_0H_3 and 

HRAP_16H_3 (0 hours versus 16 hours), and HRAP_0H_4 and HRAP_6H_4 (0 hours versus 6 hours). Different 

silo times were sampled at the plants during routine mix production for a separate ongoing study investigating the 

impact of silo hours on these high RAP content mixes. Those mixes were included to study the full range of mixes 

for which a simple, fast, economical test for routine mix design and construction QC/QA are desired, including 

conventional mixes, polymer- and rubber-modified mixes, and high RAP and RAS mixes. The purpose of 

sampling at different amounts of time spent in the silo is to evaluate any changes in stiffness and fatigue 

performance from the additional aging of virgin binder and recycling agent and additional blending of virgin and 

RAP binders caused by longer amounts of time at high temperatures. The FMFC materials did not have an air 

void requirement, while the LMLC and FMLC materials had target air voids of 7%. The asphalt content is 

calculated as the total virgin binder weight divided by the total weight of the mix.  
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Table 4.1: Asphalt Mixture Information 

MIXID Mix Type Mix Category Gradation 
Type 

Binder 
Replacement

a  
(%) 

PG + 
Modifier ACb (%) Preparation 

Methodc 

Mixing/ 
Compaction 
Temperature 

(°C) 

Virgin_1 0% RAP with 
AR binderd RHMA-Ge Gap 0 PG 64-16 + 

20% CRMf 7.6 FMFC —/— 

Virgin_2 0% RAP with 
AR binder RHMA-G Gap 0 PG 64-16 + 

20% CRM 7.6 FMLC —/163 

Virgin_3 0% RAP with 
AR binder RHMA-G Gap 0 PG 64-16 + 

20% CRM 7.7 FMLC —/152 

Virgin_4 0% RAP with 
AR binder RHMA-G Gap 0 PG 64-16 + 

20% CRM 7.3 FMLC —/153 

Virgin_5 0% RAP with 
AR binder RHMA-G Gap 0 PG 70-10 + 

CRM 7.5 FMLC —/143 

Virgin_6 0% RAP with 
AR binder RHMA-G Gap 0 PG 64-16 

+CRM 7.5 FMLC —/152 

Virgin_7 0% RAP with 
AR binder RHMA-G Gap 0 PG 64-16 

+CRM 7.5 FMLC —/160 

Virgin_8 0% RAP with 
neat binder HMA Dense 0 PG 64-16 5.39 LMLC 144/134 

RAP15%_1 15% RAP with 
neat binder HMA Type Ag Dense 11 PG 64-16 6.4 LMLC 155/144 

RAP15%_2 15% RAP with 
neat binder HMA Type A Dense 15 PG 64-16 5.0 FMFC —/— 

RAP15%_3 15% RAP with 
neat binder HMA Type A Dense 15 PG 64-16 5.0 FMFC —/— 

RAP15%_4 15% RAP with 
neat binder HMA Type A Dense 14 PG 64-16 5.0 FMLC —/146 

RAP15%_5 15% RAP with 
neat binder HMA Type A Dense 15 PG 64-16 4.5 FMLC —/138 

RAP15%_6 15% RAP with 
neat binder HMA Dense 12 PG 64-16 5.3 LMLC 150/140 

RAP15%_7 15% RAP with 
neat binder HMA Dense 12 PG 70-10 5.3 LMLC 170/155 

RAP15%_8 15% RAP with 
neat binder HMA Dense 15 PG 64-22 5.3 LMLC 150/140 

RAP15%_9 15% RAP with 
neat binder HMA Dense 13 PG 64-16 5.4 FMLC —/142 

RAP15%_10 15% RAP with 
neat binder HMA Dense 12 PG 64-16 5.4 FMLC —/143 

RAP15%AR_1 15% RAP with 
AR binder HMA Dense 12 PG 64-16 + 

5% CRM 5.3 LMLC 150/140 

RAP15%AR_2 15% RAP with 
AR binder HMA Dense 12 PG 64-16 + 

10% CRM 5.3 LMLC 150/140 

RAP15%AR_3 15% RAP with 
AR binder HMA Dense 12 PG 70-10 + 

10% CRM 5.3 LMLC 170/155 

RAP15%AR_4 15% RAP with 
AR binder HMA Dense 12 PG 64-16 + 

5% CRM 5.3 LMLC 150/140 

RAP15%AR_5 15% RAP with 
AR binder HMA Dense 15 PG 64-22 + 

5% CRM 5.3 LMLC 165/158 

RAP15%AR_6 15% RAP with 
AR binder HMA Dense 15 PG 64-22 + 

10% CRM 5.3 LMLC 170/166 

RAP15%PM_1 15% RAP with 
PM binder HMA Type A Dense 14 PG 64-28 PMh 5.2 LMLC 159/152 

RAP15%PM_2 15% RAP with 
PM binder HMA Type A Dense 14 PG 64-28 PM 5.0 FMLC —/147 

RAP15%PM_3 15% RAP with 
PM binder HMA Type A Dense 14 PG 64-28 PM 5.2 FMLC —/149 

RAP15%PM_4 15% RAP with 
PM binder HMA Type A Dense 14 PG 64-28 PM 5.2 FMLC —/149 

RAP15%PM_5 15% RAP with 
PM binder HMA Dense 13 PG 64-28 PM 5.09 FMLC —/141 

RAP15%PM_6 15% RAP with 
PM binder HMA Dense 13 PG 64-28 PM 5.09 FMLC —/141 

RAP25%_1 25% RAP with 
neat binder HMA Type A Dense 24 PG 64-16 5.3 LMLC 155/144 
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MIXID Mix Type Mix Category Gradation 
Type 

Binder 
Replacement

a  
(%) 

PG + 
Modifier ACb (%) Preparation 

Methodc 

Mixing/ 
Compaction 
Temperature 

(°C) 

RAP25%_2 25% RAP with 
neat binder HMA-SPi Dense 23 PG 64-10 5.0 FMFC —/— 

RAP25%_3 25% RAP with 
neat binder HMA-SP Dense 24 PG 64-10 5.0 FMLC —/138 

RAP25%_4 25% RAP with 
neat binder HMA Type A Dense 23 PG 64-16 5.2 FMLC —/143 

RAP25%_5 25% RAP with 
neat binder HMA Dense 24 PG 64-16 5.5 LMLC 144/134 

RAP25%_6 25% RAP with 
neat binder HMA Dense 22 PG 64-16 5.2 FMLC —/143 

RAP25%_7 25% RAP with 
neat binder HMA Dense 22 PG 64-16 5.2 FMLC —/143 

RAP25%_8 25% RAP with 
RA HMA Dense 19 PG 64-16 5.7 LMLC 144/134 

RAP25%PM_1 25% RAP with 
PM binder HMA-SP Dense 20 PG 64-28 PM 3.7 FMFC —/— 

RAP25%PM_2 25% RAP with 
PM binder HMA-SP Dense 20 PG 64-28 PM 3.7 FMLC —/158 

HRAP_0H_1 
20% RAP + 

3% RAS with 
neat binder 

HMA Dense 29 PG 58-22 5.2 FMLC —/134 

HRAP_5H_1 
20% RAP + 

3% RAS with 
neat binder 

HMA Dense 29 PG 58-22 5.2 FMLC —/134 

HRAP_0H_2 40% RAP with 
neat binder HMA Dense 33 PG 58-22 5.9 FMLC —/134 

HRAP_16H_2 40% RAP with 
neat binder HMA Dense 33 PG 58-22 5.9 FMLC —/134 

HRAP_0H_3 40% RAP with 
RAj HMA Dense 33 PG 64-10 5.75 FMLC —/134 

HRAP_16H_3 40% RAP with 
RA HMA Dense 33 PG 64-10 5.75 FMLC —/134 

HRAP_0H_4 50% RAP with 
RA HMA Dense 55 PG 64-10 5.1 FMLC —/134 

HRAP_6H_4 50% RAP with 
RA HMA Dense 55 PG 64-10 5.1 FMLC —/134 

HRAP_5 50% RAP with 
RA HMA Dense 40 PG 64-16 5.5 LMLC 144/134 

a Binder replacement = (weight of binder in RAP or RAS)/(virgin binder + recycled binder) 
b AC = (total binder weight)/(total asphalt mixture weight) 
c FMFC: Field-mixed and field-compacted mixture; FMLC: Field-mixed and lab-compacted mixture; LMLC: Lab-mixed and lab-compacted mixture 
d RAP: Reclaimed asphalt pavement; AR: Asphalt rubber 
e RHMA-G: Rubberized hot mix asphalt (gap graded) 
f PG: Performance grade; CRM: Crumb rubber modified 
g HMA: Hot mix asphalt 
h PM: Polymer modified 
i HMA-SP: Hot mix asphalt (Superpave) 
j RA: Recycling agent content = weight of recycling agent/weight of virgin binder  
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Due to the time and sample quantity limitations, the selected surrogate tests were not performed on all 49 mixtures. 

The detailed experimental design is shown in Table 4.2. The I-FIT testing was conducted on 40 asphalt mixtures, 

4PB testing on 45 mixtures, LOU-SCB testing on seven mixtures, IDEAL-CT testing on 26 mixtures, and FAM 

LAS testing on eight mixtures. The testing results and fatigue/fracture parameters from each surrogate test were 

analyzed and compared against testing results from the 4PB test, which is the benchmark testing method for fatigue 

cracking performance in this study. All the tests involved in this study were performed at the temperatures 

recommended in the corresponding specifications, which is 68°F (20°C) for 4PB testing and 77°F (25°C) for 

I-FIT, LOU-SCB, and IDEAL-CT testing. Although the testing temperature for 4PB testing (68°F [20°C]) is 

slightly different from the testing temperature of the four surrogate tests (77°F [25°C]), both temperatures can be 

considered intermediate pavement temperatures associated with fatigue cracking in asphalt pavements. The testing 

temperature of 77°F (25°C) for the I-FIT fracture test was selected by the University of Illinois during test 

development to amplify the difference between mixes and eliminate the need for an environmental condition 

chamber during testing, assuming the room temperature could be maintained at 77°F (25°C) (43).  
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Table 4.2: Experimental Design  

MIXID Mix Type Mix 
Category 4PB I-FIT LOU-SCB IDEAL-CT FAM LAS 

Virgin_1 0% RAP with AR binder RHMA-G X X X   
Virgin_2 0% RAP with AR binder RHMA-G X X  X  
Virgin_3 0% RAP with AR binder RHMA-G X X    
Virgin_4 0% RAP with AR binder RHMA-G X X    
Virgin_5 0% RAP with AR binder RHMA-G X   X  
Virgin_6 0% RAP with AR binder RHMA-G X   X  
Virgin_7 0% RAP with AR binder RHMA-G X   X  
Virgin_8 0% RAP with neat binder HMA X X  X  

RAP15%_1 15% RAP with neat binder HMA Type A X X    
RAP15%_2 15% RAP with neat binder HMA Type A X X    
RAP15%_3 15% RAP with neat binder HMA Type A X X X   
RAP15%_4 15% RAP with neat binder HMA Type A  X  X  
RAP15%_5 15% RAP with neat binder HMA Type A  X  X  
RAP15%_6 15% RAP with neat binder HMA X X    
RAP15%_7 15% RAP with neat binder HMA X X    
RAP15%_8 15% RAP with neat binder HMA X X    
RAP15%_9 15% RAP with neat binder HMA X   X  
RAP15%_10 15% RAP with neat binder HMA X   X  

RAP15%AR_1 15% RAP with AR binder HMA X X X   
RAP15%AR_2 15% RAP with AR binder HMA X X X   
RAP15%AR_3 15% RAP with AR binder HMA X X X   
RAP15%AR_4 15% RAP with AR binder HMA X X    
RAP15%AR_5 15% RAP with AR binder HMA X X    
RAP15%AR_6 15% RAP with AR binder HMA X X    
RAP15%PM_1 15% RAP with PM binder HMA Type A X X    
RAP15%PM_2 15% RAP with PM binder HMA Type A X X    
RAP15%PM_3 15% RAP with PM binder HMA Type A X X    
RAP15%PM_4 15% RAP with PM binder HMA Type A X X    
RAP15%PM_5 15% RAP with PM binder HMA X   X  
RAP15%PM_6 15% RAP with PM binder HMA X   X  

RAP25%_1 25% RAP with neat binder HMA Type A X X    
RAP25%_2 25% RAP with neat binder HMA-SP X X X   
RAP25%_3 25% RAP with neat binder HMA-SP  X  X  
RAP25%_4 25% RAP with neat binder HMA Type A X X    
RAP25%_5 25% RAP with neat binder HMA X X  X  
RAP25%_6 25% RAP with neat binder HMA X   X  
RAP25%_7 25% RAP with neat binder HMA X   X  
RAP25%_8 25% RAP with RA HMA X X  X  

RAP25%PM_1 25% RAP with PM binder HMA-SP X X X   
RAP25%PM_2 25% RAP with PM binder HMA-SP  X  X  

HRAP_0H_1 20% RAP + 3% RAS with neat binder; 0 
silo storage hours HMA X X  X X 

HRAP_5H_1 20% RAP + 3% RAS with neat binder; 5 
silo storage hours HMA X X  X X 

HRAP_0H_2 40% RAP with neat binder; 0 silo storage 
hours HMA X X  X X 

HRAP_16H_2 40% RAP with neat binder; 16 silo storage 
hours HMA X X  X X 

HRAP_0H_3 40% RAP with RA; 0 silo storage hours HMA X X  X X 
HRAP_16H_3 40% RAP with RA; 16 silo storage hours HMA X X  X X 
HRAP_0H_4 50% RAP with RA; 0 silo storage hours HMA X X  X X 
HRAP_6H_4 50% RAP with RA; 6 silo storage hours HMA X X  X X 

HRAP_5 50% RAP with RA HMA X X  X  
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Figure 4.1 shows a comparison between the air voids for the 4PB and I-FIT specimens with the standard deviation 

as the error bar for both tests. Most of the air voids scatter along the diagonal identity line, implying comparable 

specimen volumetrics for the specimens used for the 4PB and I-FIT tests. 

 

 
Figure 4.1: Air void information for 4PB and I-FIT specimens. 
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5 RESULTS AND ANALYSIS FOR I-FIT 

5.1 I-FIT Testing Results 

5.1.1 Loading Rate Study 

The viscoelastic mechanical behavior of asphalt mixtures leads to the temperature and loading-rate sensitivity. 

The typical analytical model of asphalt materials consists of springs and dashpots. At a fast loading rate, the 

characteristics of the asphalt material are determined primarily by the elastic behavior between the stress and 

strain in the material, modeled using the spring. Due to limited plasticity and viscosity in the material, the 

specimen will fracture quickly and brittlely. Such behavior can also be observed in asphalt materials at low 

temperatures or in aged asphalt materials, where the spring/elastic part dominates the response. In contrast, at a 

slower loading rate, the asphalt material will show more viscous behavior, modeled by the dashpot, which is the 

same behavior of the material at intermediate and high temperatures. 

The effect of loading rate on the fracture results was measured before performing I-FIT testing at the required 

loading rate of 2 in./min (50 mm/min), following AASHTO TP 124. Two loading rates other than 2 in./min were 

applied on selected mixtures from Table 4.1 with 15% RAP content: RAP15%AR_1 and RAP15%_7. The loading 

versus displacement curves at different loading rates are illustrated in Figure 5.1 for both mixtures. 

(a)  RAP15%AR_1 
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(b)  RAP15%_7 
Figure 5.1: Loading versus displacement curve under different loading rates for (a) RAP15%AR_1 

and (b) RAP15%_7. 

The results show that when the loading rate decreases from 2 in./min (50 mm/min) to 1 in./min (25 mm/min) and 

0.5 in./min (12.5 mm/min), the load-displacement curve becomes flatter, the peak load drops, and the initial slope 

of the curve decreases. At the same time, the curve becomes wider in terms of the displacement at final failure. 

This phenomenon is due to the mechanical response of the material under different loading rates. Such rate 

dependence is commonly observed for nearly all materials. In this study, at a faster loading rate, asphalt mixtures 

tended to behave in an elastic form and end up with brittle fracture failure, while at a lower loading rate the 

mixtures had more ductile properties and more viscoelasticity.  

Figure 5.2 shows a boxplot comparison for both mixtures of FI measures obtained for different loading rates. 

Generally, the averaged FI value for both mixtures decreases with an increase in loading rate. However, there is 

overlap between the FI data for different loading rates, particularly between 1 in./min and 2 in./min. The median 

line of the 2 in./min rate falls between the box boundaries of 1 in./min, implying that there is likely no difference 

between these two loading rates. In addition, the wider range of the whiskers for the 0.5 in./min loading rate 

indicates a higher variability of FI from this loading rate. 
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(a) FI at different loading rates for RAP15%AR_1 

 

 
(b) FI at different loading rates for RAP15%_7 

Figure 5.2: Flexibility index under different loading rates for two mixtures. 

 

A further statistical analysis step investigated the effect of loading rate. The main fracture parameters of I-FIT 

testing from the same mix at different loading rates were analyzed using the Tukey’s honestly significant 
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difference (HSD) test, which is a statistical method for determining if the two sets of data are statistically different 

from each other. Table 5.1 shows that there is no significant difference between these three loading rates for the 

two mixtures, as they share the same group letter A. The same analysis method was used to examine the difference 

between two mixes under the same loading rate, shown in Table 5.2. At the loading rates of 0.5 in./min and 

1 in./min, all the I-FIT parameters—including FI, Spp, and Gf—have the same group letter for the two mixtures 

while the difference is significant between RAP15%AR_1 and RAP15%_7 for all parameters at the loading rate 

of 2 in./min. Therefore, the loading rate of 2 in./min was selected to provide for differentiation between mixes. 

 
Table 5.1: Tukey’s HSD Test for Loading Rate 

Loading Rate Mix ID FI Spp Gf 
0.5 in./min RAP15%AR_1 A A A 
1 in./min RAP15%AR_1 A A A 
2 in./min RAP15%AR_1 A A A 

0.5 in./min RAP15%_7 A A A 
1 in./min RAP15%_7 A A AB 
2 in./min RAP15%_7 A A B 

Note: Tukey’s HSD significance level = 0.1 

Table 5.2: Tukey’s HSD Test for Different Mixtures 

Loading Rate Mix ID FI Spp Gf 
0.5 in./min RAP15%AR_1 A A A 
0.5 in./min RAP15%_7 A A A 
1 in./min RAP15%AR_1 A A A 
1 in./min RAP15%_7 A A A 
2 in./min RAP15%AR_1 A A A 
2 in./min RAP15%_7 B B B 

Note: Tukey’s HSD significance level = 0.1 

 

5.1.2 Variability of I-FIT Parameters 

The repeatability of I-FIT and the variability of parameters —including FI, FIasc, Spp, Sasc, Gf, Strength, and KIC—

are assessed in this section. The coefficient of variation (COV) is a statistical parameter calculated as the ratio of 

the standard deviation to the mean of the variable that normalizes the variation relative to the mean value and 

creates a unitless parameter. COV is used in this analysis to describe the variation of each fracture parameter. The 

higher the COV, the greater the dispersion of the parameter. The average COV values across all mixtures for each 

parameter are shown in Figure 5.3.  
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Figure 5.3: Average coefficient of variance for all parameters from I-FIT test. 

 

Figure 5.3 shows that post-peak slope (Spp) has the highest variability, 53%, followed by FI with an average COV 

of 46%. The average COV for FI is much higher than for FIasc (30%) and Sasc (25%). The higher variability of Spp 

can be explained by the brittle fracture failure of the asphalt mixtures included in the study. Such fast brittle failure 

resulted in difficulties recording load and displacement information during the test. This issue, along with the 

complex mathematical equation for the inflection point tangent slope, contributes to the low repeatability of Spp. 

The variability of the slopes (Spp and Sasc) is consistent with the variability of the flexibility indexes (FI and FIasc). 

By definition, the flexibility index (FI) is determined by the slope and fracture energy. As a result, the high 

variability of Spp contributes to the high COV value of FI when the variability of the fracture energy (Gf) is 

considerably low (15%). Therefore, the ascending slope (Sasc) and the ascending slope-based flexibility index 

(FIasc) show smaller variability than the post-peak slope (Spp) and post-peak slope-based flexibility index (FI). In 

addition, KIC and Strength show the best repeatability with COVs as low as 11%. 
 

5.2 Comparison Between I-FIT and 4PB Testing 

This section explores the correlation between I-FIT and 4PB testing results and investigates the potential of I-FIT 

testing at the standard loading rate of 2 in./min (50 mm/min) as a surrogate test for mix design and QC/QA. The 

analysis of the relationship between fatigue parameters obtained from the 4PB tests and fracture parameters from 

the SCB tests consists of two parts: stiffness comparison and fatigue life comparison. 

 

First, the correlation comparison between all fatigue parameters and fracture parameters is shown in Figure 5.4. 

The correlation matrix plot shows the significance levels of the relationship between the parameters. The lower 

triangular matrix is composed of the bivariate scatter plots with a fitted smooth line. The upper triangular matrix 

shows the Pearson correlation coefficient (r value) plus significance level (as stars). Each significance level is 

associated with a symbol: 0.001 (***), 0.01 (**), 0.05 (*), and 0.1(·). Figure 5.4 shows that the 4PB fatigue 
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performance (StrainNf1M) is moderately correlated with the initial stiffness (E50) from the 4PB tests (r value = 

0.74), but the best correlations with the I-FIT parameters are relatively weak. The r values for the ascending slope 

(Sasc), Strength, and KIC are all approximately 0.5. On the other hand, the flexural stiffness from the 4PB tests 

(E50) is highly correlated with Strength and KIC from the I-FIT tests, and the rest of the I-FIT parameters have 

r values greater than 0.5, except for fracture energy (Gf). 

 

 
Note:E50 and StrainNf1M tested at 68°F (20°C), all other parameters at 77°F (25°C). 

Figure 5.4: Correlation matrix between all parameters from 4PB and I-FIT tests. 

 

5.2.1 Stiffness Comparison 

Fatigue development in asphalt mixtures is reflected in the stiffness evolution curve, and the damage induced in 

a material is directly related to the reduction in stiffness, including self-heating and thixotropy. These two 

phenomena are assumed to be reversible, and they cause a greater reduction in stiffness during initial loading than 

damage. However, the effects also tend to stabilize after the initial repeated load repetitions while damage 

continues to increase (78). The damage rate with load repetitions in 4PB tests is related to the energy of flexure, 
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which is dominated by stiffness in the case of the strain-controlled loading configuration. Thus, it is important to 

investigate the relationship between the stiffness from flexural fatigue testing and the SCB parameters. The initial 

stiffness from 4PB tests (E50) is defined as the elastic modulus at the 50th cycle at the testing temperature of 68°F 

(20°C), which is the original stiffness before any damage occurred to the material. According to the definitions of 

the SCB slope parameters, Sasc and Spp also reflect the stiffness information of asphalt mixtures. To fully investigate 

the relationship between stiffness and the SCB parameters, a simple linear regression analysis was performed on 

all SCB parameters at the testing temperature of 77°F (25°C). Some cases of the regression results with correlation 

coefficients are shown in Figure 5.5. The R2 value and the 95% confidence interval are included for each plot and 

listed in Table 5.3. In this study, the correlation is considered as “strong” with R2 higher than 0.8, “moderate” with 

R2 between 0.4 and 0.8, and “weak” with R2 between 0.1 and 0.4. 

 

  
(a) Linear regression between Strength and E50 
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(b) Linear regression between KIC and E50 

 

  
(c) Linear regression between Sasc and E50 
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(d) Linear regression between FI and E50 

Note: Gray area indicates 95% confidence interval. 

Figure 5.5: Linear relationship between flexural stiffness and I-FIT parameters. 

 
Table 5.3: R2 Values for Correlation of I-FIT Parameters with Flexural Stiffness (E50)  

I-FIT Parameters Sasc Spp FI FIasc KIC Strength Gf 
R2 0.56 0.44 0.27 0.28 0.64 0.64 0.022 

 

Figure 5.5 clearly shows that there is a positive relationship between the absolute value of both slopes (Spp and 

Sasc) from the I-FIT test and E50 from the flexural test. The correlation is stronger for Sasc (R2 of 0.56) than for Spp. 

KIC and Strength also demonstrate good positive correlations with E50 (R2 of 0.64). The higher R2 values for 

correlations of E50 with KIC and Strength may come from the brittle fracture failure of these mixtures, which 

makes the LEFM theory more suitable for the result analysis. As KIC is a function of the strength and geometry 

of the specimen, KIC and Strength are essentially the same parameter given the consistency of the specimen 

preparation procedure. The R2 values of the flexibility indexes (FI and FIasc) and Gf suggest weak relationships 

with E50. Therefore, the initial flexural stiffness (E50) could be estimated from the KIC or Strength measures 

obtained from I-FIT testing. 

 

The SCB curve is composed of two distinct cracking phases: the crack initiation phase (roughly before the peak 

load) and the crack propagation phase (after the peak load). In the crack initiation phase, material damage 

resistance plays the major role while fracture resistance dominates the cracking behavior after peak load. The 

relatively stronger correlations between E50 and the front slope (Sasc), KIC, and Strength indicate that the crack 

initiation phase is associated with the initial stiffness of asphalt mixtures. Fracture energy (Gf) captures the 



 

52 UCPRC-RR-2021-02 

information from both the crack initiation phase and crack propagation phase, and it shows a negligible correlation 

with initial flexural stiffness. After combining the findings of the weak correlation between E50 with Gf and the 

stronger one between E50 and KIC, no noteworthy connection appears to exist between the initial flexural stiffness 

from the 4PB test and the crack propagation phase from the SCB testing. 

 

5.2.2 Fatigue Life Comparison 

A simple linear regression analysis was performed to examine the correlation between fatigue life performance 

and SCB parameters. The fatigue life performance is represented by the strain value when fatigue life equals one 

million cycles (StrainNf1M), shown in Equation 3.2. A higher strain value at one million repetitions to failure 

represents better fatigue performance. According to the table of R2 values shown in Table 5.4, the correlations 

between the fatigue performance and SCB parameters are not significant. Figure 5.6 shows some examples of 

linear regressions. KIC, Strength, and Sasc have relatively better linear correlations with fatigue life performance 

compared with the rest of the parameters. As KIC, Strength, and Sasc increase, StrainNf1M decreases. However, 

these parameters cannot be used to predict flexural fatigue life due to such low R2 values. In summary, it is likely 

not plausible to directly establish a fatigue life prediction model based on the AASHTO TP 124 I-FIT results for 

asphalt mixtures. 

 
Table 5.4: R2 Values for Correlation of I-FIT Parameters with 4PB Fatigue Performance (StrainNf1M)  

SCB Parameters Sasc Spp FI FIasc KIC Strength Gf 
R2 0.25 0.17 0.082 0.11 0.25 0.27 0.0019 

 

  
(a) Linear regression between Sasc and StrainNf1M 
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(b) Linear regression between Strength and StrainNf1M 

 

  
(c) Linear regression between KIC and StrainNf1M 
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(d) Linear regression between FI and StrainNf1M 

Note: Gray area indicates 95% confidence interval. 

Figure 5.6: Linear relationship between StrainNf1M and I-FIT parameters. 

 

5.3 Summary 

I-FIT testing was conducted at a temperature of 77°F (25°C) on 36 mixtures varying in terms of air voids, 

RAP/RAS content, binder types, and production methods. For each mixture, seven fracture parameters were 

calculated from the SCB tests. Three different loading rates were applied to two asphalt mixtures to assess the 

sensitivity of the loading rate on fracture performance. In addition, the fracture parameters were compared to the 

4PB stiffness and fatigue life performance. The analysis results can be summarized as follows: 

• Loading versus displacement curves from three loading rates (0.5 in./min, 1 in./min, 2 in./min) show that 

asphalt mixtures fracture in a brittle form at a higher loading rate, as expected. They also show that the FI 

value decreases as the loading rate increases. However, the Tukey’s HSD testing results indicate no 

significant difference among these three loading rates. In evaluating pairs of mixtures, the Tukey’s HSD 

results show that the loading rate of 2 in./min outperforms the two slower loading rates. 

• Previous verification of I-FIT testing with field data by the University of Illinois suggested a strong 

relationship between FI from the I-FIT testing and early-age transverse cracking. However, the fatigue 

cracking performance at an intermediate temperature is the main focus of this study because it is the 

primary mode of structural failure for asphalt surfaced pavements in California. Age-related cracking is 

more important for asphalt pavements that do not have significant heavy vehicle traffic. The relationship 

between I-FIT testing and fatigue cracking performance was explored by comparing the I-FIT parameters 

against the 4PB fatigue parameters measured at a temperature of 68°F (20°C). 
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• This study included seven fracture parameters: FI, FIasc, Spp, Sasc, KIC, Strength and Gf. The variability of 

each parameter was evaluated using the COV values. FI and Spp have the highest variability while KIC 

and Strength demonstrate the best repeatability with COV values of approximately 11%.  

• Fatigue performance from the 4PB test is represented by the strain value for fatigue life of one million 

cycles (StrainNf1M) and initial flexural stiffness (E50). The relationship between fatigue performance 

and fracture performance was examined by comparing StrainNf1M and E50 with fracture parameters. 

Both KIC and Strength show a moderate linear positive correlation with the initial flexural stiffness (E50), 

but no significant correlation was found between StrainNf1M and any fracture parameter.  
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6 RESULTS AND ANALYSIS FOR LOU-SCB TESTING 

6.1 LOU-SCB Testing Results 

At least three replicates were produced for each notch depth for the LOU-SCB testing. However, due to the limited 

coring samples collected from the field, the study included only three specimens for the RAP15%_3 mixture. The 

air voids of LOU-SCB specimens are shown in Figure 6.1. All the asphalt mixtures have air voids falling between 

7±1%, except the RAP15%_3, which was prepared in the field. The standard deviations for air voids are all less 

than 1, indicating a narrow dispersion of air voids among replicates. 

 

 
Figure 6.1: Air void content for LOU-SCB mixtures. 

 

The fracture parameter (Jc) from the LOU-SCB test is a function of the change of strain energy to failure (U) with 

respect to notch depth (a) by definition, which is the slope of a fitted linear regression curve between U and a. 

The test results, along with the regression curves for all asphalt mixtures, are shown in Figure 6.2. Only three 

RAP15%_3 mixture specimens were tested, with R2 values around 0.35. These values are much lower than those 

of the other asphalt mixtures and may be the result of the sample sizes.  
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Figure 6.2: Linear regression curves between notch depth and strain energy to failure. 

 

Jc measures the energy required to generate a unit crack surface area, and a higher Jc value indicates better fracture 

resistance of a material. Comparison of the slopes of these fitted curves shows that RAP15%AR_2 and 

RAP15%AR_3 have the best fracture resistance while RAP15%_3, Virgin_1, and RAP25%PM_1 show relatively 

inferior fracture performance. Among the three rubberized asphalt mixtures, RAP15%AR_2 and RAP15%AR_3 

have the same slope value, 0.07, while the slope for RAP15%AR_1 is slightly smaller, 0.04. RAP15%AR_1 

contains the same RAP and binder contents as the other two rubberized asphalt mixtures and the same virgin 

binder type as RAP15%AR_2. However, both RAP15%AR_2 and RAP15%AR_3 have 10% CRM while 

RAP15%AR_1 only has 5% CRM. The difference in the amount of added crumb rubber may result in the slope 

change of these three mixtures. In addition, by comparing the slopes between RAP25%PM_1 and RAP25%_2, 

both of which contain the same amount of RAP, similar values were found (0.03 for RAP25%_2 and 0.02 for 

RAR25%PM_1). The main differences between these two mixtures are the binder content and binder modifier. 

RAP25%_2 has a higher virgin binder content than RAP25%PM_1 while the polymer modifier was added to 

RAP25%PM_1. In conclusion, the results indicate that the addition of rubber modifier and polymer modifier in 

the binder may improve the fracture resistance of asphalt mixtures. 
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Equation 3.10 

6.2 Comparison Between I-FIT and LOU-SCB Testing 

This section compares the fracture parameters from the I-FIT and LOU-SCB testing. For linear elastic solids, the 

relationship between Jc and KIC (79) is the following: 

 𝐽𝐽𝐶𝐶 = 𝐾𝐾𝐹𝐹𝐶𝐶2 (1−𝑣𝑣2)
𝐸𝐸

 (6.1) 

Where: 

𝐷𝐷 = Poisson’s ratio, and 

E = elastic stiffness. 

 

Because Jc is calculated based on the area before the peak load in a load-displacement curve, a new parameter 

was included for the I-FIT test, AreaBefore, which is the area underlying the I-FIT load-displacement curve before 

the peak load. A correlation matrix was built to explore the correlation between the parameters from the I-FIT and 

LOU-SCB testing, shown in Figure 6.3. The first row of the matrix shows that of all the I-FIT parameters, only 

KIC and AreaBefore display good correlations with Jc. A linear regression model was established for the 

relationship between Jc and AreaBefore (Figure 6.4) and between Jc and KIC (Figure 6.5). A natural log scale 

transformation on Jc was performed based on the trending relationship displayed in the scatter plots of Figure 6.3. 

The good correlation between Jc and AreaBefore implies that, given the constant notch length, the LOU-SCB 

testing would provide similar fracture information of these materials as the I-FIT testing. 
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Figure 6.3: Correlation matrix between LOU-SCB and I-FIT parameters. 

 

 
Note: Gray area indicates 95% confidence interval. 

Figure 6.4: Linear regression analysis between ln(Jc) and AreaBefore. 
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Note: Gray area indicates 95% confidence interval. 

Figure 6.5: Linear regression analysis between ln(Jc) and KIC. 
 

6.3 Comparison Between LOU-SCB and 4PB Testing 

This section compares the main parameter (Jc) obtained from the LOU-SCB tests with the testing temperature of 

77°F (25°C) and the fatigue parameters (E50 and StrainNf1M) from the 4PB tests with the testing temperature of 

68°F (20°C). The correlation matrix in Figure 6.6 shows that Jc is strongly correlated with E50, with no significant 

correlation between Jc and StrainNf1M. 

 

 
Figure 6.6: Correlation matrix between LOU-SCB and 4PB parameters. 
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6.3.1 Stiffness Comparison 

In a follow-up analysis to the correlation matrix, a linear regression analysis was performed between Jc at 77°F 

(25°C) and E50 at 68°F (20°C), shown in Figure 6.7, with an R2 value of 0.71. The mixtures with 15% RAP and 

rubber modifier show relatively higher initial flexural stiffnesses and higher Jc values. 

 

 
Note: Gray area indicates 95% confidence interval. 

Figure 6.7: Linear regression analysis between Jc and E50. 

 

6.3.2 Fatigue Life Comparison 

The relationship between the LOU-SCB testing results and fatigue life from the 4PB testing shows a relationship 

similar to the one from the I-FIT analysis. No significant correlation exists between Jc and StrainNf1M, shown in 

Figure 6.8. The mixture containing 0% RAP and rubber modifier evidently provides the best fatigue performance 

but has one of the lowest Jc values. The other mixtures do not show much difference in strain values, as they did 

in the LOU-SCB testing, and the Jc value ranges widely from 0.1 to 1. According to the recommended threshold 

of 0.5 for Jc (40), only the dense-graded mixtures with 15% RAP and 5% or 10% rubber in the binder have 

sufficient cracking resistance, which does not correspond to the fatigue testing results. 
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Note: Gray area indicates 95% confidence interval. 

Figure 6.8: Linear regression analysis between Jc and StrainNf1M. 

 

6.4 Summary 

The LOU-SCB testing was conducted on seven asphalt mixtures at 77°F (25°C). The fracture properties obtained 

from two SCB testing configurations (LOU-SCB and I-FIT) were compared. The relationship between the fracture 

parameters of the LOU-SCB test and fatigue performance at 68°F (20°C) were also investigated. The following 

conclusions are based on these test results: 

• There is a strong linear correlation between the Jc parameter from the LOU-SCB test and the AreaBefore 

parameter from the I-FIT test. KIC also correlates well with Jc. These findings indicate that the I-FIT and 

LOU-SCB tests provide the same fracture information for these materials. 

• Comparison of LOU-SCB and 4PB testing parameters showed that Jc is strongly correlated with the initial 

flexural stiffness (E50), while the correlation between Jc and StrainNf1M is not noticeable. 

• These results indicate that, at least for these mixes, the LOU-SCB and I-FIT tests are providing similar 

information and that the information correlates well with flexural stiffness but not flexural fatigue. 
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7 RESULTS AND ANALYSIS FOR IDEAL-CT 

7.1 IDEAL-CT Testing Results 

This section discusses the repeatability of the IDEAL-CT test as well as the variability of fracture parameters. The 

coefficient of variance (COV) values for each parameter were averaged across all asphalt mixtures, shown in 

Figure 7.1. The averaged COV values of all parameters are lower than those from the I-FIT test. The Strength and 

Gf parameters from the IDEAL-CT test show the lowest variability among all these parameters, which matches 

the findings from the I-FIT analysis. 

 

 

  
Figure 7.1: Average coefficient of variance for all parameters from IDEAL-CT test. 

 

7.2 Comparison of I-FIT and IDEAL-CT Testing 

The most important difference between I-FIT and IDEAL-CT testing is the specimen geometry. The I-FIT test 

uses a half-circular beam with a notch requiring saw cutting, while the IDEAL-CT test is performed directly on a 

compacted cylinder. The same analysis was conducted for the IDEAL-CT test results, including the development 

of a similar loading versus displacement curve. First, a correlation matrix was built with parameters from the I-FIT 

and IDEAL-CT tests, shown in Figure 7.2. The first five rows are the parameters from the IDEAL-CT test, and 

these variable names start with IDT_ to differentiate them from the rest of the rows, which are parameters from 

the I-FIT test. Most of the IDEAL-CT parameters—including m75, L75, IDT_strength, and cTindex—are highly 

correlated with the I-FIT parameters, especially cTindex from the IDEAL-CT test and FI from the I-FIT test. A 

linear regression model between these two parameters is shown in Figure 7.3. The very strong correlation between 

these I-FIT and IDEAL-CT parameters implies that both tests are providing the same fracture-related information.  
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Figure 7.2: Correlation matrix between IDEAL-CT and I-FIT parameters. 

 

 
Note: Gray area indicates 95% confidence interval. 

Figure 7.3: Linear regression between cTindex from IDEAL-CT test and FI from I-FIT test. 
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7.3 Comparison Between IDEAL-CT and 4PB Testing 

The correlation matrix between the 4PB parameters measured at the testing temperature of 68°F (20°C) and 

fracture parameters from IDEAL-CT testing at the testing temperature of 77°F (25°C) is shown in Figure 7.4. 

Parameters from the IDEAL-CT test, especially strength (IDT_Strength), show good linear correlations with initial 

flexural stiffness (E50), which matches the findings from the comparison between the I-FIT and 4PB tests and 

between the LOU-SCB and 4PB tests. The StrainNf1M does not show any significant correlation with the fracture 

parameters from the IDEAL-CT test, with the best r value being 0.61 for IDT_Strength. 

 

 
Note: E50 and StrainNf1M at 68°F (20°C) and IDEAL-CT parameters at 77°F (25°C). 

Figure 7.4: Correlation matrix between IDEAL-CT and 4PB parameters. 
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7.3.1 Stiffness Comparison 

The correlation results in Figure 7.4 were used to develop a fitted linear regression curve between E50 from the 

4PB test and Strength from the IDEAL-CT test, shown in Figure 7.5. The R2 value of 0.80 indicates a strong linear 

positive relationship between fracture strength and initial flexural stiffness. In addition, the relationship between 

fracture strength and initial flexural stiffness was examined separately for conventional asphalt mixtures, which 

contain recycled binder lower than 25% with neat binder, and unconventional mixtures, those that contain a higher 

content of recycled binder and those with rubber and/or polymer modifiers, shown in Figure 7.6 and Figure 7.7. 

A strong linear relationship exists for both conventional and unconventional asphalt mixtures when evaluated 

separately. Therefore, it can be concluded that the parameter IDT_Strength is highly correlated with the flexural 

stiffness regardless of the asphalt mixture types. 

 

 
Note: Gray area indicates 95% confidence interval. 

Figure 7.5: Linear regression between IDT_Strength and E50. 
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Note: Gray area indicates 95% confidence interval. 

Figure 7.6: Linear regression between IDT_Strength and E50 for conventional asphalt mixtures 
(RAP binder replacement lower than or equal to 25% and without modified binder). 

 

 
Note: Gray area indicates 95% confidence interval. 

Figure 7.7: Linear regression between IDT_Strength and E50 for unconventional asphalt mixtures 
(RAP binder replacement higher than 25% or with modified binder). 

 

7.3.2 Fatigue Life Comparison 

The linear regression analysis between the StrainNf1M and cTindex parameters is shown in Figure 7.8. The 

regression indicates a weak positive relationship between the fatigue life performance (StrainNf1M) and 
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IDEAL-CT cracking index (cTindex). In addition, the fatigue performance of the mixtures with 20% RAP is better 

than the mixtures with 50% RAP, recycling agent (RA), and potentially a softer base binder, according to 

StrainNf1M, while the cTindex parameter indicates the opposite. The 40% RAP mixtures with neat binder show 

higher cTindex values than the mixtures with 20% RAP and 3% RAS with neat binder. Because of the nature of 

the neat binder and the RAP and RAS binders and use of additives, the 20% RAP mixes are stiffer than the 40% 

RAP mixes but have similar or better fatigue performance, shown in Figure 7.5. The IDT_Strength parameter has 

a moderate negative linear correlation with StrainNf1M, with an R2 value of 0.42, shown in Figure 7.9, and the 

expected trend that stiffer mixes (as indicated by IDT_Strength) have shorter fatigue lives in the controlled-strain 

4PB fatigue test. The virgin mixture with rubberized asphalt (0% RAP with AR binder) shows the best fatigue 

performance and lowest strength value while the mixtures with high RAP contents have the weakest fatigue 

resistance and highest strength values. Figure 7.10 and Figure 7.11 show the linear relationship between 

StrainNf1M and IDT_Strength for conventional and unconventional asphalt mixtures, respectively. Due to the 

limited number of conventional mixtures tested in this study and similar fatigue and fracture performance among 

these mixtures, there is no correlation found between the two parameters. On the other hand, a moderate 

relationship could be observed from unconventional asphalt mixtures as there is a wider range of fatigue and 

IDT_Strength performance of these mixtures. 

 

 
Note: Gray area indicates 95% confidence interval. 

Figure 7.8: Linear regression between IDT_cTindex and StrainNf1M. 
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Note: Gray area indicates 95% confidence interval. 

Figure 7.9: Linear regression between IDT_Strength and StrainNf1M. 

 

 
Note: Gray area indicates 95% confidence interval. 

Figure 7.10: Linear regression between IDT_Strength and StrainNf1M for conventional asphalt mixtures 
(RAP binder replacement lower than or equal to 25% and without modified binder). 
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Note: Gray area indicates 95% confidence interval. 

Figure 7.11: Linear regression between IDT_Strength and StrainNf1M for unconventional asphalt mixtures 
(RAP binder replacement higher than 25% or with modified binder). 

 

To further explore the relationship between IDEAL-CT testing and the fatigue result from 4PB testing, another 

fatigue life parameter, StrainNf0.25M, which is more related to thin surface layer fatigue performance, is included 

here. StrainNf0.25M is the strain level at which the fatigue life reaches 250,000 cycles, and it is calculated using 

Equation 3.2 by replacing 106 on the right side of the equation with 250,000, resulting in a comparison of fatigue 

life for higher strain levels in the 4PB testing. As shown in Figure 7.12 and Figure 7.13, the regression analysis 

between cTindex and StrainNf0.25M, and IDT_Strength and StrainNf0.25M, has similar correlation results with 

StrainNf1M. 
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Note: Gray area indicates 95% confidence interval. 

Figure 7.12: Linear regression between IDT_cTindex and StrainNf0.25M. 

 

 
Note: Gray area indicates 95% confidence interval. 

Figure 7.13: Linear regression between IDT_Strength and StrainNf0.25M. 

 

7.4 Summary 

This chapter reviewed the variability of fracture parameters from the IDEAL-CT test, compared the IDEAL-CT 

and I-FIT tests, and then correlated these findings with the stiffness and fatigue performance results from 4PB 

testing. The following conclusions are based on this analysis: 
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• The fracture parameters from IDEAL-CT display an overall lower variability compared with the I-FIT 

results, with IDT_Strength showing better repeatability than cTindex between the two parameters from the 

IDEAL-CT test. 

• The analysis found strong correlations between the IDEAL-CT and I-FIT parameters. cTindex was proposed 

as a representative fracture resistance parameter for the IDEAL-CT test and showed a significantly strong 

linear relationship with FI, the cracking indicator developed in the I-FIT test. 

• The analysis showed a strong linear correlation between IDT_Strength and the initial stiffness (E50) from 

the 4PB test, which agrees with the previous finding from the comparison between Strength from the I-FIT 

test and stiffness from 4PB test. This result was also separately analyzed considering only conventional 

asphalt mixtures (RAP binder replacement lower than or equal to 25% and without modified binder) and 

only unconventional mixes (RAP binder replacement higher than 25% or with rubber- and/or polymer-

modified binder), with the same conclusion. 

• The analysis showed that there is no significant relationship between IDT_cTindex and fatigue life 

(StrainNf1M), and a weak relationship between IDT_Strength from the IDEAL-CT test and fatigue life from 

the 4PB test. This result was also separately analyzed considering only conventional asphalt mixtures (RAP 

binder replacement lower than or equal to 25% and without modified binder) and only unconventional mixes 

(RAP binder replacement higher than 25% or with rubber- and/or polymer-modified binder). The results 

showed no significant correlation for the conventional mixes and a weak positive correlation for the 

unconventional mixes, which have a wider range of stiffnesses, fatigue lives, and IDEAL-CT values than 

do the conventional mixes. The weak relationship between IDT_Strength and fatigue life is largely 

influenced by the unconventional mix results. 

• An analysis of IDT_cTindex and IDT_Strength versus the 4PB tensile strain that results in a fatigue life of 

250,000 cycles to failure (StrainNf0.25M) resulted in the same conclusions found for the lower strain level 

resulting in one million cycles to failure: no correlation with IDT_cTindex and a weak correlation with 

IDT_Strength. 

• The results from this chapter and the previous two chapters indicate that, at least for these mixes, the 

LOU-SCB, I-FIT, and IDEAL-CT tests provide similar information and that information correlates well 

with flexural stiffness but not flexural fatigue. 

• Of the three tests, the IDEAL-CT test is faster and simpler to perform, with fewer cuts in the preparation 

procedure, and good repeatability. The IDT_Strength had lower variability than IDT_cTindex. 
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8 RESULTS ANALYSIS OF FAM MIXES LAS TESTING 

The four non-Caltrans high RAP mixes, each sampled in the field at two silo storage times, were used to compare 

the results of FAM LAS testing for stiffness and fatigue life with results from full mix four-point beam stiffness 

and fatigue life. Several insights regarding the effects of silo time are also noted in this chapter. A separate report 

has been written providing more in-depth testing results and analysis for the high RAP mix silo storage study (80) 

 

8.1 FAM Mixes LAS Testing Results 

For each asphalt material, at least three replicates were prepared for the LAS testing of FAM mixes. The average 

air voids content for the FAM mixes specimens is shown in Figure 8.1. The averages range from 7.4% to 10.8%, 

which is within the target range and considered acceptable for this study. 

 

 
Note: All are high RAP mixes (see Chapter 4), 0H indicates no silo storage, XH indicates X hours of silo storage, 
and the last number indicates high RAP mix type. 

Figure 8.1: Air void content for FAM mix specimens. 

 

The fatigue criterion for FAM mixes LAS testing is defined as the peak of phase angle curve, shown in Figure 8.2. 

The multiple localized phase angle peaks observed in some testing results correspond to the transition points 

between phases in the complex modulus evolution curves and indicate that extra caution is required during the 

data analysis process. As shown in Figure 8.2, the first peak in the phase angle curve matches the end of the first 

phase of the modulus curve. A sharp drop after the first peak indicates the second phase, and the second peak in 
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the phase angle curve occurs at the same time as the beginning of the third stage of the modulus curve. For those 

mixes showing multiple peaks in the phase angle curves, the first peak reflects the predefined failure criterion. 

However, the second peak value of the phase angle may be larger than the first peak, resulting in the miscalculation 

of the fatigue life. As a result, instead of identifying the global maximum phase angle as the failure point, this 

study located the first local phase angle peak corresponding to the end of the first phase of the complex modulus 

curve for all testing results. 

 

 
Figure 8.2: An example of LAS testing result on FAM mixes. 

 

The LAS fatigue testing results are shown in Figure 8.3 to Figure 8.6. Three parameters—including initial 

stiffness, shear strain value at the failure, and the peak value of phase angle—were extracted from the LAS testing 

results to describe the characteristics of phase angle curves and complex modulus curves. Each parameter was 

calculated separately for the four field-mixed high RAP mixtures sampled at different amounts of silo time 

(discussed in Chapter 4), shown in the bar plots with replicate values in Figure 8.7. The fatigue performance of 

FAM mixes can be represented through the parameter of shear strain at failure. Higher strain value at failure 

indicates better fatigue resistance of the asphalt material. Figure 8.7 indicates that of all FAM mixes without silo 

hours, HRAP_0H_4, which has the highest RAP content (50%), shows the worst fatigue performance with the 

lowest shear strain value at failure. The highest average shear strain value at failure of HRAP_0H_1, which 

contains the lowest amount of recycled asphalt material (20% RAP and 3% RAS) and a softer binder (PG 58-28), 

indicates that it has the best fatigue performance. The relatively low content of recycled asphalt material and softer 

binder in HRAP_0H_1 also results in the softest initial stiffness, shown in Figure 8.7(a). By examining the shear 

strain values at failure of HRAP_0H_2 and HRAP_0H_3, comparable fatigue performance was found between 
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these two FAM mixes, with heavily overlapping replicate shear strain values. Both HRAP_0H_2 and 

HRAP_0H_3 contain 40% RAP in the mixtures, while HRAP_0H_2 uses a softer binder (PG 58-28) in the mix 

design and recycling agent was added to HRAP_3. 

 

 
(a)  HRAP_0H_1                                                                       (b) HRAP_5H_1 

Figure 8.3: LAS testing results for HRAP_1. 

 

 
(a)  HRAP_0H_2                                                                                                                                                                                                                                                                    (b) HRAP_16H_2 

Figure 8.4: LAS testing results for HRAP_2. 
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(a)  HRAP_0H_3                                                                       (b) HRAP_16H_3 

Figure 8.5: LAS testing results for HRAP_3. 

 

 
(a)  HRAP_0H_4                                                                       (b) HRAP_6H_4 

Figure 8.6: LAS testing results for HRAP_4. 
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Figure 8.7: Summary of FAM mixes LAS testing results. 

 

The repeatability of LAS testing and the variability of selected fatigue parameters were assessed through the 

coefficient of variation (COV), shown in Figure 8.8. Most of the parameters—including E10, FailureStrain, power 

coefficient B, and DamageLevel—show low variability, with COV values below 12%, while the coefficient A has 

relatively high variability. 
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Figure 8.8: Averaged coefficient of variance for fatigue parameters from FAM mixes LAS testing. 

 

8.2 Comparison Between FAM Mixes LAS and I-FIT Tests  

The correlation between the FAM mixes LAS test parameters and I-FIT test results is shown in Figure 8.9. The 

I-FIT results are likely applicable to the LOU-SCB and IDEAL-CT tests based on the strong correlations between 

the three tests shown in previous chapters. From the correlation matrix, there is a strong linear relationship between 

coefficients (A and B) from the LAS testing and the fracture energy (Gf) from I-FIT. The coefficient B in the 

Wohler’s law of fatigue equation represents the sensitivity of the applied strain value on fatigue life, and it shows 

a good correlation with Sasc, Gf, Spp, Strength, and KIC from the I-FIT test. 
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Figure 8.9: Correlation matrix between FAM mixes LAS testing parameters and I-FIT parameters. 

 

8.3 Comparison Between FAM Mixes LAS and 4PB Tests 

The fatigue life obtained from the 4PB tests on full mixtures and LAS testing on FAM mixes were compared for 

each mix with different silo storage hours. The fatigue life against applied strain values plots are shown in 

Figure 8.10 to Figure 8.13. For 4PB fatigue testing, the testing data are these scatter points, all of which have been 

used to fit a power function of the Wohler’s law function. The fitted power equation is included in each plot as 

well as the R2 value. For LAS testing results, the coefficients (A and B) for the Wohler’s law function were 

obtained directly from the VECD model analysis for each specimen. The fatigue life of each replicate of the FAM 

mixes, calculated at four selected strain values (0.05%, 0.07%, 0.15%, and 0.17%) using the power law function, 

are included in the plots.  
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The fatigue life of the HRAP_1 full mixture in Figure 8.10(a) shows that the material with 5 hours in silo has 

better fatigue performance at lower strain values while the material without silo hours shows better fatigue life at 

higher strain values, which is also shown in the Wohler’s curves of the FAM mixes in Figure 8.10(b). 

 

 
(a) Fatigue life results from 4PB testing 

 

 
(b) Fatigue life results from FAM mixes LAS testing 

Figure 8.10: Wohler’s curve for HRAP_0H_1 and HRAP_5H_1.  

 





















 














 













 





















 

UCPRC-RR-2021-02 81 

For the fatigue performance of HRAP_2, the full mix result shown in Figure 8.11(a) indicates that silo storage 

hours have a negative impact on the fatigue life across multiple strain values. In general, the two fitted lines seem 

parallel, and the power value (the slope of the fitted curve) in the fitted equation of the mixture without silo hours 

is slightly higher than the value of the one with silo hours. The power value implies better fatigue performance at 

lower strain values for the mixture without silo hours and better fatigue performance of the mixture after 16 silo 

hours at higher strain values. The LAS testing results for the FAM mixes in Figure 8.11(b) show that the FAM 

mix of HRAP_0H_2 has almost the same fatigue life as HRAP_16H_2 since the fitted lines are overlapping. 

 

 
(a) Fatigue life results from 4PB testing 

 

 
(b) Fatigue life results from FAM mixes LAS testing 

Figure 8.11: Wohler’s curve for HRAP_0H_2 and HRAP_16H_2. 
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The fatigue life versus strain curves of the full mix of HRAP_3 in Figure 8.2 show results consistent with the 

previous mixtures in terms of the effect of silo hours on fatigue performance: increased sensitivity of fatigue life 

to strain value after 16 hours in the silo. However, the FAM mixes of HRAP_0H_3 and HRAP_16H_3 show 

similar fatigue performances with heavily overlapping Wohler’s law curves in Figure 8.12(b). 

 

 
(a) Fatigue life results from 4PB 

 

 
(b) Fatigue life results from FAM mixes LAS testing 

Figure 8.12: Wohler’s curve for HRAP_0H_3 and HRAP_16H_3. 

 

The fitted Wohler’s curves in Figure 8.13(a) indicate that the full mix material without silo hours has a longer 

fatigue life at higher strain values than the one with 6 silo hours. However, at lower strain values, the fatigue 

 





















 














 













 






















 

UCPRC-RR-2021-02 83 

performance of HRAP_6H_4 surpassed that of HRAP_0H_4. Figure 8.13(b) shows that for FAM mixes of 

HRAP_4, 6 hours in the silo reduced the fatigue life compared to HRAP_0H_4 across all strain values and the 

reduction is more noticeable at high strain values. In addition, the fitted line for the material with silo hours has a 

sharper slope than the one without silo hours, suggesting a better fatigue life at low strain values for this FAM 

mix after the short-term silo hours. This finding agrees with the full mix comparison result in Figure 8.13(a). 

 

 
(a) Fatigue life results from 4PB 

 

 
(b) Fatigue life results from FAM mixes LAS testing 

Figure 8.13: Wohler’s curve for HRAP_0H_4 and HRAP_6H_4. 

 

 





















 














 













 





















 

84 UCPRC-RR-2021-02 

To further study the relationship between FAM mixes LAS testing and full mixes 4PB testing, the correlation 

between parameters from these two testing methods were plotted, shown in Figure 8.14. The initial stiffness (E10) 

from the LAS testing represents the intact stiffness of FAM mixes, and E50, from the 4PB testing, represents the 

intact stiffness of full mixtures. E50 is the flexural (tension) stiffness of full asphalt mixtures measured at 10 Hz 

and 68°F (20°C), and E10 is the shear stiffness of the corresponding FAM mixes at 10 Hz and 77°F (25°C). The 

correlation analysis shows no significant relationship between these two stiffnesses, which may be due to different 

volumetric portions in the FAM and coarse aggregates for these four types of mixes. The matrix indicates a strong 

correlation between the strain value at failure in the LAS testing of the FAM mixes (FailureStrain) and 4PB 

testing of the full mixtures (StrainNf1M). A linear regression analysis was performed for these two parameters, 

shown in Figure 8.15, and the R2 value of 0.84 indicates a strong linear correlation. 

 

 
Note: E50 and StrainNf1M tested at 68°F (20°C), all other parameters at 77°F (25°C). 

Figure 8.14: Correlation matrix between FAM mixes LAS testing parameters and 4PB testing parameters. 
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Note: Gray area indicates 95% confidence interval. 

Figure 8.15: Linear regression between FailureStrain from FAM mixes fatigue testing  
and StrainNf1M from 4PB testing. 

8.4 Summary 

The LAS fatigue testing was conducted on FAM mix specimens for four types of asphalt mixtures, all with 20% or 

more RAP content, and each mixture had two different silo hours. The VECD model was used to analyze the FAM 

mixes fatigue testing results. The fatigue performance of the FAM mixes was then compared to the I-FIT fracture 

results (which themselves were found to be highly correlated with the LOU-SCB and IDEAL-CT fracture results) 

as well as the 4PB fatigue results. The following are conclusions from the findings presented in this chapter: 

• The variability analysis shows that fatigue parameters from FAM mixes LAS testing—including E10, 

FailureStrain, DamageLevel, and the power coefficient B from Wohler’s law—have low average COV 

values, indicating low variability of these parameters and good repeatability of the LAS testing on FAM 

mixes. 

• The comparison between FAM mixes LAS testing and I-FIT testing indicates a good relationship between 

the power coefficient B from Wohler’s law of the LAS testing and most of the fracture parameters from 

the I-FIT testing. 

• The correlation study between the FAM mixes LAS fatigue parameters and the 4PB parameters indicates 

a strong linear correlation between FailureStrain from FAM mixes LAS testing and StrainNf1M from 

4PB testing, with an R2 value of 0.84. As stated previously, the stiffness of asphalt mixtures plays an 

important role in determining the fatigue cracking resistance of asphalt pavements and also serves as a 

key property parameter in the CalME fatigue damage model. However, a weak linear relationship exists, 

with an r value of 0.49 between the initial shear stiffness from LAS testing and initial elastic stiffness 

from 4PB testing for the four high RAP/RAS asphalt materials included in this study.  
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9 SENSITIVITY OF TESTS TO MATERIAL TYPE 

This chapter presents analysis of the sensitivity of the 4PB and I-FIT tests for the different mix types included in 

the study. The I-FIT test was selected here as the representative fracture test among the three fracture tests as more 

types of asphalt mixtures have been tested with the I-FIT test. 

 

9.1 4PB Testing 

The ability of 4PB testing to discern the fatigue cracking performance between asphalt materials is evaluated in 

this section. The sensitivity to material types is examined through a descriptive analysis and a Tukey’s HSD 

analysis. The boxplot in Figure 9.1 shows the distribution of E50 and the boxplot in Figure 9.2 shows the 

distribution of StrainNf1M for each category of asphalt material types. The E50 distribution clearly shows that the 

gap-graded asphalt mixtures with 0% RAP with AR binder (PG 64-16 + 20% CRM) (meeting Caltrans RHMA-G 

specifications) and the dense-graded asphalt mixtures with 15% RAP with PM binder have the lowest stiffnesses 

at 68°F (20°C) and 10 Hz loading frequency compared to the other materials, as expected. However, the increase 

in RAP content in mixes with conventional binders did not consistently result in higher stiffness, due to other 

material variables such as softer virgin asphalt binders, the stiffness of the aged RAP binders, and the effects of 

any recycling agents added to the mix. The StrainNf1M distribution indicates that those same two mix types 

(0% RAP with AR binder and 15% RAP with PM binder) provide the best fatigue cracking resistance and also 

have the lowest E50 values. In addition, the mixtures in the 50% RAP with RA category have the lowest 

StrainNf1M and highest E50 values—although other mixes that are much stiffer have better fatigue lives, 

indicating that variables other than stiffness play an important role in fatigue performance.  
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Note: All mixes are dense graded, except 0% RAP with AR binder, which is gap graded; CRM contents in AR binder are 20% 
for 0% RAP mixes, 5% or 10% for 15% RAP mixes. 

Figure 9.1: E50 sensitivity to material types. 

 

 
Notes: All mix types are dense graded, except 0% RAP with AR binder which is gap graded; CRM contents in AR binder are 
20% for 0% RAP mixes, 5% or 10% for 15% RAP mixes. 

Figure 9.2: StrainNf1M sensitivity to material types. 

 

The Tukey’s HSD analysis was used to further investigate the sensitivity of fatigue performance by material type, 

shown in Table 9.1. The mixtures are divided into groups based on either E50 or StrainNf1M parameters. There 

is no significant difference between mixture types that share the same group letter. Within each grouping, A 
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represents a higher value of E50 or StrainNf1M than B. For example, for E50, mixtures of 0% RAP with AR 

binder (gap graded, 20% CRM) are in Group C because they are softer (lower stiffness values) than mixtures of 

15% RAP with neat binder in Group A (higher stiffness values). Table 9.1 has also been color coded to identify 

distinct groups of mixtures: green cells († symbol) indicate high parameter values while red cells (⁕ symbol) 

indicate lower parameter values (E50 and StrainNf1M). The mixtures that cannot be differentiated from other 

mixtures are not in colored cells. 

 

The E50 groupings in green cells are mixtures of 15% RAP with 5% or 10% rubber in the binder and 15% RAP 

with neat binder that have the highest initial flexural stiffness, while the ones in red cells are mixtures of 0% RAP 

with AR binder and 15% RAP with PM binder that are significantly softer than the other materials. The 

StrainNf1M groupings in green cells are mixtures of 0% RAP with AR binder (gap graded, 20% CRM) and 

15% RAP with PM binder that show relatively better fatigue performance than the other mixtures, with the Group 

C mixtures showing significantly inferior fatigue resistance. The E50 and StrainNf1M grouping results imply that 

mixtures with softer stiffness have better fatigue performance and stiffer mixtures have lower fatigue cracking 

resistance among the mixtures with low RAP content, as expected in controlled-strain testing. On the other hand, 

mixtures with RAP content higher than 25% (Group BC and Group C) have noticeably poorer fatigue performance 

than the mixture with 0% RAP and the mixtures with 15% RAP and polymer-modified binder (Group A and 

Group AB), based on StrainNf1M. However, the parameter E50 could not distinguish these mixes from the rest 

of the materials.  

 
Table 9.1: Tukey’s HSD Analysis Result for 4PB Testing 

Mix Type Group by E50 Group by StrainNf1M 
0% RAP with AR bindera C⁕ A† 
15% RAP with neat binder A† C⁕ 
15% RAP with AR binderb AB† C⁕ 
15% RAP with PM binder BC⁕ AB† 
25% RAP with neat binder ABC C⁕ 
25% RAP with PM binder ABC BC⁕ 
20% RAP + 3%RAS with neat binder ABC BC⁕ 
40% RAP with neat binder ABC BC⁕ 
40% RAP with RA ABC C⁕ 
50% RAP with RA ABC C⁕ 

a Gap-graded, 20% CRM in binder 
b 5% or 10% CRM in binder 
Notes: Tukey’s HSD significance level = 0.05. Green (†) indicates high value of parameters, and red (⁕) indicates lower value of 
parameters. Groups sharing the same letter are not significantly different (e.g., Group A and Group ABC are not significantly different 
from each other). 
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9.2 I-FIT Testing 

As more experimental data were obtained from the I-FIT testing, the sensitivity of fracture testing to differentiate 

between different material types was explored in the case of the I-FIT test. The boxplot in Figure 9.3 displays the 

flexibility index (FI) distribution for 10 mix types. Based on the FI values, mixtures of 0% RAP with AR binder 

and 40% RAP with neat binder are notably different from the rest of the mixtures with the highest FI values, but 

FI cannot distinguish among the rest of the mixtures. Strength previously showed a good correlation with 4PB 

flexural stiffness (E50), and the sensitivity of Strength to material type is assessed in Figure 9.4. The mixtures 

show distinct differences in strength value except for the overlap of box boundaries between 15% RAP with neat 

binder and 15% RAP with AR binder mixtures (dense graded, 5% or 10% CRM) and the overlap between the gap 

graded asphalt mixture of 0% RAP with AR binder (20% CRM) and 40% RAP with neat binder. In addition, the 

mixtures with 15% RAP with PM binder have the lowest strength, which corresponds with the previous findings 

for E50 and StrainNf1M from Figure 9.1 and Figure 9.2. 

 

  
Note: All mix types are dense graded, except 0% RAP with AR binder which is gap graded; CRM contents in AR binder are 
20% for 0% RAP mixes, 5% or 10% for 15% RAP mixes. 

Figure 9.3: FI sensitivity to material types. 
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Notes: All mix types are dense graded, except 0% RAP with AR binder which is gap graded. CRM contents in AR binder are 
20% for 0% RAP mixes, 5% or 10% for 15% RAP mixes. 

Figure 9.4: Strength sensitivity to material types. 

 

The Tukey’s HSD analysis provides a straightforward way to distinguish between mixtures. For better 

comparison, the previous grouping result from the 4PB test is included in Table 9.2. The FI parameter divides 

these materials into two groups: A and B. Higher FI values indicate better fracture resistance. The mixtures in 

Group A (0% RAP with AR binder [gap graded, 20% CRM]) have the best fracture resistance, as expected. The 

ones in Group B show secondary fracture performance, and they match with the less favorable fatigue performance 

of the StrainNf1M groupings in Table 9.2. However, for the mixtures containing RAP and PM or the ones with 

high RAP contents and soft asphalt binders, FI fails to distinguish them from the other mixture types. In addition, 

the fracture energy (Gf) shows no difference among mixtures.  

 

The Strength measure from the I-FIT test also divides the materials into two groups. Mixtures in Group B have 

lower Strength values than those in Group A. The mixtures with no RAP content (0% RAP with AR binder [gap 

graded, 20% CRM]) or lower RAP content with polymer modifier (15% RAP with PM binder) show significantly 

lower strength values than mixtures with lower RAP content with neat binder or AR binder, which corresponds 

with the ranking of flexural stiffness (E50). In contrast, Strength fails to distinguish mixtures with high RAP 
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content from the rest of the mixtures (25% RAP with PM, 20% RAP and 3% RAS with neat binder, 40% RAP 

with RA, and 50% RAP with RA). 

 

In summary, both FI and Strength display a fair ability for distinguishing between asphalt mixtures. The FI 

grouping results highly agree with the fatigue grouping results of StrainNf1M. However, the groupings put the 

mixes with rubber and polymer-modified binders, which are well known to have excellent fatigue performance, 

in one group and all other mixes in another group. Meanwhile, the grouping result of Strength is consistent with 

the stiffness E50 grouping result. Comparison of the color-coding in the Strength and StrainNf1M categories 

shows that for asphalt mixtures containing lower RAP content, a higher Strength value indicates a lower fatigue 

life. 

 
Table 9.2: Tukey’s HSD Analysis Result for I-FIT 

Mix Type 
I-FIT 4PB 

Group by FI Group by Gf Group by 
Strength Group by E50 Group by 

StrainNf1M 
0% RAP with AR bindera A† A B⁕ C⁕ A† 
15% RAP with neat binder B⁕ A A† A† C⁕ 
15% RAP with AR binderb B⁕ A A† AB† C⁕ 
15% RAP with PM binder AB A B⁕ BC⁕ AB† 
25% RAP with neat binder B⁕ A A† ABC C⁕ 
25% RAP with PM binder AB A AB ABC BC⁕ 
20%RAP + 3%RAS with neat binder B⁕ A AB ABC BC⁕ 
40% RAP with neat binder AB A B⁕ ABC BC⁕ 
40% RAP with RA B⁕ A AB ABC C⁕ 
50% RAP with RA AB A AB ABC C⁕ 

a Gap-graded, 20% CRM in binder 
b 5% or 10% CRM in binder 
Notes: Tukey’s HSD significance level = 0.05. Green (†) indicates high values of parameters and red (⁕) indicates lower values of parameter. 
Groups sharing the same letter are not significantly different. (e.g., Group A and Group ABC are not significantly different from each other). 

 

9.3 Summary 

The ability to distinguish the fatigue cracking resistance between asphalt materials is an important criterion when 

selecting a surrogate stiffness or fatigue performance-related test for the asphalt mix design and QC/QA. The 

following is a summary of the sensitivity of potential tests and corresponding parameters for asphalt mixtures 

based on the findings reviewed in this chapter: 

• The boxplot of 4PB testing results, including initial stiffness (E50) and StrainNf1M, provides an overview 

of the distribution of fatigue properties for different asphalt material types. The distribution of StrainNf1M 

indicates that mixtures of 0% RAP with AR binder (gap graded, 20% CRM) and 15% RAP with PM 

binder have the best fatigue cracking resistance and also the softest E50. In addition, the mixtures in the 

category of 50% RAP with RA have the lowest StrainNf1M values and highest E50 values—although 
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some mixtures in other categories that are much stiffer have better fatigue life, indicating that variables 

other than stiffness play an important role in fatigue performance. 

• The Tukey’s HSD analysis shows that the softest mixtures have better fatigue performance and that stiffer 

mixtures have lower fatigue cracking resistance among the mixture types containing low RAP content. 

However, StrainNf1M values show that mixtures with RAP content higher than 25% have noticeably 

weaker fatigue performance, while E50 could not distinguish these mixes from the rest of the materials. 

• The boxplots of the I-FIT results show that mixtures of 0% RAP with AR binder (gap graded, 20% CRM) 

and 40% RAP with neat binder have the highest FI values and are notably different from the rest of the 

mixtures, while it is difficult to distinguish between the rest of the mixtures based on the FI values. The 

15% RAP with PM binder mixtures show the lowest strength, the lowest E50 value, and the highest 

StrainNf1M value of all the materials. 

• The Tukey’s HSD grouping results indicate that both FI and Strength display a fair ability to distinguish 

between asphalt mixtures. Grouping results of FI highly match the fatigue grouping results of StrainNf1M, 

though the grouping primarily separates rubberized and polymer binder mixtures from the rest of the 

mixtures. Meanwhile, the grouping result of Strength is consistent with the E50 grouping results. 

• The analysis of sensitivity to material types using the Tukey’s HSD method demonstrates that Strength 

distinguishes between asphalt materials, and the grouping results match the stiffness grouping of asphalt 

material with low RAP or RAS content. 

• In conclusion, among all fracture parameters from the I-FIT test, Strength from the I-FIT test is 

recommended as the representative indicator for fatigue performance because it provides sensitivity to 

different materials similar to the stiffness (E50) and fatigue life (StrainNf1M) measured from the 4PB 

testing. 
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10 SUMMARY AND PRELIMINARY CRITERIA DEVELOPMENT 

10.1 Summary and Comparison of Surrogate Tests  

The objective of this study was to develop a surrogate performance-related test to replace 4PB testing that would 

evaluate the fatigue performance of asphalt pavements and that would be easy to perform, fast to finish, and 

sufficiently correlated with material stiffness or fatigue performance to provide a useful tool for routine mix design 

and construction QC/QA. With sufficient correlation to both stiffness and fatigue life, this surrogate test could 

potentially provide information for the ME designs using CalME for routine projects. Candidate testing methods 

evaluated for this study include the I-FIT, LOU-SCB, IDEAL-CT, and FAM mixes LAS testing. The main aspects 

of these tests assessed in this study were repeatability of the tests, variability of parameters, and correlation with 

stiffness and/or fatigue. 

 

Summaries of parameters for each potential surrogate test is presented in Table 10.1 to Table 10.4. Different sets 

of mixes were used for each pairwise (4PB test versus another test) comparison. These tables show the variability 

of the main parameters and the correlation with the 4PB testing, including stiffness (E50) and fatigue life 

(StrainNf1M). It should be noted that the correlation analysis was performed between the fatigue parameters 

obtained from 4PB testing at 68°F (20°C) and 10 Hz while the parameters from surrogate tests were measured at 

77°F (25°C). Both temperatures are in the intermediate temperature range associated with fatigue cracking. 

 
Table 10.1: Summary of I-FIT Testing Parameters 

Parameters Variability Correlation with 4PB-Initial 
Flexural Stiffness (E50) 

Correlation with 4PB-
StrainNf1M 

FI High (COV = 46.64%) Weak (R2 = 0.27) None (R2 = 0.082) 
fIasc Moderate (COV = 30.85%) Weak (R2 = 0.28) Weak (R2 = 0.11) 
Spp High (COV = 54.67%) Moderate (R2 = 0.44) Weak (R2 = 0.17) 
Sasc Moderate (COV = 25.77%) Moderate (R2 = 0.56) Weak (R2 = 0.25) 
Gf Low (COV = 15.58%) None (R2 = 0.022) None (R2 = 0.0019) 

KIC Low (COV = 11.36%) Moderate (R2 = 0.64) Weak (R2 = 0.25) 
Strength Low (COV = 11.32%) Moderate (R2 = 0.64) Weak (R2 = 0.27) 

 
Table 10.2: Summary of LOU-SCB Testing Parameters 

Parameters R2 Correlation with 4PB- 
Initial Flexural Stiffness (E50) 

Correlation with 4PB-
StrainNf1M 

Jc 0.69 Moderate (R2 = 0.71) Weak (R2 = 0.18) 
Note: Jc is obtained through linear regression fitting of testing results of all specimens. Therefore, the R2 for linear regression 
fitting is included here instead of variability. 
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Table 10.3: Summary of IDEAL-CT Parameters 

Parameters Variability Correlation with 4PB- 
Initial Flexural Stiffness (E50) 

Correlation with 4PB-
StrainNf1M 

cTindex Low (COV = 7.81%) Weak (R2 = 0.21) Weak (R2 = 0.1) 
m75 Low (COV = 6.83%) Weak (R2 = 0.34) Weak (R2 = 0.20) 

Strength Low (COV = 2.63%) Strong (R2 = 0.80) Moderate (R2 = 0.42) 
L75 Low (COV = 2.84%) Weak (R2 = 0.12) None (R2 = 0.01) 
Gf Low (COV = 2.19%) None (R2 = 0.07) None (R2 = 0.06) 

 
Table 10.4: Summary of FAM Mixes LAS Testing Parameters 

Parameters Variability Correlation with 4PB 
Initial Flexural Stiffness (E50) 

Correlation with 4PB 
StrainNf1M 

E10 Low (COV = 12.86%) Weak (R 2 = 0.24) Weak (R2 = 0.24) 
FailureStrain Low (COV = 11.19%) Moderate (R2 = 0.52) Strong (R2 = 0.85) 
DamageLevel Low (COV = 3.81%) Moderate (R2 = 0.41) Moderate (R2 = 0.74) 

Coefficient A in Wohler’s law High (COV = 67.26%) Weak (R2 = 0.25) None (R2 = 0.00) 
Coefficient B in Wohler’s law Low (COV = 3.1%) None (R2 = 0.02) Weak (R2 = 0.14) 

 

A comparison of these tests—including information about the testing procedure, testing equipment, required 

training for operator, the recommended representative parameter for evaluating the fatigue performance, 

variability of the recommended parameter, and the relationship to 4PB fatigue testing—is shown in Table 10.5. 
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Table 10.5: Comparison of Surrogate Tests 

Test Sample Preparation Test 
Duration Test Machine Training for 

Technician 
Recommended 

Parameter 
Variability of 

Parameter 

Correlation 
with 4PB- 

Initial 
Flexural 
Stiffness 

(E50) 

Correlation 
with 4PB-

StrainNf1M 

I-FIT • Cylinder compaction 
• 4 cuts and 1 notch 

<10 
minutes 

Axial loading device 
with no temperature 

chamber 
(about $10,000) 

Median Strength Low Moderate Weak 

LOU-SCB • Cylinder compaction 
• 4 cuts and 1 notch 

<10 
minutes 

Axial loading device 
with no temperature 

chamber 
(about $10,000) 

Median Jc —a Moderate Weak 

IDEAL-CT • Cylinder compaction 
• 0 cuts 

<10 
minutes 

Axial loading device 
with no temperature 

chamber 
(about $10,000) 

Low Strength Low Strong Moderate 

FAM mixes 
LAS 

• Cylinder compaction 
• 2 cuts 
• 4 small cores from 

one gyratory 
specimen 

2 to 3 hours 
Dynamic Mechanical 

Analyzer 
(about $100,000) 

High FailureStrain Low Moderate Strong 

a Jc does not have variability as it is obtained from the linear regression fitting results of all specimens. 
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Fatigue performance in a pavement structure includes two parts, stiffness and fatigue life. Both the SCB and 

IDEAL-CT testing results show good correlations with stiffness and weak to moderate correlations with fatigue 

life, indicating that the suggested parameter Strength can account for the material stiffness but cannot sufficiently 

explain fatigue life. Therefore, Strength cannot be used directly as a fatigue life indictor, but it can indicate changes 

in production when used as a QC/QA test. Since SCB and IDEAL-CT testing are highly correlated, the preference 

would be to use IDEAL-CT testing because of its easier specimen preparation, quicker testing procedure, low 

variability, and good correlation with stiffness performance from 4PB tests. However, the correlation of Strength 

with fatigue life performance is not sufficient to set mix design parameters. 

 

On the other hand, FailureStrain from the FAM mixes LAS testing shows a strong correlation with the fatigue 

life parameter, StrainNf1M, from the 4PB testing, implying that continued development of FAM mixes LAS 

testing as a fatigue performance-related test for asphalt mix design should be pursued. 

 

In conclusion, the correlation analysis study shows that the properties characterized by monotonic fracture tests 

(SCB and IDEAL-CT) do not do a good job of capturing the fatigue damage resistance of asphalt material when 

the material is under repetitive loading at an intermediate temperature. FAM mixes LAS testing simulates the 

repetitive loading configuration that contributes to fatigue cracking with increasing strain values. Compared to 

conventional fatigue tests with constant strain values, FAM mixes LAS testing has the advantage of completing a 

test within a short amount of time. These results indicate that further exploration of the LAS approach for full mix 

4PB tests to shorten the testing time for more expensive mix design is worth investigation.  

 

10.2 Preliminary Development of Criteria 

This section discusses the preliminary development of acceptable Strength criteria from the IDEAL-CT test. Such 

a criteria development process can be implemented primarily for routine mix design, JMF approval, and 

potentially for QC/QA for pavement construction to characterize initial stiffness and fatigue performance if the 

cost of the testing is warranted relative to the cost of the project, and other practical considerations. The proposed 

criteria will take both the asphalt material stiffness and fatigue cracking resistance into consideration. 

 

Caltrans is now requiring ME design for all rehabilitation projects. Statewide representative stiffness master 

curves from flexural beam stiffness tests for each mix type (PG grade, binder type, and gradation type) are 

continually being updated and used for ME design. The values used in rehabilitation designs should provide 

information for selecting minimum stiffnesses for use in setting PRS for mix stiffness at a single loading rate and 

temperature. The requirement of minimum stiffness taken from the ME design could be satisfied by meeting a 

minimum Strength value for the IDEAL-CT test result for a given design. A strong linear relationship has been 
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Equation 3.10 

Equation 3.10 

Equation 3.10 

established between Strength and E50 based on the IDEAL-CT data in Chapter 7. To explain the process for 

determining the threshold of strength, Strength is set as the dependent variable and E50 is the independent variable, 

shown in Equation 10.1. The linear regression summary for this equation is shown in Table 10.6 

 𝐹𝐹𝐷𝐷𝑇𝑇_𝑆𝑆𝑡𝑡𝐴𝐴𝑒𝑒𝑛𝑛𝑆𝑆𝑡𝑡ℎ = (0.132) × 𝐸𝐸50 + 66.072 (10.1) 

Where: 

IDT_Strength = strength from IDEAL-CT (psi) at 77°F (25°C), and  

E50 = initial stiffness from 4PB tests (ksi) at 68°F (20°C). 

 
Table 10.6: Regression Model Summary for Strength from IDEAL-CT at 77°F (25°C)  

and E50 from 4PB at 68°F (20°C) 

Model R2 Adjusted R2 F-statistic p-value df 
Equation 10.1 0.80 0.79 78.57 2.3e-8 1/20 

 

The relationship between E50 and Strength is shown in Figure 10.1, along with the proposed threshold line for 

Strength. In an effort to be conservative and increase reliability when proposing a pass/fail threshold criterion with 

the IDEAL-CT test, the 95% confidence interval band was applied to statistically determine the lower bound of 

Strength for the stiffness that must be achieved. The confidence interval around the regression line can be 

calculated as follows: 

 𝑤𝑤�ℎ ± 𝑡𝑡𝛼𝛼
2,𝑚𝑚−2(𝑑𝑑. 𝑒𝑒. )𝑦𝑦 (10.2) 

Where 𝑤𝑤�ℎ  is fitted response (Strength), and the critical t-value is 𝑡𝑡𝛼𝛼
2,𝑚𝑚−2  with n–2 degrees of freedom and a 

(1 − 𝛼𝛼
2

) percentile. 

 

(𝑑𝑑. 𝑒𝑒. )𝑦𝑦 is defined as the standard error of the regression line multiplied by the standard error of the estimate at 𝑥𝑥𝑃𝑃: 

 (𝑑𝑑. 𝑒𝑒. )𝑦𝑦 = �∑ (𝑦𝑦𝑖𝑖−𝑦𝑦�)2𝑛𝑛
𝑖𝑖=1
𝑚𝑚−2 �1

𝑚𝑚
+ (𝜕𝜕𝑘𝑘−𝜕̅𝜕)2

∑ (𝜕𝜕𝑖𝑖−𝜕̅𝜕)2𝑛𝑛
𝑖𝑖=1

 (10.3) 

 

In Figure 10.1, the 95% confidence interval lower bound is plotted as the threshold line for the criterion of 

Strength. For the stiffness specification, the suggested mean value of strength obtained from replicates of 

IDEAL-CT should be above the lower bound at the specified stiffness requirement.  

 



 

98 UCPRC-RR-2021-02 

Equation 3.10 

  
Note: 95% confidence interval indicated by red dashed lines. 

Figure 10.1: Relationship between Strength from IDEAL-CT test and E50 from 4PB test. 

 

As for the criterion of Strength for fatigue life, the testing results of the 4PB test from previous chapters indicate 

a moderately good relationship between E50 and StrainNf1M. This relationship was built based on the 46 asphalt 

mixtures tested by 4PB testing in this study, shown in Equation 10.4. The fitted regression summary is presented 

in Table 10.7 along with the fitted curve, shown in Figure 10.2. Similar moderate inverse nonlinear relationship 

has also been found between E50 and StrainNf0.25M, shown in Figure 10.3. 

 ln (𝑆𝑆𝑡𝑡𝐴𝐴𝑎𝑎𝑖𝑖𝑛𝑛𝑁𝑁𝑓𝑓1𝑀𝑀) = 10.94 − 0.78 ∗ ln (𝐸𝐸50) (10.4) 

Where: 

StrainNf1M = strain value when fatigue life is one million cycles from 4PB tests (microstrain), and 

E50 = initial stiffness from 4PB tests (ksi). 

 
Table 10.7: Regression Model Summary for E50 and StrainNf1M from 4PB 

Model R2 Adjusted R2 F-statistic p-value df 
Equation 10.4 0.670 0.66 89.01 3.89e-12 1/44 
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Figure 10.2: Fitted relationship between E50 and StrainNf1M from 4PB test. 

 

 
Figure 10.3: Fitted relationship between E50 and StrainNf0.25M from 4PB test. 

 

Therefore, the relationship between Strength and StrainNf1M can be constructed based on Equation 10.4, with 

Strength as the response variable and StrainNf1M as the independent variable, to determine the threshold of 

Strength that would generally be expected to satisfy the fatigue life requirement based on this relationship, which 

is shown in Equation 10.5 with the regression model summary shown in Table 10.8. The fitted linear regression 

between ln(IDT_Strength) and ln(StrainNf1M), along with the 95% confidence interval band, is plotted in 

Figure 10.4. Due to the negative relationship between StrainNf1M and IDT_Strength, the upper bound of the 
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Equation 3.10 

confidence interval is selected as the threshold line for strength. The IDT_Strength needs to be below the upper 

bound to help control the fatigue performance: 

 ln (𝐹𝐹𝐷𝐷𝑇𝑇𝑆𝑆𝑡𝑡𝑟𝑟𝑒𝑒𝑚𝑚𝑙𝑙𝑡𝑡ℎ) = 7.12 − 0.353 × 𝑙𝑙𝑛𝑛(𝑆𝑆𝑡𝑡𝐴𝐴𝑎𝑎𝑖𝑖𝑛𝑛𝑁𝑁𝑓𝑓1𝑀𝑀) (10.5) 

Where: 

IDT_Strength = strength from IDEAL-CT (psi), and  

StrainNf1M = strain value when fatigue life is one million cycles from 4PB tests (microstrain). 

 
Table 10.8: Regression Model Summary for IDT_Strength and StrainNf1M from 4PB Test 

Model R2 Adjusted R2 F-statistic p-value df 
Equation 10.4 0.42 0.39 14.64 0.001 1/20 

 

 
Note: 95% confidence interval indicated by red dashed lines. 

Figure 10.4: Relationship between Strength from IDEAL-CT with StrainNf1M from 4PB test. 

 

A procedure for determining the criteria value for a specific material to implement the Strength criteria in practice 

for QC/QA is presented in the flowchart in Figure 10.5 . Different criteria for the stiffness and fatigue life of 

materials need to be satisfied depending on the asphalt material application in the pavement structure—for 

example, in a thin surface layer or in a thick bottom layer. The general procedure recommended in Figure 10.5 

includes the minimum stiffness and the fatigue life (minimum strain value of one million cycles to failure). 

 

Based on the relationship between stiffness and Strength from the IDEAL-CT test, the criterion of Strengthmin will 

be determined to meet the minimum stiffness requirement obtained from the stiffness value at the same 
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temperature and loading rate used in the ME rehabilitation structural design. For maintenance projects where ME 

design is not used, a reasonable value for each mix type will need to be determined, which will be the lowest value 

for Strength. 

 

The minimum fatigue life requirement will be satisfied by meeting the criterion of Strengthmax, which is the upper 

bound of Strength from the relationship between Strength and StrainNf1M. To help obtain good fatigue and 

reflective cracking performance of asphalt pavement, the Strength value of asphalt material from the IDEAL-CT 

test needs to fall in the range of Strengthmin to Strengthmax.  

 

Appendix A shows a detailed example for deciding the Strength range for projects with performance-related 

specifications (PRSs) along with the validation from the CalME simulations. Additionally, Appendix B shows an 

alternative approach based on mean stiffness for those projects without PRSs to determine the Strength criteria range. 

 

 
Figure 10.5 : Flowchart for determining criteria for fatigue cracking based on Strength. 
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11 CONCLUSIONS AND RECOMMENDATIONS 

The objective of this research is to develop a surrogate performance-related test for cracking performance of 

asphalt materials. This study evaluated four potential testing methods and investigated the correlation between 

results of those tests and initial flexural stiffness and fatigue life from the benchmark four-point beam (4PB) test. 

Representative parameters have been identified for each test that consider variability and the relationship to 

stiffness and fatigue performance. The following are conclusions from this study: 

• The four testing methods included in this study (three monotonic fracture tests: I-FIT [semicircular 

notched beam], LOU-SCB [semicircular notched beam], and IDEAL-CT [indirect tensile]; one repetitive 

fatigue test with increasing strain value: fine aggregate mixes [FAM] mixes with linear amplitude sweep 

[LAS] test) have simple sample preparation processes and testing operations as well as short testing times 

compared to the benchmark 4PB test. 

• The three fracture testing methods (I-FIT, LOU-SCB and IDEAL-CT) showed good correlations with the 

initial flexural stiffness for the range of asphalt mixes included in the study (conventional, rubberized, 

polymer-modified, high RAP), while no strong correlation was found between these tests and flexural 

fatigue life. The results from the three tests are very well correlated linearly with each other for both the 

strength and fracture parameters. Considering that they produced very similar results, but the IDEAL-CT 

test is simpler and faster, the IDEAL-CT test is the recommended test among the three. 

• The Strength parameter obtained from both the I-FIT and IDEAL-CT tests has low variability compared 

with the respective fracture parameters (cTindex from the IDEAL-CT test and FI from the I-FIT test) and 

shows a good positive linear correlation with the initial stiffness from the 4PB test. Strength from the 

IDEAL-CT test also has a moderate negative correlation with the fatigue life (StrainNf1M) from the 4PB 

test. In addition, the initial flexural stiffness from the 4PB fatigue test was found to be nonlinearly well 

correlated with the fatigue life. Thus, it is proposed that Strength be a representative indictor for predicting 

the initial stiffness of asphalt mixtures. The moderate relationship between Strength from the IDEAL-CT 

test and 4PB fatigue life, and the good inverse nonlinear correlation between 4PB stiffness and 4PB 

fatigue life—combined with the experience from ME design principles and calculations that mixes with 

lower stiffness generally perform better than stiffer mixes in thin overlays and thin asphalt layers in new 

pavements and that mixes with higher stiffness generally perform better than softer mixes in thicker 

overlays and pavements—leads to a conclusion that mix stiffness as measured through Strength from the 

IDEAL-CT test can be used to indicate the fatigue life based on the stiffness. 

• A strong correlation exists between the strain at failure from LAS fatigue testing of FAM mixes and the 

strain value for fatigue life of one million cycles from 4PB fatigue testing of full mixtures, indicating that 

FAM mixes LAS testing may serve as a good candidate fatigue test for mix design and QC/QA. However, 
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due to the limited data set in this study, more experiments on various asphalt materials should be 

conducted. The FAM mixes LAS test is more expensive, time consuming, and complex than the 

IDEAL-CT test, but it is less expensive, faster, and simpler than conventional full mix flexural beam 

testing.  

• A procedure for determining the criteria value for a specific material to implement the Strength criteria in 

practice for QC/QA was developed based on the relationships found in this study between flexural 

stiffness and flexural fatigue, and flexural stiffness and Strength from the I-FIT and IDEAL-CT tests:  

o Different criteria for the stiffness and fatigue life of materials need to be satisfied depending on the 

asphalt material application in the pavement structure—for example, in a thin surface layer or in a 

thick surface layer, intermediate layer, or bottom layer.  

o The general procedure developed in this study considers both the minimum stiffness to provide 

resistance to bending and a maximum stiffness to provide adequate fatigue life at a given strain 

(minimum strain value of one million cycles to failure).  

o The criterion of Strengthmin will be determined to meet the minimum stiffness requirement obtained 

from the stiffness value at the same temperature and loading rate used in the ME rehabilitation 

structural design. For maintenance projects where ME design is not used, a reasonable value for each 

mix type will need to be determined, which will be the lowest value for Strength. Thin overlays on 

existing asphalt or concrete pavement, and thin layers of new asphalt placed on granular or recycled 

bases, may not require a minimum stiffness (from Strengthmin), while layers in thicker sections will 

(generally asphalt layers thicker than about 0.2 to 0.3 ft.). 

o The minimum fatigue life requirement will be satisfied by meeting the criterion of Strengthmax, which 

is the upper bound of Strength from the moderately correlated relationship between Strength and 

StrainNf1M. To help obtain good fatigue and reflective cracking performance of asphalt pavement, 

the Strength value of asphalt material from the IDEAL-CT test needs to fall in the range of Strengthmin 

to Strengthmax. 

 

The following recommendations are made based on the conclusions of this study: 

• Further development of the IDEAL-CT Strength parameter is recommended for potential use in routine 

mix design and QC/QA, where use of a performance-related test is warranted by the value of the project 

and the cost of testing. The main developments needed are a material aging procedure for preparation of 

test methods and identification of minimum and maximum values for different applications. 

• Further development and potential use in piloting for evaluation for implementation of the procedure 

developed in this study for determining the criteria value for Strengthmin and Strengthmax for different 

applications (asphalt layer thickness, reflective or fatigue cracking, heavy traffic level) are recommended. 
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• In parallel with development and piloting, it is recommended that a search be done for mix test records 

from the AASHTO T 283 testing (similar to IDEAL-CT Strength) done over the past 10 years by Caltrans 

and compared with field cracking performance data in the Caltrans Pavement Management System 

database. The Automated Pavement Condition Survey (APCS) will not distinguish between top-down 

age-related and bottom-up reflective cracking from previous age-related cracking, which will mostly be 

transverse, longitudinal and block cracking. Identification of bottom-up reflective cracking of previous 

fatigue cracking will be easier to identify because it can only be bottom-up. Consideration will need to be 

given to new asphalt layer thickness, underlying pavement cracking and thickness, climate, and traffic in 

analysis of the data, if a sufficient number of mix test results are available. 

• Further development of the FAM mixes LAS test for potential application in the practice of routine asphalt 

mix design or QC/QA is recommended. This work has not been advanced for the past four years at the 

UCPRC due to other priorities. 
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APPENDIX A EXAMPLE FOR DETERMINING STRENGTH CRITERIA FOR 
USE WITH A PERFORMANCE-RELATED SPECIFICATION BASED ON 
FLEXURAL BEAM TESTING 

A.1 Strength Criteria Range for PRS Projects 

This example is based on an AC long life (HMA-LL) project. The requirement for the HMA-LL performance 

during mix design includes the permanent deformation, flexural stiffness, flexural fatigue, fracture potential from 

the I-FIT test, and Hamburg wheel-tracking test, and the suggested value for each requirement is listed in 

Table A.1. The requirements for the beam stiffness and beam fatigue are for the 4PB tests at the testing 

temperature of 68°F (20°C). The following discussion focuses on the determination of strength criteria based on 

the correlation analysis results between the IDEAL-CT and 4PB tests, making use of the data set of mix test results 

that has been developed relating flexural stiffness to IDEAL-CT Strength, which have a strong correlation, and 

the weaker relationship between Strength and strain at one million repetitions from the flexural fatigue test. 

 
Table A.1: HMA-LL Performance Requirements 

Design Parameter Test Method Sample Air 
Voids 

Requirement Requirement Requirement 
HMA-LL, 

Surface 
HMA-LL, 

Intermediate 
HMA-LL, Rich 

Bottom 

Permanent deformationa,b: 
Minimum number of cycles 
to 3% permanent axial strain 

AASHTO 
T378 

Modified 

Mix 
specificc 941 3007 Not required 

Beam stiffness (psi)b: 

Minimum stiffness at the 
50th cycle at the given 
testing strain value 

AASHTO 
T321 

Modified 

Mix 
specific 

210,000 at 
893×10-6 in./in. 

782,000 at 
433×10-6 in./in. 707,000 at 

420×10-6 in./in. 

Beam fatigueb: Minimum of 
1,000,000 cycles to failure 
at this strain 
Minimum of 250,000 cycles 
to failure at this strain 

AASHTO 
T321 

Modified 

Mix 
specific 

495×10-6 in./in. 
 

893×10-6 in./in. 

220×10-6 in./in. 
 

443×10-6 in./in. 

269×10-6 in./in. 
 

420×10-6 in./in. 

Semicircular bend fracture 
potentialb: Minimum 
flexibility index 

AASHTO TP 
124 

Mix 
specific 3 0.5 0.5 

Moisture sensitivity: 
Minimum repetitions 

AASHTO T 
324 Modified 

Per test 
method 20,000 20,000 Not required 

a Tested at a temperature of 122°F (50°C), unconfined, 4.4 psi contact stress, and 70 psi repeated axial stress. 
b Average value determined from tests on 3 specimens and calculated as the geometric (not arithmetic) mean. 
c 6±0.5% for HMA-LL, Surface and HMA-LL, Intermediate mixes, and 3±0.5% for HMA-LL, Rich Bottom mix all following AASHTO 

T331. 
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According to the recommended beam stiffness and beam fatigue in Table A.1, the minimum initial stiffness for 

the HMA-LL, Surface would be 210,000 psi, and the minimum required StrainNf1M should be 495 microstrain. 

First, to meet the stiffness requirement based on the threshold line, which is the lower bound of the 95% confidence 

interval of the regression curve between E50 and Strength from the IDEAL-CT test, Strengthmin was calculated to 

be 75.79 psi, shown in Figure A.1. Second, for the fatigue life performance, the required minimum StrainNf1M is 

495 microstrain (ln(StrainNf1M) = 6.2), from the threshold line (upper bound of 95% confidence interval of the 

regression curve between StrainNf1M and Strength). Strengthmax was determined to be 153.38 psi, illustrated in 

Figure A.2. In conclusion, to ensure both the stiffness requirement and fatigue life requirement, the value of 

strength of the asphalt materials from IDEAL-CT test at the testing temperature of 77°F (25°C) should fall in the 

range of 76 psi to 153 psi based on the 95% confidence interval. The range will be [94 psi, 137 psi] if the predicted 

values on the regression lines are used. Based on Figure A.1 and Figure A.2, the asphalt mixtures that fall in the 

Strength criteria range are listed in Table A.2. 

  

 
Note: The 95% confidence interval range for strength value is [75.79 psi, 112 psi], the strength value on the 
regression line is 94 psi); IDT_Strength tested at 77°F [25°C], E50 tested at 68°F [20°C]). 

Figure A.1: Determination of Strengthmin based on the stiffness requirement for surface layer. 
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Note: The 95% confidence interval range for strength value is [122 psi, 153 psi], the strength value on the 
regression line is 137 psi; IDT_Strength tested at 77°F (25°C), StrainNf1M tested at 68°F (20°C). 

Figure A.2: Determination of Strengthmax based on the fatigue life requirement for surface layer. 

 
Table A.2: Asphalt Mixtures Passing Strength Criteria Range for HMA-LL Surface Layer 

MIXID Mix Type Mix Category Gradation 
Type 

PG + 
Modifier 

Preparation 
Method 

IDT_Strength 
(psi) 

Virgin_2 0% RAP with AR 
binder RHMA-G Gap PG 64-16 + 

20% CRM FMLC 102.33 

HRAP_0H_2 40% RAP with RA HMA Dense PG 64-22 FMLC 119.58 

Virgin_5* 0% RAP with AR 
binder RHMA-G Gap PG 70-10 + 

CRM FMLC 149.24 

Virgin_6 0% RAP with AR 
binder RHMA-G Gap PG 64-16 

+CRM FMLC 129.0 

Virgin_7* 0% RAP with AR 
binder RHMA-G Gap PG 64-16 

+CRM FMLC 140.7 

Note: * are the mixtures that only meet the 95% CI criteria and not the criteria from regression line. 

 

The same procedure can also be applied to the HMA-LL, intermediate layer. The minimum beam stiffness from 

the PRS requirement is 782,000 psi, and the minimum beam fatigue life is designed to be 220 microstrain 

(ln(StrainNf1M) = 5.4) at 1,000,000 cycles. Strengthmin was calculated to be 162.31 psi based on the 95% 

confidence interval lower bound of the linear regression between Strength and stiffness. Strengthmax was 

determined to be 201.24 psi from the 95% confidence interval upper bound of the linear regression between 

Strength and StranNf1M in log scale. Strengthmin and Strengthmax are displayed in Figure A.3 and Figure A.4 
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respectively. The asphalt mixtures with a Strength value that meets the criteria of Strengthmin and Strengthmax are 

listed in Table A.3. 

 

 
Note: The 95% confidence interval range for strength value is [162 psi, 176 psi], the strength value on the regression 
line is 169 psi; IDT_Strength tested at 77°F (25°C), E50 tested at 68°F (20°C). 

Figure A.3: Determination of Strengthmin based on the fatigue stiffness requirement for intermediate layer. 
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Note: The 95% confidence interval range for strength value is [165.05 psi, 201.24 psi], the strength value on the 
regression line is 182.25 psi. 

Figure A.4: Determination of Strengthmax based on the fatigue life requirement for intermediate layer. 

 
Table A.3: Asphalt Mixtures Passing Strength Criteria Range for HMA-LL Intermediate Layer 

MIXID Mix Type Mix Category Gradation 
Type 

PG + 
Modifier 

Preparation 
Method 

IDT_Strength 
(psi) 

HRAP_5H_1 20% RAP + 3% RAS 
with neat binder HMA Dense PG 58-22 FMLC 169.76 

RAP15%_9 15% RAP with neat 
binder HMA Dense PG 64-16 FMLC 173.1 

RAP25%_6 25% RAP with neat 
binder HMA Dense PG 64-16 FMLC 180.93 

Note: These mixtures meet both the 95% CI criteria and the criteria from regression line. 
 

A.2 Validation of Strength Criteria in CalME 

Based on the previous example of the AC long life surface layer strength criteria, the pavement fatigue cracking 

performance of structures with the two materials that fall in the criteria range and two materials that fail the criteria 

range were simulated in CalME. The simulation was performed using the AC long life project on Interstate 5 in 

Sacramento County. The input information for pavement structure, traffic, and climate are shown in Table A.4.
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Table A.4: Inputs for CalME Simulation with Changing Surface Materials 

Structure Material Thickness (mm [ft.]) Traffic Climate Zone 

Layer 1 New AC material 61 (0.2) 

Design life: 40 years* 
Growth rate: 5% 

Traffic index: 14.0 
Total ESALs: 41 million 

Inland Valley 

Layer 2 HMA Type A 25% RAP PG 64-16 I-5 
Sacramento AC long life intermedia layer 122 (0.4) 

Layer 3 HMA Type A 15% RAP PG 64-16 I-5 
Sacramento AC long life rich bottom layer 61 (0.2) 

Layer 4 Aggregate base 610 (2) 

Layer 5 Subgrade clay soil Infinite 

 

The fatigue cracking performance in CalME is simulated through the damage caused by tensile strain at the 

bottom of the asphalt layer. CalME implements an incremental-recursive approach to update damage on the 

material stiffness curve during the loading cycles. The fatigue life is defined when the fatigue cracking reaches 

5% of the surface area. The simulation results for the surface layer are shown in Table A.5. Two asphalt 

mixtures (Virgin_5 and Virgin_6) were selected as representative mixtures that passed the Strength criteria. 

Virgin_5 satisfies the criteria determined from 95% CI (above the 95% CI lower bound representing pass for 

minimum stiffness requirement and below the 95% CI upper bound representing pass for minimum StrainNf1M 

requirement) while Virgin_6 meets the criteria determined directly from the regression line (above the 

regression line is pass for minimum stiffness requirement and below the regression line is pass for minimum 

StranNf1M). The criteria based on the 95% CI would allow a larger range of strength for selecting asphalt 

materials. Meanwhile, two asphalt mixtures (RAP25%_6 and HRAP_16H_3) were included for comparison as 

they fail the maximum Strength criterion. As all the asphalt mixtures in the current CalME database meet the 

minimum Strength criterion, no simulation was performed for mixtures failing the minimum strength 

requirement. The simulated fatigue cracking results for these four mixtures showed that Virgin_5 meeting the 

Strength criteria from 95% CI has the longest fatigue life while the rest of the materials which pass the minimum 

Strength criterion show slightly lower fatigue lives. 

 
Table A.5: Fatigue Cracking Simulation in CalME for Surface Layer 

Asphalt Mixture for Layer 1 Strength 
(psi) 

Passing Strength Criteria 
(Yes/No) Fatigue Life 

Nf (Year) Minimum Maximum 
Virgin_5 (0% RAP with AR binder, PG 70-10 + CRM) 141 Yes Yes 38.7 
Virgin_6* (0% RAP with AR binder, PG 64-16 + CRM) 129 Yes Yes 8.7 
RAP25%_6 ( 25% RAP with neat binder, PG 64-16) 208 Yes No 14.7 
HRAP_16H_3 ( 40% RAP with neat binder, PG 64-10) 215 Yes No 25.8 
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As for validating the strength criteria of the intermediate layer, the same CalME inputs—including structure 

thickness, traffic, and climate zone—were used. The material in layer 2 for this case was selected from those 

asphalt mixtures passing the strength criterion and compared with those that do not pass. Table A.5 provides the 

CalME simulation results for two materials that meet the Strength criteria for the intermediate layer 

(HRAP_5H_1 and RAP25%_6), two materials that fail the minimum Strength criterion (HRAP_0H_2 and 

RAP25%_7) and one material that fails the maximum Strength criterion (RAP15%_10). The fatigue lives of 

pavement with RAP25%_7 and HRAP_0H_2, which fail the minimum Strength criterion are slightly lower than 

the ones passing criteria. However, the fatigue life of RAP15%_10, which passes the minimum Strength but fails 

the maximum Strength, is close to the two mixtures passing the criteria. There were insufficient test results for 

rich bottom mixes to do a similar analysis for that layer. 

 
Table A.6: Inputs for CalME Simulation with Changing Intermediate Materials 

Structure Material Thickness (mm [ft.]) Traffic Climate Zone 

Layer 1 HMA Type A 15% RAP PG 64-28 PM I-5 
Sacramento AC long life surface layer 61 (0.2) 

Design life: 40 years 
Growth rate: 5% 

Traffic index: 16.0 
Total ESALs: 126 million 

Inland Valley 

Layer 2 New AC material for Intermediate layer 122 (0.4) 

Layer 3 HMA Type A 15% RAP PG 64-16 I-5 
Sacramento AC long life rich bottom layer 61 (0.2) 

Layer 4 Aggregate base 610 (2) 

Layer 5 Subgrade clay soil Infinite 

Note: A 20 year design life was assumed for the simulation, while the actual Sacramento I-5 project had a 40 year design life. 

 

Table A.7: Fatigue Cracking Simulation in CalME for Intermediate Layer 

Asphalt Mixture for Layer 1 Strength 
(psi) 

Passing Strength Criteria 
(Yes/No) Fatigue Life 

Nf (Year) 
Minimum Maximum 

HRAP_5H_1 (20% RAP + 3% RAS with neat binder, PG 58-22) 170 Yes Yes 11.6 
RAP25%_6 ( 25% RAP with neat binder, PG 64-16) 173 Yes Yes 11 
HRAP_0H_2 ( 40% RAP with neat binder, PG 58-22) 120 No Yes 7.5 
RAP25%_7 (25% RAP with neat binder, PG 64-16) 155 No Yes 10.5 
RAP15%_10 (15% RAP with neat binder, PG 64-16) 215 Yes No 11.6 
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APPENDIX B EXAMPLE FOR DETERMINING STRENGTH CRITERIA 
FOR PROJECTS WITH NO PERFORMANCE-RELATED SPECIFICATION 

For those asphalt pavement projects that do not have performance-related testing requirements developed from 

testing of mixes in a region specifically for the given project, an alternative approach is based on the mean value 

of HMA stiffnesses in the CalME standard materials library. The distribution of stiffnesses of HMA at 10 Hz and 

68°F (20°C) from the flexural beam frequency sweep tests is shown in Figure B.1, with a mean value of 1,028 ksi. 

In California, base asphalt binders with different PGs are required based on the climate zones. Therefore, the 

detailed stiffnesses distribution of each PG base binder was plotted separately in Figure B.2, along with the mean 

value. 

 

 
Figure B.1 Histogram of HMA stiffness from CalME material library. 
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Note: PG 64-XX and PG 70-XX indicate mean results for all PG 64 and PG 70 mixes, respectively. 

Figure B.2 Histograms of HMA stiffness (ksi) with different base binder PGs from CalME material library. 

 

To ensure a reasonable range of strength criterion, the Strengthmin value needs to be lower than the Strengthmax. 

According to the equations between initial flexural stiffness (E50) and Strength, E50 and StrainNf1M, and 

StrainNf1M and Strength, E50 is the primary variable controlling both the minimum and maximum value of 

Strength for the projects with no PRS. The correlations used were between flexural stiffness and fatigue life tests 

at 68°F (20°C) and IDEAL-CT tests at 77°F (25°C)S. If the selected E50 is too high or too low, there is a chance 

that the minimum strength calculated based on the positive relationship between E50 and Strength would be larger 

than the maximum strength obtained from the negative relationship between strength and StrainNf1M.  

 

After trial and error, it was found that when E50 is larger than 950 ksi, the Strengthmin will be larger than the 

Strengthmax. Therefore, the base binder of PG 64-28 was selected as an example here to verify this alternative 

approach due to relatively lower mean flexural stiffness. The mean stiffness for materials with PG 64-28 binder 

is 547 ksi. The corresponding StrainNf1M was then calculated as 418.6 microstrain. The maximum Strength value 

could be obtained based on the upper bound of the 95% confidence interval for the linear relationship between 

Strength from the IDEAL-CT test and StrainNf1M from 4PB test, and the minimum Strength was obtained from 

the lower bound of the 95% confidence interval for the linear relationship between Strength from the IDEAL-CT 

test and initial stiffness from the 4PB test, shown previously in Figure 10.1 and Figure 10.4. As a result, the 

Strength criteria range was determined to be Strengthmin = 129 psi and Strengthmax = 159 psi using Equation 10.1 

and Equation 10.5, shown in Figure B.3 and Figure B.4. 
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Note: The 95% confidence interval range for strength value is [129 psi, 148 psi], and the strength value on the regression 
line is 138 psi. 

Figure B.3 Determination of Strengthmin. 

 

  
Note: The 95% confidence interval range for strength value is [132 psi, 159 psi], and the strength value on the regression 
line is 145 psi. 

Figure B.4 Determination of Strengthmax. 

 

The detailed simulation input information is given in Table B.1. Because the binder PG 64-28 is required for the 

High Mountain (or High Desert) climate region, this region was selected for the simulation of a new AC pavement. 

The fatigue life obtained from the CalME fatigue cracking simulation results is listed in Table B.2. The asphalt 

mixtures that meet the Strength criteria based on the mean stiffness value had highest fatigue lives. The 
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HRAP_16H_3 mix exceeded the upper limit of the Strength criteria range, and it offered a slightly lower fatigue 

life, while the HRAP_0H_2 and Virgin_6 mixes failed the Strengthmin requirement and lasted less than one year 

in the CalME simulation before fatigue failure. 

 
Table B.1: Inputs for CalME Simulation of New AC Pavement 

Structure Material Thickness [mm (ft.)] Traffic Climate Zone 
Layer 1 New AC material 244 (0.8) Design life: 20 years 

Growth rate: 5.2% 
Traffic index: 16.0 

Total ESALs: 126 million 

High Mountain Layer 2 Aggregate base 305 (1) 
Layer 3 Subgrade clay soil Infinite 

 
Table B.2: Fatigue Cracking Simulation Results from CalME of New AC Pavement 

Asphalt Mixture for Layer 1 Strength 
(psi) 

Passing Strength Criteria 
(Yes/No) Fatigue life 

Nf (Year) Minimum Maximum 
Virgin_5* ( 0% RAP with AR binder, PG 70-10 + CRM) 149 Yes Yes 9.4 
Virgin_7 (0% RAP with AR binder, PG 64-16 + CRM) 141  Yes Yes 6.5 
HRAP_16H_3 (40% RAP with RA, PG 64-10) 208 Yes No 5.2 
Virgin_6 (0% RAP with AR binder, PG 64-16 + CRM) 129 No Yes 0.8 
HRAP_0H_2 (40% RAP with neat binder, PG 58-22) 120 No Yes 0.5 

 

Another simulation case of rehabilitation pavement structure of AC overlay on an existing cracked AC layer was 

also included to investigate the application of mean stiffness as the criteria for evaluating the reflective cracking 

of non-PRS projects. The stiffness distribution of RHMA, which is a commonly used as an AC overlay material 

at a frequency of 10 Hz and temperature of 68°F (20°C) in the CalME library, is shown in Figure B.5, with a mean 

value of 598 ksi. Following the procedure proposed in Figure 10.5, the Strength criteria range was determined to 

be 137 to 161 psi, shown in Figure B.6 and Figure B.7. 
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Figure B.5 Histogram of RHMA stiffness from CalME material library. 

 

 
Note: The 95% confidence interval range for strength value is [137 psi, 153 psi], and the strength value on the regression line 
is 145 psi. 

Figure B.6 Determination of Strengthmin based on mean stiffness of RHMA. 
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Note: The 95% confidence interval range for strength value is [137 psi, 162 psi], and the strength value on the regression line 
is 137 psi. 

Figure B.7 Determination of Strengthmax based on mean stiffness of RHMA. 

 

The reflective cracking simulations were then performed in CalME, with two materials passing the Strength 

criteria and two materials failing the Strength criteria. The inputs for the CalME reflective cracking simulation 

are shown in Table B.3. Given the selected structure information, traffic, and climate zone, the simulated reflective 

cracking results of two materials passing the Strength criteria and two materials outside the Strength criteria range 

are shown in Table B.4. The materials satisfying the Strength requirement have better reflective cracking 

performance, and the material that fails the minimum strength requirement has much lower fatigue life while the 

one that fails the maximum strength requirement shows comparable reflective cracking resistance with the ones 

that pass the criteria. 

 
Table B.3: Inputs for CalME Simulation of RHMA Over Cracked AC Pavement 

Structure Material Thickness (mm [ft.]) Traffic Climate Zone 
Layer 1 New AC material 61 [0.2] Design life: 20 years 

Growth rate: 5.2% 
Traffic index: 10.0 

Total ESALs: 2 million 

North Coast 
Layer 2 Cracked old AC 107 [0.35] 
Layer 3 Aggregate base 305 [1] 
Layer 4 Subgrade clay soil Infinite 
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Table B.4: Reflective Cracking Simulation Results from CalME of RHMA Over Cracked AC Pavement 

Asphalt Mixture for Layer 1 Strength 
(psi) 

Passing Strength Criteria 
(Yes/No) Fatigue Life 

Nf (Year) Minimum Maximum 
Virgin_5 (0% RAP with AR binder, PG 70-10+ 20% CRM) 141 Yes Yes 6.7 
Virgin_7* (0% RAP with AR binder, PG 64-16 + 20%CRM) 149 Yes Yes 6.9 
HRAP_0H_2 (40% RAP with neat binder, PG 58-22) 120 No Yes 2.3 
HRAP_5H_1 (20% RAP + 3% RAS with neat binder, PG 58-22) 170 Yes No 7.0 

Notes: * is the mixture that only meets the 95% CI criteria and not the criteria from regression line. HRAP_0H_2 fails the minimum Strength 
criterion. HRAP_5H_1 fails the maximum Strength criterion. 
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