
ABSTRACT 

KOLLIPARA, PRASAD RAO VENKATESH. In-Depth Evaluation of the Effects of 

Tensile Strength Ratios on Service Life and Pay Factors of Asphaltic Pavements. (Under 

the direction of Dr. N. Paul Khosla.) 

 

Indirect Tensile Strength Tester is used to evaluate a mixture’s moisture sensitivity. The 

evaluation of moisture sensitivity is performed by measuring the indirect tensile strength 

values of both conditioned and unconditioned mixture. For conditioning, a mixture 

sample is subjected to saturation and immersion in a heated water bath to simulate field 

conditions over time. Strength loss is then evaluated by comparing indirect tensile 

strengths of an unconditioned control group to those of the conditioned samples. The 

ratio of indirect tensile strength values of conditioned mixture to indirect tensile strength 

values of unconditioned mixture is termed as Tensile Strength Ratio (TSR). If the average 

retained strength of the conditioned group is less than eighty-five percent of the control 

group strength, the mix is determined to be moisture susceptible. This indicates that the 

combination of asphalt and aggregate would fail prematurely due to water damage.  

 

An exclusive dependency on the TSR values may be misleading in many cases. The 

individual values of tensile strength of conditioned and unconditioned mixture specimens 

in conjunction with TSR values should be employed in assessing the effect of water 

damage on the performance of pavements. 

 



In order to achieve this objective, the fatigue and rutting performance of both conditioned 

and unconditioned mixture specimens were evaluated with the aid of SUPERPAVETM 

Shear Tester (SST) tests. The Castle Hayne mixture that was determined to be the lowest 

moisture susceptible from the TSR results showed the lowest % decrease in mixture 

performance (fatigue and rutting) of conditioned mix when compared to its 

unconditioned Castle Hayne mix. The Fountain mixture that was determined to be the 

highest moisture susceptible from the TSR results showed the highest % decrease in 

mixture performance of conditioned mix when compared to its unconditioned Fountain 

mix.    

 

The methodology of development of pay adjustment factors is suggested based on rutting 

and fatigue performance. The critical tensile strength value of 85 psi for 0.5 inch rut 

depth is extrapolated from the regression relationship established between rut depths and 

Indirect Tensile Strength values was used as a guiding value in suggesting the 

methodology for the development of pay adjustment factors based on rutting 

performance. The regression relation was established between the indirect tensile strength 

and fatigue life. The relationship showed the increase of fatigue life with increase in 

indirect tensile strength. The fatigue life corresponding to unconditioned tensile strength, 

85% of unconditioned tensile strength and conditioned strength were calculated. The 

methodology of pay adjustment factors was suggested based on these values. The 

deciding pay adjustment factor is suggested based on either fatigue performance or 

rutting performance depending on the mixture. 
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1 INTRODUCTION AND LITERATURE REVIEW 

 

1.1 INTRODUCTION 

Many factors contribute to the degradation of asphalt pavements. When high quality 

materials are used, distresses are typically due to traffic loading, resulting in rutting or 

fatigue cracking. Environmental conditions such as temperature and water can have a 

significant effect on the performance of asphalt concrete pavements as well. Moisture is 

the major climatic condition that adversely affects the quality of asphalt concrete. 

 

Moisture may damage asphalt concrete in three ways. The moisture may combine with 

the asphalt resulting in a loss of cohesion of the asphalt film. The water may also cause 

failure of the bond at the asphalt aggregate interface. Finally, degradation of the 

aggregate may result as the moisture in the asphalt concrete freezes. The loss of cohesion 

and the failure of the asphalt bond with the aggregate are defined as stripping. Stripping 

in asphalt pavements can lead to premature failure of the pavement system. 

     

Stripping of an asphalt concrete mixture takes place when adhesion is lost between the 

aggregate surface and the asphalt cement. The loss of adhesion is primarily due to the 

action of moisture. Modes of failure, as a result of stripping, include raveling, rutting, 

shoving and cracking. 

 

 The SuperpaveTM   mix design system incorporates a test for moisture sensitivity as part 

of the mix design process. The goal in a mix design is to accurately predict a mixture’s 
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propensity to strip while in service. To better understand the theories and principles 

currently utilized, a detailed discussion is presented. 

 

1.2 Theories of Moisture Susceptibility 

 As states earlier moisture affects asphalt mixes in three ways; loss of cohesion, loss of 

adhesion, and aggregate degradation. The loss of cohesion and adhesion are important to 

the process of stripping. A reduction in cohesion results in a reduction in strength and 

stiffness. The loss of adhesion is the physical separation of the asphalt cement and 

aggregate, primarily caused by the action of moisture. 

 

The air void system in the asphalt concrete provides the means by which moisture can 

enter the mix. Once moisture is present through voids or from incomplete drying during 

the mixing process, it interacts with the asphalt-aggregate interface. 

 

1.2.1 Theory of Adhesion 

The loss of adhesion is explained in current literature using one or a combination of four 

theories. The theories include chemical reaction, mechanical adhesion, surface energy 

and molecular orientation. Chemical reaction is a possible mechanism for adhesion of the 

asphalt cement to the aggregate surface. Research indicates that better adhesion may be 

achieved with basic aggregates than with acidic aggregates but, acceptable asphalt mixes 

have been made with all types of the aggregate. Recent studies concentrating on the 

chemical interactions at the asphalt aggregate bond have found adhesion to be unique to 

individual material combinations. Mechanical adhesion depends primarily on the physical 
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properties of the aggregate such as surface texture, surface area, particle size and 

porosity. A rough porous surface absorbs asphalt and the greater surface area promotes 

greater aggregate interlock. The surface energy theory explains the wettability of the 

aggregate surface by the asphalt and water. Water has a lower viscosity and lower surface 

tension than asphalt cement and thus a better wetting agent. The final theory is regarding 

the molecular orientation, according to which molecules of asphalt align with aggregate 

surface charges. Since water is entirely dipolar, there exist a preference for water 

molecules over asphalt.  

 

 Current literature suggests seven factors that affect adhesion and were used to develop 

the theories: 

 

1) Surface tension of the asphalt cement and aggregate 

2) Chemical composition of the asphalt cement and the aggregate 

3) Asphalt viscosity 

4) Surface texture of the aggregate 

5) Aggregate porosity 

6) Aggregates cleanliness 

7) Aggregate moisture content and temperature at the time of mixing 

 

1.2.2 Theory of Cohesion     

Cohesion is defined as the molecular attraction by which the particles of a body are 

united throughout the mass. In compacted asphalt concrete, cohesion may be explained as 
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the overall integrity of the material when subjected to load or stress. On a micro scale, in 

the asphalt film surrounding the aggregate, cohesion can be considered the resistance to 

deformation under load that occurs at a distance from the aggregate, beyond the 

influences of mechanical interlock and molecular orientation. If the adhesion between 

aggregate and asphalt is adequate, cohesive forces will develop in the asphalt matrix. It 

may be thought of as the initial resistance since it is independent of applied load. 

Quantitatively, cohesion is the magnitude of the intercept of the Mohr envelope in a 

Mohr Diagram. A loss of cohesion is typically manifested as softening of the asphalt 

mixture. 

 

Cohesive forces are influenced by the mix properties such as viscosity of the asphalt-

mineral filler system.. The cohesive forces in an asphalt concrete mix are inversely 

proportional to the temperature of the mix. Typically the stability test, resilient modulus 

test or tensile strength test measures cohesive resistance. A mechanical test such as the 

tensile strength test primarily measures overall effects of moisture induced damage. As a 

result, the mechanisms of cohesion and adhesion cannot be distinguished separately in 

the test results. 

 

1.3 Factors affecting Moisture Susceptibility 

 In many cases, in-place properties and service conditions of HMA pavements induce 

premature stripping in asphalt pavements. An understanding of these factors is important 

to investigate and solve the problem of moisture induced damage. Three indicators of 

stripping, white spots, fatty areas, and potholes, usually start at the bottom of the HMA 
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layer and continue upward. The surface of the pavement is exposed to high temperatures 

and long drying periods whereas the bottom of the HMA layer experiences longer 

exposures to moisture and lower temperatures. 

 

1.3.1 Mixture Consideration 

The physio-chemical properties of the aggregate are important to the overall water 

susceptibility of an asphalt pavement. Chemical and electrochemical properties of the 

aggregate surface in the presence of water have a significant effect on stripping. 

Aggregates that impart a low pH value to water are more susceptible to stripping. These 

aggregates are classified as hydrophilic, or water loving. A hydrophobic aggregate 

typically exhibit low silica contents and is generally basic. Hydrophobic aggregates such 

as limestone provide better resistance to stripping. 

 

Excessive dust coating on the aggregate can prevent a thorough coating of asphalt cement 

on the aggregate. Fine clays may also emulsify the asphalt in the presence of water. Both 

conditions increase the probability of an asphalt mix to strip prematurely. High moisture 

contents in the mineral aggregates before mixing with the asphalt cement can also 

increase the potential for stripping. However, most states require adequate temperatures 

to assure dry aggregate. Degradation of aggregate HMA mixes also contributes to 

stripping. Broken aggregates from compacting and traffic loading expose new surfaces. 

These uncoated surfaces absorb water and initiate premature stripping. 
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 The viscosity of the asphalt does play a role in the propensity of the asphalt mix to strip. 

It has been documented that high viscosity asphalt resist displacement by water better 

than those that have a low viscosity. High viscosity asphalt provide a better retention of 

asphalt on the aggregate surface. However, a low viscosity is advantageous during 

mixing because of increased coatability, providing a more uniform film of asphalt over 

the aggregate particles. Based on the theory of adhesion presented earlier the properties 

of asphalt cement and aggregate materials directly influence the adhesion developed 

between the mix components. 

 

 The type of HMA has been related to the water susceptibility of mix. Open graded base 

courses and surface treatments comprise the majority of pavement failures due to 

premature stripping. Both mixes are more permeable to water when compared to dense 

graded mixes. Surface treatments have been observed to be particularly susceptible to 

stripping. A well compacted, dense graded hot mix provides better moisture resistance. 

Water susceptibility can be further minimized with full depth asphalt pavement. Dense 

graded bases found in full depth pavements act as a moisture barrier between the subbase 

and the surface course.   

 

1.4 Current Test methods utilized in evaluation of moisture susceptibility 

Numerous test methods have been developed and used to evaluate the moisture 

susceptibility of HMA mixes. Tests for stripping are used to assess the following: 

 

 The degree of moisture sensitivity in asphalt mixes. 
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 The benefits of anti-stripping agents to decrease water susceptibility in asphalt mixes. 

 

Typically the test for evaluation contains a conditioning phase and an evaluation phase. 

The conditioning phase simulates in service conditions that increases water sensitivity, 

usually this includes a period of exposure to moisture. The evaluation phase may be 

qualitative or quantitative. A qualitative test estimates water susceptibility by visual 

inspection, whereas a quantitative test measures a strength parameter. Often in 

quantitative testing, one sample is conditioned and another tested dry, then a ratio is 

computed for conditioned strength versus unconditioned strength. Under the SHRP 

method of mix design the Modified Lottman test (AASHTO T-283) is used to assess 

moisture susceptibility. In addition to this, Simple Shear Tester (SST) can also be used to 

evaluate the moisture sensitivity of asphalt mixtures. 
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2 RESEARCH APPROACH AND METHODOLOGY 

 

2.1 Introduction 

Evaluation of a mixture’s moisture sensitivity is currently the final step in the Superpave 

volumetric mix design process. This step is accomplished by performing the AASHTO 

T-283 test. This test consists of a conditioning phase, where the sample is subjected to 

saturation and immersion in a heated water bath to simulate field conditions over time. 

Strength loss is then evaluated by comparing indirect tensile strengths of an 

unconditioned control group to those of the conditioned samples. If the average retained 

strength of the conditioned group is less than eighty-five percent of the control group 

strength, the mix is determined to be moisture susceptible. This indicates that the 

combination of asphalt aggregate would fail due to water damage during the early part of 

the service life of the pavement. 

 

Currently, the standard procedure for AASHTO T-283 allows for a range of values in the 

test variables of sample air voids and degree of saturation. As the SuperpaveTM   mix 

design system is adopted it should include a precise and accurate method for determining 

the moisture sensitivity of the asphalt concrete mixture. Therefore, it is necessary to 

determine the influence testing variables have on indirect tensile strengths and the 

resulting tensile strength ratio (TSR). Part of the SuperpaveTM mix design system is the 

SHRP Shear Tester (SST). As the SST is incorporated into the mix design process it 

would be advantageous to determine if standard mix analysis test are capable of 

determining moisture susceptibility in a mix.  
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A exclusive dependency on the TSR values may be misleading in many cases. The 

individual values of tensile strength of conditioned and unconditioned specimens in 

conjunction with TSR values should be employed in assessing the effect of water damage 

on performance of pavements.  For example, let us review the hypothetical TSR data for 

two different mixes in Table 1 

 

 

Table 2.1 Hypothetical TSR Data 

 Tensile Strength 
(psi) 

 

Mix Unconditioned Conditioned TSR(%) 

A 180 141 78 

B 140 116 83 

 

The mixes A and B have TSR values of 78% and 84%, respectively. Even though both 

the mixes do not meet the criteria of a minimum TSR value of 85%, the conditioned 

tensile strength of a mix A is higher than the unconditioned tensile strength of mix B. 

Furthermore, the effect of using mix A will not be as detrimental on the pavement 

performance as compared to the case if mix B were to be used as a surface course in a 

given pavement structure. It is evident that the individual tensile strength of the mixtures 

after conditioning will govern the rutting and fatigue life of the mixture. Therefore, the 

penalty, if any, levied on the contractor should be different in both cases. 
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In view of the above reasoning, it is of paramount importance that a detailed evaluation 

of the effect of the individual tensile strengths of unconditioned and conditioned mixes in 

conjunction with the TSR values on pavement performance be conducted to arrive at 

meaningful penalty factors. 

 

The following sections describe the proposed objectives and approach that would explore 

the answers to these questions. 

 

2.2 Objective and Scope of Study 

In order to address the concerns and questions raised above, the primary objectives of this 

study was to: 

1. Evaluate the tensile strengths of conditioned and unconditioned specimens and their 

tensile strength ratios (TSRs) for mixtures with different aggregates and gradations 

2) Conduct a detailed evaluation of mixtures in (1) above with respect to rutting and 

fatigue characteristics. 

3) Using the characteristics of the mixtures in (2) above, perform analysis of the service 

life of pavement structures, presumably built with these mixtures. 

4) Using the quantitative parameters of service life in (3) above, recommend a 

methodology to develop a scale for adjustment in pay factors to the contractors. 
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2.3 Research Approach and Methodology 

Evaluating the moisture sensitivity of a mixture is currently the final step in the 

Superpave volumetric mix design process. This step is accomplished by performing the 

AASHTO T-283 test. This step consists of a conditioning phase, where the sample is 

subjected to saturation and immersion in a heated water bath to simulate field conditions 

over time. Strength loss is then evaluated by comparing indirect tensile strengths of an 

unconditioned control group to those of the conditioned samples. If the average retained 

strength of the conditioned group is less than eighty-five percent of the control group 

strength, the mix is determined to be moisture susceptible. This indicates that the 

combination of asphalt and aggregate would fail due to water damage during the early 

part of the service life of the pavement. 

 

 Exclusive dependency on the TSR values may be misleading in many cases. The 

individual values of tensile strength of conditioned and unconditioned specimens in 

conjunction with TSR values should be employed in assessing the effect of water damage 

on the performance of pavements 

 

 In order to achieve this objective, the effect of the reduced tensile strength values on the 

service life of the pavements was evaluated by performing detailed characterization of the 

various mixtures with the aid of SST and APA. The relationships developed among the 

various test parameters provided the means to establish meaningful penalty pay factors 

for failure to meet the prescribed criteria for moisture sensitivity    
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The research plan had the following four main tasks: 

1. The mix designs were performed with the three aggregate types and one asphalt 

binder for 12.5 mm and 9.5 mm mixtures. 

2. Evaluation of moisture sensitivity of the mixtures using Indirect Tensile Strength 

test (ITS). 

3. Performance based testing of mixtures with and without moisture damage using 

SST and APA, and analysis of the service life of pavement structures was 

conducted. 

4. Analysis of the service life of the pavements for the pay factors was conducted. 

 

A flow diagram for the work plan is shown in Figure 2.1. Table 2.2 includes the 

experimental plan for this research work. 
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                                       Figure 2.1 Flow diagram for the Work Plan 

        Obtain Materials 
 3 Aggregate types 
 One Asphalt binder 

 

 
           Conduct Mix design for all 
combinations of 9.5 mm and 12.5mm 
mixtures 

 
Perform APA tests 
on specimens with 
and without 
moisture damage  

ITS and TSR 
Tests 

Perform RSCH and 
FSCH Tests with SST 
on specimens with and 
without moisture 
damage and evaluate 
Fatigue and Rutting 
Characteristics 

Analyze Test Data and develop 
relationships among different test 
parameters 

Draw conclusions and provide a 
methodology for the development 
of Pay Adjustment Factor. 
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Table 2.2 The Experimental Plan for this Research Study. 
 

  
Unconditioned Sample Replicates            
 for the following test                 
                                                                  

  
Unconditioned Sample Replicates                
 For the following test                 
    
                                                                

 
Gradation 

 
Aggregate 
Source 

APA FSCH RSCH ITS APA FSCH RSCH ITS 

 
 
   A 
 

 
 
2 

 
 
3 

 
 
3 

 
 
3 

 
 
2 

 
 
3 

 
 
3 

 
 
3 

 
 
   B 

 
 
2 

 
 
3 

 
 
3 

 
 
3 

 
 
2 

 
 
3 

 
 
3 

 
 
3 

 
 
 
 
 
 
9.5mm  
 

 
  
   C 

 
 
2 

 
 
3 

 
 
3 

 
 
3 

 
 
2 

 
 
3 

 
 
3 

 
 
3 

 
 
   A 

 
 
2 

 
 
3 

 
 
3 

 
 
3 

 
 
2 

 
 
3 

 
 
3 

 
 
3 

 
 
   B 

 
 
2 

 
 
3 

 
 
3 

 
 
3 

 
 
2 

 
 
3 

 
 
3 

 
 
3 

 
 
 
 
 
 
 
 
12.5mm 

 
 
   C 

 
 
2 

 
 
3 

 
 
3 

 
 
3 

 
 
2 

 
 
3 

 
 
3 

 
 
3 
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Task 1: Materials and Mix Designs 

Three aggregate types, one asphalt binder and two gradation types (12.5 and 9.5 mm 

mixtures) were used for this work. The three aggregate types had a different level of 

moisture sensitivity. They were: 

 

1) Marine Limestone from the castle Hayne quarry in Castle Hayne, NC – with naturally 

low moisture sensitivity. 

2) Slate Aggregate from the Asheboro quarry, NC – with moderate moisture 

susceptibility. 

3) Granite Gneiss from the Fountain quarry near Rocky Mount, NC - with high 

propensity to strip. 

 

Preliminary tests on aggregates were performed. The mixtures were compacted using the 

Superpave gyratory compactor. After selecting the aggregate types and gradations, the 

Superpave mix designs were performed to select an optimum aggregate gradation and 

optimum asphalt content. The volumetric properties of all the mixtures were studied. The 

performance of the mixtures was evaluated using the SST and ITS tests. The mixture 

performance depends mainly on its aggregate structure and its aggregate-asphalt bond. 

The moisture sensitivity of a mixture depends on the aggregate-asphalt bond. For a 

meaningful comparison of moisture sensitivity of a mixture, a common aggregate 

structure was selected all the three mixtures made of the three different aggregate types.  
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Task 2: Evaluation of Moisture Sensitivity 

After the design of mixtures for optimum aggregate gradation and asphalt content, the 

moisture sensitivity of the mixtures was evaluated. The calculation of the tensile strength 

ratio (TSR) in accordance to AASHTO T-283 is the standard method under the 

Superpave mix design system to evaluate a mixture’s moisture sensitivity. A sample set 

was conditioned by saturation and immersion to simulate the moisture damage of a 

mixture in field. The indirect tensile strength of the unconditioned and conditioned sets 

was compared to evaluate the moisture damage induced by conditioning. This loss of 

cohesion and adhesion manifests itself in a loss of tensile strength of the mix. 

 

Task 2.1: Indirect Tensile Strength Test 

It involves measuring a strength parameter, known as indirect tensile strength (ITS) of 

conditioned and unconditioned samples. The samples are conditioned as prescribed in 

AASHTO-283 (Resistance of Compacted Bituminous Mixture to Moisture Induced 

Damage). This test consists of conditioning samples, standard six-inch specimens and 

testing them in indirect tension. Three specimens were tested each for unconditioned and 

conditioned states, respectively.  

 

The tensile strength for each specimen were computed as follows: 

St = 2*P/πtD 

where  

St = tensile strength 

P = maximum load  
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T = specimen height 

D= specimen diameter 

 

The tensile strength ratio is calculates as follows: 

TSR = Stm/Std *100 

Where 

Stm = average tensile strength of the moisture-conditioned subset 

Std = = average tensile strength of the unconditioned subset 

Under AASHTO T-283, two influential variables in sample conditioning are specimen air 

voids and degree of saturation. Specimen air voids were selected as 7% and the degree of 

saturation was done in a narrow range (69%-75%) to minimize variability in the test data. 

 

Task 3: Performance Based Testing 

The mixtures were evaluated for their performance to fatigue and rutting distresses. 

Performance evaluation tests were conducted on both conditioned and unconditioned 

specimens to investigate the effect of moisture damage on fatigue and rutting 

characteristics of the mixture. The conditioned and unconditioned specimens were 

evaluated using the Simple Shear Tester and the Asphalt Pavement Analyzer. 

The following tests were conducted on conditioned as well as unconditioned specimens: 

1. Frequency sweep at constant height (FSCH) 

2. Repeated shear at constant height ( RSCH)  

3. Asphalt Pavement Analyzer (APA). 
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Task 3.1: Frequency sweep at Constant Height (FSCH) 

The frequency sweep test at constant height is used to analyze the permanent deformation 

and fatigue cracking. It uses a dynamic type of loading to measure linear viscoelastic 

properties of the asphalt concrete. During the test, axial and shear loads and deformations 

are measured and recorded. A repeated shearing load is applied to the specimen to 

achieve a controlled shearing strain of 0.05 percent. Testing is performed at each of the 

following loading frequencies: 10, 5, 2, 1, 0.5, 0.2, 0.1, 0.05, 0.02 and 0.01 Hz. From the 

test results, the following mix properties are determined: 

• Dynamic shear modulus 

• Phase angle Vs frequency 

The FSCH test were performed on specimens with and without moisture damage to 

evaluate the effect of moisture damage on fatigue cracking. 

 

Task 3.2: Repeated Shear at Constant Height (RSCH) 

The repeated shear test at constant height is performed to identify an asphalt mixture that 

is prone to tertiary rutting. Tertiary rutting occurs at low air void contents and is the result 

of bulk mixture instability. The accumulation of plastic shear strain in a mixture under 

repeated loading gives an indication about the mixture’s resistance to rutting.  In this test, 

repeated synchronized shear and axial load are applied to the specimen. The test 

specimens are subjected to load cycles of 5000 cycles or until the permanent strain 

reaches five- percent.  One load cycle consists of 0.1-second load followed by 0.6-second 

rest period. The permanent shear strains are measured in this test. The repeated shear tests 

were conducted for both conditioned and unconditioned specimens.  
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Task 3.3: Asphalt Pavement Analyzer (APA) 

Placing samples under repetitive loads of a wheel-tracking device, known as Asphalt 

Pavement Analyzer (APA) was used assess the rutting susceptibility of the mixtures. 

APA is the new generation of the Georgia Loaded Wheel Tester (GLWT). The APA has 

additional features that include a water storage tank and is capable of testing both 

gyratory and beam specimens. Three beam or six gyratory samples can be tested 

simultaneously. 

 

The APA basically consists of three parallel steel wheels, rolling on a pressurized rubber 

tube, which applies loading to beam or cylindrical specimens in a linear track. The test 

specimens, loading tubes and wheels are all contained in a thermostatically controlled 

environmental chamber. The depth of rutting in the test specimens was measured after the 

application of 8000 loading cycles.  

. 

Task 3.4: Analysis of the Service life of the Pavement Structure with and without 

Moisture Damage 

The results of the FSCH and RSCH tests were used to investigate the effect of the 

moisture damage to the mixtures on the service life of a pavement structure. The service 

life of a pavement structure is evaluated by performing rutting and fatigue analysis. A 

brief summary of the procedure for rutting and fatigue analysis is presented in the 

following sections. 
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Task 3.4.1:  Fatigue Analysis 

It should be noted that fatigue distress is a function of and dependent on both mixture 

properties as well as the pavement structural layer thickness. The fatigue analysis 

procedure requires an estimate of the flexural stiffness modulus (So) of the asphalt-

aggregate mix at the desired temperature. In this investigation, it is assumed that the 

effective temperature for fatigue cracking is 20oC. This estimated flexure stiffness is used 

in the multilayered elastic analysis to determine the critical strain to which asphalt 

concrete mixture were subjected to under a standard traffic loading .The critical strain is 

then used to compute fatigue life of the mixture. 

 

The flexural properties of mixtures were estimated from the FSCH tests using the 

following equations as per the SHRP model A-003A 

    So   = 8.560(G)0.013        (1) 

    So”  = 81.125 (Go) 0.725        (2) 

Where:  

        So = dynamic flexural stiffness in psi 

        G = dynamic shear stiffness at 10Hz in psi 

        So” = dynamic flexural loss stiffness in psi, and 

        Go  = dynamic shear loss stiffness at 10 Hz in psi 
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The critical tensile strain (εo) under the asphalt concrete layer is evaluated. The following 

equation of the SHRP model A-003A is used to evaluate the laboratory fatigue resistance 

of the asphalt mix. 

Nsupply   = 273800 * e (0.077.VFA) * εo
(–3.624)  * So”(–2.720)   (3) 

where, 

Nsupply        = the number of E18 load repetitions to laboratory fatigue cracking 

εo                = critical tensile strain 

So”           = the initial flexural loss stiffness in psi 

VFA         = the voids filled with asphalt in percent 

 

Task 3.4.2: Rutting Analysis 

 

The rut depth calculations in this study is based on the following relationship of the 

SHRP model A-003A: 

Rut Depth (in.) = 11 x (γp)                                           (4) 

Where, 

  γp = the maximum permanent shear strain in the RSCH test. 

The conversion of the number of RSCH cycles to ESALS is done using the following 

equation: 

Log (Cycles) = -4.36 + 1.24 log (ESALs)            (5) 

Where, 

    ESALs = Equivalent 18 kip single axle load. 
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Using the RSCH test results corresponding to 5000th load application (3 million ESALs) 

depths for mixtures were estimated using Equations 4 and 5.  

 

Task 4 Analysis of service life of the pavements for Pay Factors 

Pay factors were based on the reduction in service life due to moisture damage. The 

moisture damage in asphalt concrete mixture causes reduction in tensile strength and 

cohesion of the mixture. This reduction will strongly influence the service life of the 

pavement in terms of fatigue and rutting life. Fatigue and rutting characteristics were 

predicted by the output parameters of Shear test.  

 

Fatigue Life 

The fatigue life of a pavement is estimated using SHRP surrogate models in terms of the 

number of cycles to failure Nf. The fatigue life is estimated using the following equation: 

 

Nf  = 273800 * e (0.077.VFA) * (εo) –3.624  * (So”) –2.720 

Where: 

Nf        = the number of E18 load repetitions to laboratory fatigue cracking, 

εo                = critical tensile strain, 

So”           = the initial flexural loss stiffness in psi, and  

VFA         = the voids filled with asphalt in percent. 

 

Fatigue life of a pavement depends on the VMA, flexural loss stiffness and the critical 

tensile strain at the bottom of AC layer. The flexural loss modulus was estimated using 
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dynamic modulus G* and phase angle φ, the output parameters of the FSCH test. The 

critical tensile strain at the bottom of the AC layer was estimated using pavement analysis 

software EVERSTRESS considering the pavement structure and flexure properties of the 

mixture evaluated using the FSCH test. 

 

Rutting Performance 

The rutting characteristics of the pavement can be estimated by the permanent shear 

strain (γp) accumulated at the end of 5000 cycles of RSCH test. The rut depth Rd can be 

calculated using the following relationship: 

 

Rd = 11 x (γp) 

 

For a mixture having satisfactory rutting performance, the rut depth estimated using the 

above relationship should not be greater than 0.5 inch, as per the SHRP model. 
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3 MATERIAL CHARACTERIZATION 

 

Asphalt concrete is typically composed of aggregates and asphalt cement. The mix 

designs were performed with the three sources of aggregate and one asphalt binder for 

two gradation types (12.5 mm and 9.5 mm mixtures). 

 

3.1 Aggregates 

Three different aggregates used in this study were 

 Castle Hayne: Due to its low moisture susceptibility, Marine Limestone from the 

Castle Hayne quarry, NC was selected. 

 Asheboro: Because of its moderate moisture susceptibility, Slate aggregate from the 

Asheboro quarry, NC, was selected.  

 Fountain: Because of its high propensity to strip, Granitic Gneiss from the Fountain 

quarry near Rocky Mount, NC was selected. 

 

3.2 Asphalt Binder  
 

PG64-22 binder, Citgo Oil Company’s Savannah Georgia refinery was used for all 

mixtures. The binder properties are presented in Table 3.1. 
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Table 3.1 Asphalt Binder Properties 
 
 

Test Test Method Specifications Test Results 

Unaged Binder 

Specific Gravity @ 15oC(60oF) AASHTO T228 Report 1.034 

Specific Gravity @ 25oC(77oF) AASHTO T228 Report 1.028 

API Gravity Calculated Report 5.3 

Lbs./Gal. ASTM Table 8 Report 8.615 

Flash Point, oC AASHTO T48 > 230oC 278 

Viscosity (Brookfield) @ 135oC ASTM D4402 < 3 Pa-S 0.410 

Viscosity (Brookfield) @ 165oC ASTM D4402 Report 0.135 

Phase Angle, degrees AASHTO TP5 Report 84.8 
Dynamic Shear, 10 rad/sec, 
G*/sinδ @ ToC, in kPa AASHTO TP5 > 1.00 kPa 

64 oC 1.224 

RTFO Aged Residue 

Mass Change, % AASHTO T240 < 1.0 wt % 0.28 

Dynamic Shear, 10 rad/sec, 
G*/sinδ @ ToC, in kPa AASHTO TP5 > 2.20 kPa 

64 oC 2.525 

PAV Aged Residue 

Dynamic Shear, 10 rad/sec, 
G*sinδ @ ToC, in kPa AASHTO TP5 < 5000 kPa 

25 oC 2287 

Creep Stiffness and m value, 60 
sec @ T oC AASHTO TP1 < 300 Mpa 

> 0.300 
S = 145.9 
m = 0.414 

Mixing/Compaction T oC 160oC / 150oC 
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3.3 Design of Asphalt Concrete Mixtures (12.5mm) 

SuperpaveTM mix designs were performed on three sources of aggregates to be evaluated. 

In the mix design process, a single aggregate gradation was arrived at, that was 

acceptable for all three aggregates. Using this trial gradation, samples were made at 

variable asphalt contents and the volumetric properties were determined. From the 

volumetric data, an optimum asphalt content was selected for each aggregate source.  

 

The SuperpaveTM compaction criteria for a mix design is based on three points 

throughout the compactive effort: an initial  (Nini), design (Ndes), and maximum (Nmax) 

number of gyrations. These various levels of gyrations were established from in-service 

pavements with different traffic levels and design temperatures. The Nini, Ndes and Nmax 

for this study are 8,100 and 160 respectively. 

 

The first step in the design of asphalt concrete mixtures is to select the design aggregate 

structure. To select the design aggregate structure, three trial blends were established. 

Any number of trial blends can be attempted, but at least three are recommended. The 

next step was to evaluate the trial blends through compaction of specimens and 

determining the volumetric properties of each trial blend. This was done at the trial 

asphalt binder content for each trial gradation. The trial asphalt binder content is based on 

the estimated effective specific gravity of the blend and an assumption for asphalt 

absorption. 
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Two specimens were compacted to the maximum number of gyrations, with the specimen 

height recorded during the compaction process. After compaction of the trial blends, the 

volumetric properties were determined. The aggregate structure, which satisfied the 

SuperpaveTM mix design criteria (Table 3.2), was selected as the design aggregate 

structure. 

Table 3.2 Superpave Mix Design Criteria 

VMA % VFA % %Gmm @ Nini %Gmm@ Nmax Dust Proportion 

14.0 (Min) 65-75 <89.0 <98.0 0.6-1.4 

 

The next step was to find the design asphalt content. Once the design aggregate was 

selected, specimens were compacted at varying asphalt binder contents. Two specimens 

were compacted at the selected blend’s estimated asphalt content, at  + 0.5% and  +1.0% 

of the estimated binder content. Two specimens were also prepared at the estimated 

asphalt content for the determination of maximum theoretical specific gravity. The 

mixture properties were then evaluated to determine the design asphalt binder content. 

Using the densification data at Nini, Ndes and Nmax, the volumetric properties were 

calculated for all asphalt contents. The volumetric properties were plotted against asphalt 

binder content. The design asphalt binder content was established as 4.0% air voids at 

Ndes of 100 gyrations. All other mixture properties were checked at the design asphalt 

binder content to ensure that they met the criteria. The design of asphalt concrete 

mixtures for the three different aggregates is presented in the following sections. 
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3.3.1 Design of Asphalt Concrete Mixtures (Castle Hayne) 

Selection of Aggregate Structure – Castle Hayne Aggregate 

A trial gradation was selected based on SuperpaveTM 12.5mm nominal maximum size to 

yield approximately 4% air voids at Ndes. Table 3.3 lists the selected aggregate gradation, 

the SuperpaveTM control points. SuperpaveTM uses a gradation plot based on a 0.45 power 

chart. Figure 3.1 shows the percent passing for the selected aggregate gradation as well as 

the SuperpaveTM restrictions for all the three sources of aggregate for 12.5mm nominal 

maximum size. It is appropriate to note that SuperpaveTM defines the nominal maximum 

size of the aggregate as one sieve size larger than the first sieve to retain more than ten-

percent cumulative weight. It defines the maximum aggregate size as one sieve size 

larger than the nominal maximum size. In view of this definition, the trial gradation had a 

nominal maximum size of 12.5 mm and a maximum size of 19.0mm. 
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Table 3.3 Percent passing (12.5 mm Nominal Size) 

Percent Passing 
Sieve Size, mm 

Mix Gradation SuperpaveTM 
restrictions 

19.0 100 100 

12.5 92 90-100 

9.5 76  

4.75 50  

2.36 30 28-58 

1.18 16  

0.6 10  

0.3 7  

0.15 5  

0.075 4  

Pan 0 2-10 
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Figure 3.1 Selected aggregate gradation 

 

Selection of Design Asphalt Content – Castle Hayne Aggregate 

Once the design aggregate structure of Castle Hayne aggregate was selected, specimens 

were compacted at varying asphalt binder contents. Two specimens were compacted at 

the selected trial blend’s estimated asphalt content, at + 0.5% and at +1.0% of the 

estimated binder content. Two specimens were also prepared at the estimated asphalt 

content for the determination of maximum theoretical specific gravity. The mixture 

properties were then evaluated to determine a design asphalt binder content. Using the 
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densification data at Nini, Ndes and Nmax the volumetric properties were calculated at Ndes 

for all asphalt contents. The volumetric properties were plotted against asphalt binder 

content. The design asphalt binder content is established as 4.0% air voids at Ndes of 100 

gyrations. The plot of air voids versus asphalt content for the Castle Hayne mixture is 

shown in Figure 3.2. From this plot a trial design asphalt content of 5.2 percent is 

obtained at an air void content of 4%. 

 

Figure 3.2 Air voids versus Asphalt Content for Castle Hayne Mixture 

The VMA, VFA, %Gmm @ Nini and %Gmm @ Nmax for 4% air voids were also 

calculated from Figures 3.3 to 3.6. 
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Figure 3.3 VMA versus Asphalt Content for Castle Hayne Mixture 

 

 

Figure 3.4 VFA versus Asphalt Content for Castle Hayne Mixture 
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Figure 3.5  %Gmm @Nini versus Asphalt Content for Castle Hayne Mixure 

 

 

Figure 3.6  %Gmm @Nmax versus Asphalt Content for Castle Hayne Mixture 
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The mixture properties were checked at the design asphalt binder content to ensure that 

they met the criteria. The observed mixture properties and the Superpave Mix Design 

criteria are in the Table 3.3. It is shown that the mixture properties satisfy the SuperPave 

mix design criteria. 

Table 3.4 Summary of Mixture Properties (Castle Hayne) 

Properties Mixture Properties SuperPave Criteria 

VMA 14.51 >14% 

VFA 71.24 65 - 75 

%Gmm@Nini 87.44 <  89 

%Gmm@Nmax 96.97 < 98 

   

3.3.2 Design of Asphalt Concrete Mixtures (Fountain) 

Selection of Aggregate Structure – Fountain Aggregate 

As discussed in section 3.3, a single aggregate gradation was arrived at and that was 

acceptable for all three aggregates. The aggregate structure is same as that used for the 

Castle Hayne aggregate. 

 

Selection of Design Asphalt Content – Fountain Aggregate 

Once the design aggregate structure of Fountain aggregate was selected, specimens were 

compacted at varying asphalt binder contents. Two specimens were compacted at the 

selected trial blend’s estimated asphalt content, at + 0.5% and at +1.0% of the estimated 

binder content. Two specimens were also prepared at the estimated asphalt content for the 
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determination of maximum theoretical specific gravity. The mixture properties were then 

evaluated to determine a design asphalt binder content. Using the densification data at 

Nini, Ndes and Nmax the volumetric properties were calculated at Ndes for all asphalt 

contents. The volumetric properties were plotted against asphalt binder content. The 

design asphalt binder content is established as 4.0% air voids at Ndes of 100 gyrations. 

The plot of air voids versus asphalt content for the Fountain Mixture is shown in Figure 

3.7. From this plot a trial design asphalt content of 4.8 percent is obtained at an air void 

content of 4%. 

 

Figure 3.7 Air voids versus Asphalt Content for Fountain Mixture 

The VMA, VFA, %Gmm@ Nini and %Gmm@ Nmax for 4% Airvoids are also 

calculated from the following Figure 3.8 to Figure 3.11. 
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Figure 3.8 VMA versus Asphalt Content for Fountain Mixture 

 

 

Figure 3.9 VFA versus Asphalt Content for Fountain Mixture 
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Figure 3.10  %Gmm @Nini versus Asphalt content for Fountain Mixture 

 

 

Figure 3.11 %Gmm @Nmax versus Asphalt content for Fountain Mixture 
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The mixture properties were checked at the design asphalt binder content to ensure that 

they met the criteria. The observed mixture properties and the Superpave Mix Design 

criteria are in the Table 3.5. It is shown that the mixture properties satisfy the SuperPave 

mix design criteria 

 

Table 3.5 Summary of Mixture Properties (Fountain) 

Properties Mixture Properties SuperPave Criteria 

VMA 14.34 >14% 

VFA 72.19 65 – 75 

%Gmm@Nini 87.40 <  89 

%Gmm@Nmax 97.63 < 98 

   

 

3.3.3 Design of Asphalt Concrete Mixtures (12.5mm- Asheboro) 

 Selection of Aggregate Structure – Asheboro Aggregate 

As discussed in section 3.3, a single aggregate gradation was arrived at and that was 

acceptable for all three aggregates. The aggregate structure is same as that used for the 

Castle Hayne Mixture. 

 

Selection of Design Asphalt Content – Asheboro Aggregate 

Once the design aggregate structure of Asheboro aggregate was selected, specimens were 

compacted at varying asphalt binder contents. Two specimens were compacted at the 

selected trial blend’s estimated asphalt content, at + 0.5% and at +1.0% of the estimated 
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binder content. Two specimens were also prepared at the estimated asphalt content for the 

determination of maximum theoretical specific gravity. The mixture properties were then 

evaluated to determine a design asphalt binder content. Using the densification data at 

Nini, Ndes and Nmax the volumetric properties were calculated at Ndes for all asphalt 

contents. The volumetric properties were plotted against asphalt binder content. The 

design asphalt binder content is established as 4.0% air voids at Ndes of 100 gyrations. 

The plot of air voids versus asphalt content for the Asheboro Mixture is shown in Figure 

3.12. From this plot a trial design asphalt content of 4.5 percent is obtained at an air void 

content of 4%. 

 

Figure 3.12 Air voids versus Asphalt Content for Asheboro Mixture 

The VMA, VFA, %Gmm@ Nini and %Gmm@ Nmax for 4% Airvoids are also 

calculated from the following Figure 3.13 to Figure 3.16. 
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Figure 3.13 VMA versus Asphalt Content for Asheboro Mixture 

 

 

Figure 3.14 VFA versus Asphalt content for Fountain Mixture 
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Figure 3.15  %Gmm @Nini versus Asphalt Content for Asheboro Mixture 

 

 

Figure 3.16 %Gmm @Nmax versus Asphalt Content for Asheboro Mixture 
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The mixture properties were checked at the design asphalt binder content to ensure that 

they met the criteria. The observed mixture properties and the Superpave Mix Design 

criteria are in the Table 3.6. It is shown that the mixture properties satisfy the SuperPave 

mix design criteria 

Table 3.6 Summary of Mixture Properties (Asheboro) 

Properties Mixture Properties SuperPave Criteria 

VMA 14.16 >14% 

VFA 71.85 65 - 75 

%Gmm@Nini 85.68 <  89 

%Gmm@Nmax 96.11 < 98 

   

 

3.4 Design of Asphalt Concrete Mixtures (9.5mm) 

SuperpaveTM mix designs for all the three aggregates were obtained from the project 

report titled “An In-Depth Evaluation of Moisture Sensitivity of Asphalt Mixtures “ by 

Khosla, N. P., Brian Birdsall, and S. Kawaguchi (5). The aggregate structure, which 

satisfied the SuperpaveTM mix design criteria (Table 3.7), was selected as the design 

aggregate structure.  

Table 3.7 Superpave Mix Design Criteria 

VMA % VFA % %Gmm @ Nini %Gmm@ Nmax Dust Proportion 

15.0 (Min) 65-75 <89.0 <98.0 0.6-1.4 
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Table 3.8 Percent passing (9.5 mm Nominal Size) 

Percent Passing Percent Passing  

Sieve Size, mm Mix Gradation SuperpaveTM restrictions 

12.5 100 100 

9.5 93 90-100 

4.75 58  

2.36 41 32-67 

1.18 27  

0.6 18  

0.3 13  

0.15 8  

0.075 4 2-10 

 

SuperpaveTM uses a gradation plot based on a 0.45 power chart. Figure 3.17 shows the 

percent passing for the selected gradation as well as the SuperpaveTM restrictions for all 

three aggregate types. It is appropriate to note that SuperpaveTM defines the nominal 

maximum size of the aggregate as one sieve size larger than the first sieve to retain more 

than ten-percent cumulative weight. It defines the maximum aggregate size as one sieve 

size larger than the nominal maximum size. In view of this definition the trial gradation 

had a nominal maximum size of 9.5 mm and a maximum size of 12.5mm 
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Figure 3.17 Aggregate Gradation (for 9.5 mm mixtures) 

 

All mixture properties are checked at the design asphalt binder content to ensure that they 

met the criteria. The mixture properties obtained with a design asphalt content of 4.0%  

(Asheboro Mix) and the Superpave Mix Design criteria are in the Table 3.9. 
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Table 3.9 Observed Mix Properties (Asheboro Mix) and the Superpave Mix Design 

Criteria 

Properties Mixture Properties SuperPave Criteria 

VMA 15.3 >15% 

VFA 72.4 65 – 76 

%Gmm@Nini 85.3 <  89 

%Gmm@Nmax 97.1 < 98 

   

 

The mixture properties obtained with a design asphalt content of 4.9% (Castle Hayne 

Mix) and the Superpave Mix Design criteria are in the Table 3.10. 

 

Table 3.10 Observed Mix Properties (CastleHayne Mix) and the Superpave Mix 

Design Criteria 

Properties Mixture Properties SuperPave Criteria 

VMA 15.9 >15% 

VFA 73.5 65 - 76 

%Gmm@Nini 85.9 <  89 

%Gmm@Nmax 96.8 < 98 
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The mixture properties obtained with a design asphalt content of 4.5% (Fountain Mix) 

and the Superpave Mix Design criteria are in the Table 3.11. 

 

Table 3.11 Observed Mix Properties (Fountain Mix) and the Superpave Mix Design 

Criteria 

Properties Mixture Properties SuperPave Criteria 

VMA 15.6 >15% 

VFA 72.1 65 - 76 

%Gmm@Nini 86.8 <  89 

%Gmm@Nmax 96.9 < 98 

 

 

3.5 Effect of Asphalt Content on Indirect Tensile Strength values of Asphalt 

Concrete Mixtures 

Indirect Tensile Strength values of an asphalt concrete specimen depends mainly on the 

type of the aggregate used in making the specimen, the aggregate interlock in the 

specimen and the cohesion of the binding agent, asphalt. As mentioned earlier, in 

SuperPave mix design, after selecting the design aggregate structure, selection of design 

asphalt content is performed. Specimens were made with the selected trial blend’s 

estimated asphalt content, at + 0.5% and at +1.0% of the estimated binder content. The 

Indirect Tensile Strength test was conducted on these specimens. A plot of Indirect 
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Tensile Strength values and the corresponding asphalt contents in the specimen for 

12.5mm mixes are given below.  

  

Figure 3.18 Indirect Tensile Strength Values versus Asphalt Content for Asheboro 

Mixture 

 

Figure 3.19 Indirect Tensile Strength Values versus Asphalt Content for  

Castle Hayne Mixture 
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Figure 3.20 Indirect Tensile Strength Values versus Asphalt Content for  

Fountain Mixture 

 

It is evident from the plot of Indirect Tensile Strength values and asphalt contents for 

mixtures that initially with increase in asphalt content, Indirect Tensile Strength values 

increase till it reaches a maximum value and then it starts to decrease with the increase in 

asphalt contents. As mentioned earlier, Indirect Tensile Strength values of an asphalt 

concrete specimen depends mainly on the type of the aggregate used in making the 

specimen, the aggregate interlock in the specimen and the cohesion of the binding agent 

asphalt. Initially with the increase in asphalt content, the aggregate interlock is enhanced. 

But after a certain point, increase in asphalt starts reducing the interlock between 

aggregates, due to the displacement of the aggregates by asphalt in the specimen matrix. 

Thus the Indirect Tensile Strength values of a mix starts to reduce beyond a certain point 

of increase in asphalt content. 
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Table 3.12 Indirect Tensile Strength at Design Asphalt (Tdes) and the Maximum 

Indirect Tensile Strength (Tmax) Obtained from Fig. 3.18, Fig. 3.19 and Fig. 3.20 

Mixtures Tdes (psi) Tmax (psi) % Difference 

Asheboro 148.5 146 1.35 

Fountain 160.4 164 2.49 

Castle Hayne 160.6 165 2.74 

 

As discussed before, according to the Superpave mix design volumetrics calculation, the 

design asphalt content for 12.5mm mixtures of Castle Hayne, Asheboro and Fountain was 

found to be 5.2%, 4.5% and 4.8% respectively. The Indirect Tensile Strength values of 

Castle Hayne, Asheboro and Fountain at the design asphalt content of the mixtures came 

out be 160.6 psi, 148.5psi and 160.4psi respectively. Figure 3.18 shows that the highest 

Indirect Tensile Strength of 146 psi for Asheboro mixture can be obtained at the asphalt 

content of 4.7%. For Castle Hayne mixtures, it is seen from Figure 3.19 that the highest 

Indirect Tensile Strength of 165psi can be obtained at the asphalt content of 4.8%. It is 

seen from Figure 3.20 that the highest Indirect Tensile Strength of 164psi for Fountain 

mixture can be obtained at the asphalt content of 5.2%.  

 

Thus it is also evident from above Table 3.12 that the Indirect Tensile Strength values of 

mixtures made with design asphalt content (obtained with the Superpave volumetric 

calculations) are close to the highest Tensile Strength values obtained by plotting the 

graphs of Indirect Tensile Strength values and the asphalt content. Thus a criterion of 

allowable % Difference (Say 10%) between the Indirect Tensile Strength value at design 
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Asphalt (Tdes) and the maximum Indirect Tensile Strength value (Tmax) obtained by 

plotting the graph of Indirect Tensile Strength values at the corresponding asphalt 

contents can be included in the design criteria of Superpave mixtures. 

  

Presently the Superpave Mix design is being guided by the calculation of volumetric 

properties (such as VMA, VFA, %Air Voids etc). It is found out in this study that 

mixtures having higher Indirect Tensile Strength values have better fatigue and rutting 

performance. There is no strength criterion as prescribed yet in the design of Superpave 

mixtures. This comparison of the Indirect Tensile Strength values of mixtures made with 

design asphalt content (obtained with the Superpave volumetric calculations) and the 

highest Tensile Strength values obtained by plotting the graphs of Indirect Tensile 

Strength values and the asphalt contents can act as a good criterion in design of 

Superpave mixtures.  
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4 EVALUATION OF MOISTURE SENSITIVITY USING INDIRECT 

TENSILE STRENGTH TEST 

The calculation of the tensile strength ratio of a mixture under AASHTO T-283 is the 

standard method under the SuperpaveTM mix design to evaluate the moisture sensitivity 

of a mixture. A sample set is conditioned by saturation and immersion to simulate the 

moisture exposure sensitivity of a mixture. The indirect tensile strengths of the 

unconditioned and conditioned sets were compared to evaluate the moisture damage 

induced by conditioning. This damage, loss of cohesion and adhesion, manifests itself in 

a loss of tensile strength of the mix. 

 

After the design of mixtures for optimum aggregate gradation and asphalt content, the 

moisture sensitivity of the mixtures was evaluated. It is important that a standard test for 

evaluating a mix property provides reliable and consistent results. Contractors submit mix 

designs based on these test results and Departments of Transportation (DOTs) base 

acceptance of mix designs after review of this information. Once a mix is accepted for 

production, it is believed that it will perform satisfactorily under moist conditions 

because it’s (Tensile Strength Ratio) TSR’s were acceptable. If the test results upon 

which such decisions are based are subject to variability, the problems that will arise are 

obvious. A mix may fail prematurely requiring the expense of removal and replacement 

of the failed pavement. This results in major reconstruction cost to the department of 

transportation, the government and ultimately to the taxpayers. Conversely, unnecessary 

steps may have been taken to improve a mix that was thought to be moisture susceptible. 
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This problem of unnecessary treatment, although much less than reconstruction cost, is an 

additional expense to the pavement construction project. 

 

4.1 Indirect Tensile Strength Test 

It involves measuring a strength parameter, known as indirect tensile strength (ITS) of 

conditioned and unconditioned samples. The samples are conditioned as prescribed in 

AASHTO-283 (Resistance of Compacted Bituminous Mixture to Moisture Induced 

Damage). This test consists of conditioning, standard six-inch specimens and testing 

them in indirect tension. Three specimens were tested each for unconditioned and 

conditioned states, respectively.  

 

The tensile strength for each specimen was computed as follows: 

St = 2*P/πtD                                                                                            

Where  

St = tensile strength 

P = maximum load  

T = specimen height 

D= specimen diameter 

 

The tensile strength ratio is calculated as follows: 

TSR = Stm/Std *100                                                                                

Where 

Stm = average tensile strength of the moisture-conditioned subset 

Std = = average tensile strength of the unconditioned subset 
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The two influential variables in sample conditioning are specimen air voids and degree of 

saturation. Specimen air voids were selected as 7% and the degree of saturation was done 

in a narrow range of 69%-75% to minimize variability in the test data. Four or six inch 

diameter samples may be used in measuring the indirect tensile strength. In this study, 

six- inch diameter samples were used. 

 

Indirect Tensile Strength test was performed on the three aggregates in accordance with 

AASHTO T-283 (Resistance of Compacted Bituminous Mixture to Moisture Induced 

Damage). For each of two different gradations and three different aggregate sources, 

sample sets were made. Three specimens were tested for unconditioned and conditioned 

states, respectively. For conditioning the subset of each group, the three specimens were 

saturated and then conditioned in a water bath at 140o F for 24 hours. After conditioning, 

the indirect tensile strengths for the conditioned and unconditioned samples were 

measured at 77o F. 

 

4.2 Consideration of Test Variables 

The two influential variables in sample conditioning are specimen air voids and degree of 

saturation. To address the objectives of this study, it was necessary to develop methods 

for better control of these variables prior to performing TSR’s.  An improved procedure 

for compaction was required so that the sample air voids were more precise. In addition, 

the method for saturation of samples had to be improved to allow for more control over 

the degree of saturation. The following sections address each variable individually.  
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4.2.1 Specimen Air Voids 

To better control the amount of air voids, the SuperpaveTM gyratory compactor was used 

to compact the test samples, because of its ability to monitor sample height throughout 

the compaction process. From the recorded sample height and known diameter, the 

theoretical mixture volume was calculated. The estimated bulk density (Gmb) was then 

determined from these values. Due to surface voids of the sample being included as part 

of the specimen volume the estimated density is different from the actual Gmb measured. 

After compaction, the bulk density was determined by ASTM D-2726 (Standard Method 

for Bulk Specific Gravity and Density of Compacted Bituminous Mixtures using 

Saturated Surface-Dry Specimens). The actual density was then compared to the 

calculated density to get a correction factor (CF). The correction factor was then 

calculated using Equation 4.3. 

CF = Actual Density / Calculated Density                                                                    (4-3) 

 

This correction factor was then applied to the compaction of test specimens in the 

following manner. Prior to compaction, a bulk density was calculated for a desired level 

of air voids. This calculated density was then multiplied by the correction factor for the 

specific mix. Finally, a compaction height was calculated based on the corrected bulk 

density, the sample mass and the sample diameter. The process resulted in samples that 

were within 0.3 percent of the desired air void content. 
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 4.2.2 Specimen Degree of Saturation 

The second test variable addressed was the degree of saturation. The sample set that was 

to be conditioned prior to testing was first partially saturated with water. This was 

accomplished by applying a partial vacuum to the sample submerged in water. The 

degree of saturation is equal to the volume of absorbed water divided by the volume of 

air voids. Earlier work (5) indicates that the volume of absorbed water is a function of the 

magnitude of the partial vacuum, and the duration of the vacuum is secondary. Prior to 

saturation, a volume of water was calculated, from the known air voids, which would 

achieve the desired degree of saturation. After saturation, the saturated surface dry weight 

of the specimen was recorded. This weight was then compared to data for the specimen 

prior to vacuum saturation to determine a degree of saturation. By controlling the level of 

vacuum with a valve, the degree of saturation was controlled to within three percent of 

the target level of 72%. 

 

4.3 Evaluation of Test Results 

Indirect tensile strength tests were performed on conditioned and unconditioned samples 

for each of the three aggregates. The indirect tensile strengths were measured and the 

TSR values for each mixture were calculated. 
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Table 4.1 Indirect Tensile Strength for all Mixes and the TSR values 

Tensile Strength (psi) Gradation 

NMSA 

Aggregate Source 

Unconditioned Conditioned 

 

TSR 

Fountain 164.43 99.23 60.35 

Asheboro 148.5 96.23 64.80 

 

12.5mm 

Castle Hayne 160.6 116.6 72.60 

Fountain 159.3 102.24 64.18 

Asheboro 150.4 107.77 71.66 

 

9.5mm 

 Castle Hayne 156.4 116.77 74.66 

 

 

Figure 4.1 Comparison of Loss in Tensile Strength Values for Different Mixtures. 
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Figure 4.1 shows the comparison of the Indirect Tensile Strength before and after 

conditioning of the mixtures. The following inference can be drawn: 

 Among 12.5mm & 9.5mm unconditioned mixes, Fountain mix samples had the 

highest Indirect Tensile Strength and Asheboro mix samples had the lowest Indirect 

Tensile Strength. 

 

Figure 4.2 Comparison of %Loss in Tensile Strength Values for Different Mixtures.  

 

Figure 4.2 shows the comparison of the Indirect Tensile Strength before and after 

conditioning of the mixtures. The following inference can be drawn: 

 Among 12.5mm & 9.5mm mixes, conditioned Fountain mix samples had the highest 

% decrease in Indirect Tensile Strength values when compared to its unconditioned 

Fountain mix samples and conditioned Castle Hayne mix had the lowest % decrease 

in Indirect Tensile Strength values when compared to its unconditioned Castle Hayne 

mix, which conforms to our approximate expectations about the moisture 

susceptibility of these aggregates.  
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5 PERFORMANCE BASED TESTING OF ASPHALT CONCRETE 

MIXTURES 

 

The Simple Shear Tester (SST) was one of the performance test devices developed as 

part of the SHRP research. The other test device used was the Indirect Tensile Tester. 

The SST performs shear tests to predict permanent deformation and fatigue cracking. The 

mixtures were evaluated for their performance with respect to fatigue and rutting 

distresses. Performance evaluation tests were conducted on both conditioned and 

unconditioned specimens to investigate the effect of moisture damage on fatigue and 

rutting characteristics of the mixtures. The conditioned and unconditioned specimens 

were evaluated using the Simple Shear Tester and the Asphalt Pavement Analyzer.    

 

5.1 Performance Evaluation using the Simple Shear Tester 

Shear tests were performed in accordance with AASHTO TP7 Procedures E and F (3). 

The tests included Frequency Sweep test at Constant Height (FSCH) and Repeated Shear 

test at Constant Height (RSCH). These tests were conducted on the conditioned and the 

unconditioned specimens of all the three different mixtures (Castle Hayne, Fountain and 

Asheboro) for both 9.5 mm and 12.5mm gradations. 

 

5.1.1 Specimen Preparation 

The specimens prepared for FSCH and RSCH tests were 150mm (6-in.) in diameter using 

SuperPave Gyratory Compactor (SGC) and compacted to 7% air voids. Half of the 

specimens were conditioned according to AASHTO T283. The specimens were sawed to 
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a thickness of 50 mm (2-in.). The specific gravities of the specimens were measured. The 

specimens were then glued between the loading platens using the ‘DEVCON’ 5 minute 

plastic putty and were cured for several hours before testing. The results were based on 

the average of three specimens.  

 

5.1.2 Selection of Test Temperature for FSCH and RSCH  

In the abridged fatigue analysis (SHRP A-003A) procedure, the pavement temperature is 

assumed to be 20oC through out the year. The resistance of a mix to fatigue cracking is 

calculated based on the mix properties evaluated using FSCH at 20oC. 

 

The seven-day average high pavement temperature at 50-mm depth from pavement 

surface at 98% reliability was estimated using SHRPBIND version 2.0 software for 

Raleigh area (North Carolina State University) and was determined to be 58.5oC. 

 

5.2 Frequency Sweep Test at Constant Height 

This test is performed to measure linear visco-elastic properties of asphalt concrete for 

rutting and fatigue cracking analysis. This test uses a dynamic type of loading and is a 

strain controlled test with the maximum shear strain limited to ± 0.005 percent 

(maximum peak to peak of 0.0001 mm/mm). This test is conducted at a constant height 

requiring the vertical actuator to be controlled by the vertical LVDT. The specimen is 

preconditioned by applying a sinusoidal horizontal shear strain with amplitude of 

approximately 0.0001 mm/mm at a frequency of 10 Hz for 100 cycles. After 

preconditioning the specimen, a series of 10 tests are conducted in descending order of 
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frequency. The following order of frequencies is used: 10, 5, 2, 1, 0.5, 0.2, 0.1, 0.05, 0.02 

and 0.01 Hz. A specific number of cycles between 4 and 50 are applied. During the test, 

axial and shear loads and deformations are measured and recorded.  

 

This test was conducted according to AASHTO TP-7 Procedure E. Three mixtures viz, 

Castlehayne, Fountain and Asheboro for both 9.5mm and 12.5mm gradations 

(Conditioned and Unconditioned) were tested at a temperature of 20oC. Dynamic Shear 

Modulus and Phase angle was measured at each frequency for each mixture. The ratio of 

the stress response of the test specimen to the applied shear strain is used to compute a 

complex modulus for a given frequency. The delay in the response of the material is 

measured as phase angle. 

 

5.2.1 Frequency Sweep Test at Constant Height Test Results 

 

From the test results, the following graphs of Complex Modulus (Dynamic Shear 

Modulus) (|G*|) vs frequency (on log scale) are generated for (both 12.5mm & 9.5 mm) 

unconditioned (UC) and conditioned (C) mixtures to evaluate the mix properties. 
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Figure 5.1 Plot of Complex Modulus vs Frequency for 12.5mm Unconditioned Mixes 
 
 
 
 

 
Figure 5.2 Plot of Complex Modulus vs Frequency for 12.5mm Conditioned Mixes 
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Figure 5.3 Plot of Complex Modulus vs Frequency for 9.5mm Unconditioned Mixes 
 
 
 
 
 

 
Figure 5.4 Plot of Complex Modulus vs Frequency for 9.5mm Conditioned Mixes 
 
 
 
 

Complex Modulus Vs Frequency

0.00E+00

1.00E+09

2.00E+09

3.00E+09

4.00E+09

5.00E+09

0.01 0.1 1 10
Frequency,Hz

C
om

pl
ex

 M
od

ul
us

,p
a

9.5 UC Asheboro
9.5 UC Fountain
9.5 UC Castle Hayne

Complex Modulus Vs Frequency

0.00E+00

5.00E+07

1.00E+08

1.50E+08

2.00E+08

2.50E+08

0.01 0.1 1 10
Frequency,Hz

C
om

pl
ex

 M
od

ul
us

,p
a

9.5 C Asheboro
9.5 C Fountain
9.5 C Castle Hayne



 

 63

5.2.2 Analysis of FSCH Test Results 

 

Figures 5.1 to 5.4 show the results of frequency sweep tests for all the mixtures. The 

figures show the dynamic shear modulus (G*) as a function of frequency at 20oC. Tables 

5.1 to 5.4 compare the G* values and the corresponding phase angles of different 

mixtures. 

 
Table 5.1 Results of Frequency Sweep Tests  (12.5mm Unconditioned Mixtures) 

Average G* (GPa)/Phase Angle(Deg) Freq 

(Hz.) Asheboro Castle Hayne Fountain 

0.01 0.42/33.2 0.49/41.8 4.66E+08/35.2 

0.02 0.54/31.4 0.64/38.1 6.06E+08/33.2 

0.05 0.77/29.1 0.92E+08/34.1 0.86/28.7 

0.1 1.16/28.2 1.38/32.9 1..30/29.8 

0.2 1.51/25.3 1.80/31.8 1.69/26.8 

0.5 1.95/22.4 2.33/28.2 2.19/23.7 

1 2.49/21.3 2.97/26.7 2.79/23.5 

2 2.81/20.4 3.35/25.7 3.15/21.6 

5 3.46/16.5 4.12/20.8 3.88/17.5 

10 4.04/16.3 4.81/20.4 4.53/17.2 
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Table 5.2 Results of Frequency Sweep Tests  (12.5mm Conditioned Mixtures) 

 

Average G* (GPa)/Phase Angle(Deg) Freq 

(Hz.) Asheboro Castle Hayne Fountain 

0.01 0.016/38.1 0.019/43.1 0.020/40.0 

0.02 0.020/35.9 0.023/40.7 0.026/37.7 

0.05 0.024/31.1 0.028/35.2 0.037/32.6 

0.1 0.027/29.3 0.032/36.6 0.056/33.9 

0.2 0.037/28.9 0.043/32.8 0.073/30.4 

0.5 0.054/25.7 0.062/29.1 0.094/26.9 

1 0.072/24.4 0.084/27.6 0.121/25.6 

2 0.941/23.4 0.109/26.5 0.136/24.6 

5 0.181/18.9 0.210/21.4 0.168/19.9 

10 0.221/18.6 0.256/21.1 0.196/19.6 
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Table 5.3 Results of Frequency Sweep Tests  (9.5mm Unconditioned Mixtures) 

 
 

Average G* (Pa)/Phase Angle(Deg) Freq 

(Hz.) Asheboro Castle Hayne Fountain 

0.01 0.49/37.9 0.42/41.8 0.35/37.9 

0.02 0.63/35.8 0.54/38.1 0.45/35.7 

0.05 0.9/32.9 0.77/34.1 0.64/33.1 

0.1 1.35/30.9 1.16/32.9 0.96/32.1 

0.2 1.76/28.8 1.51/31.8 1.25/28.8 

0.5 2.29/25.6 1.95/28.2 1.62/25.5 

1 2.91/25.3 2.49/26.7 2.07/24.2 

2 3.29/23.3 2.81/21.2 2.34/23.3 

5 4.05/18.6 3.46/17.1 2.88/18.8 

10 4.73/18.6 4.04/16.9 3.36/18.5 
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Table 5.4 Results of Frequency Sweep Tests  (9.5mm Conditioned Mixtures) 

 
 

Average G* (MPa)/Phase Angle(Deg) Freq 

(Hz.) Asheboro Castle Hayne Fountain 

0.01 0.022/42.9 0.016/38.5 0.013/38.1 

0.02 0.028/40.5 0.020/36.3 0.016/35.9 

0.05 0.040/36.0 0.024/33.4 0.019/31.1 

0.1 0.061/35.0 0.028/32.6 0.023/29.3 

0.2 0.079/32.6 0.037/29.2 0.030/28.9 

0.5 0.103/28.9 0.054/25.9 0.044/25.7 

1 0.131/27.4 0.072/24.6 0.059/24.4 

2 0.148/26.4 0.094/23.6 0.077/23.4 

5 0.182/21.3 0.180/19.1 0.148/18.9 

10 0.212/21.0 0.220/18.8 0.181/18.6 
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5.3 Repeated Shear Test at Constant Height 

This test was performed to estimate the rutting potential of a mixture. The visco-elastic 

properties of an asphalt mixture at high temperatures are related to its permanent 

deformation characteristics. The accumulation of plastic shear strain in a mixture under 

repeated loading can give some indication about the mixture’s resistance to permanent 

deformation. The repeated shear testing at constant height was selected to evaluate the 

accumulated shear strain and permanent deformation characteristics of the mixture. 

 

The RSCH test is a stress-controlled test with the feedback to the vertical load actuator 

from the magnitude of the shear load. The test is conducted at constant height, requiring 

the vertical actuator to be controlled by the vertical LVDT. The horizontal actuator under 

control by the shear load cell applies haversine loads. The horizontal LVDT measures the 

difference in horizontal displacement between two points on the specimen separated by 

37.5mm, thus away from the end effects and away from the deformation of the glue. It 

preconditions the specimen by applying a haversine load corresponding to a 7-kPa shear 

stress for 100 cycles. The 0.7-second load cycle consists of a 0.1-second shear load 

followed by 0.6-second rest period. After preconditioning the specimen, it applies a 68 ± 

5 kPa haversine shear pulse for 5,000 cycles or until 5% shear strain is reached. This 

corresponds to a frequency of approximately 1.43 Hz. During the test, axial and shear 

loads and deformations are measured and recorded. This test was conducted according to 

AASHTO TP-7 Procedure F. The tests were conducted at their respective seven-day 

average high pavement temperature (58.5oC) at 50-mm depth from the pavement surface.  
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5.3.1 Analysis of RSCH Test Results 

The results of the RSCH tests are shown in Table 5.5. Table 5.5 shows the shear strains 

and number of cycles for all the mixtures. The shear strain at the end of 5,000 cycles is 

provided for each mixture type. 

 

Table 5.5 Summary of RSCH Results 

 

Gradation 

(NMSA) 

 

Aggregate 

Source 

                             

Shear Strain 

(UC Samples) 

 

Shear Strain 

(C Samples) 

Asheboro 0.0196 0.0372 

Fountain 0.0180 0.0367 

 

12.5 mm 

 Castle Hayne 0.0287 0.0426 

Asheboro 0.0216 0.0376 

Fountain 0.0174 0.0371 

 

9.5 mm 

 Castle Hayne 0.0265 0.0443 
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Figure 5.5 RSCH Test Results of Mixtures  

 

Figure 5.5 above shows the comparison of the shear strains before and after conditioning 

of the mixtures. The following inference can be drawn: 

 Among 12.5mm & 9.5mm unconditioned mixes, Castle Hayne mix samples had the 

highest shear strain and Fountain mix samples had the lowest shear strain. 

 

Figure 5.6 RSCH Test Results of Mixtures (% Comparison) 
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Figure 5.6 above shows the % comparison of the shear strains before and after 

conditioning of the mixtures. The following inference can be drawn: 

 

 Among 12.5mm & 9.5mm mixtures, conditioned Fountain mix samples had the 

highest % increase shear strain when compared to its unconditioned Fountain mix 

samples and conditioned Castle Hayne mix had the lowest % increase in shear strain 

when compared to its unconditioned Castle Hayne mix. 
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5.4 Asphalt Pavement Analyzer for Rutting Susceptibility 

The rutting susceptibility of the mixtures is assessed by placing rectangular or cylindrical 

samples under repetitive loads of a wheel-tracking device, known as Asphalt Pavement 

Analyzer (APA). The APA is the new generation of the Georgia Loaded Wheel Tester 

(GLWT). The APA has additional features that include a water storage tank and is 

capable of testing both gyratory (cylindrical) specimens and beam specimens. Three 

beam or six gyratory samples can be tested simultaneously.  

 

 

Figure 5.7 Model of APA 
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The theory behind a loaded wheel tester is to apply an appropriate cyclical loading to 

asphalt concrete specimens to best simulate actual traffic. This is accomplished in this 

apparatus by air pressurized hoses laying across samples with a loaded wheel coming in 

contact with the hose and applying a predetermined load to the hose and thus the 

specimens. The wheel roles back and forth up to 8,000 times or cycles and the rut depth 

is then measured.  

 

 

                           Figure 5.8 Schematic Drawing of the APA 

 

Wheel loads are applied on test samples by means of three pneumatic cylinders, each 

equipped with an aluminum wheel. The magnitude of the load applied on each sample is 

regulated by air pressure supplied to each pneumatic cylinder. The load from each 
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moving wheel is transferred to a test sample through a stiff pressurized rubber hose 

mounted along the top of the specimen. The pressure in the three hoses is regulated by a 

common pressure regulator so that the pressure in the three hoses should always be the 

same. The equipment is designed to evaluate not only the rutting potential of an asphalt 

mixture, but also its moisture susceptibility and fatigue cracking under service conditions.  

Cylindrical specimens were compacted using the Superpave Gyratory Compactor. The 

height of the specimen to be compacted was back calculated for each mixture using the 

correction factor for a given mass of a mixture. The samples were sawed to a thickness of 

75mm to fit in the APA molds.  

 

The APA is capable of controlling the temperature in the cabin. Both conditioned and 

unconditioned samples were tested at a temperature of 64oC. The samples were kept 

inside the cabin at this temperature for two hours before testing. The number of cycles is 

selected as 8,000 cycles (typical) from the control panel. The change in the rut depth is 

measured using a data acquisition system that measures at four points for cylindrical 

samples. The graphical software plots the average of four points for each cycle.   

 

The results of the APA rutting tests are summarized in Table 5.6. The table shows the 

average rut depth of four points at the end of 8,000 cycles. 

 

 

 

 



 

 74

Table 5.6 APA Tests: Rut Depths (8000 Cycles) 

 
 

Gradation 

(NMSA) 

 

Aggregate 

Source 

                             

Rut Depth(inches) 

(UC Samples) 

 

Rut Depth(inches) 

(C Samples) 

Asheboro 0.078 0.055 

Fountain 0.222 0.132 

 

12.5 mm 

 CastleHayne 0.22 0.069 

Asheboro 0.279 0.076 

Fountain 0.276 0.111 

 

9.5 mm 

 CastleHayne 0.279 0.220 

 

 

Figures 5.9 to 5.11 show the change in rut depth with increasing number of cycles. The 

rut depth of the unconditioned samples came out to be either equal to or greater than the 

conditioned samples. 
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Figure 5.9 APA Rutting Plot for Asheboro Mixes 

 
 

 

 

Figure 5.10 APA Rutting Plot for Fountain Mixes 
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Figure 5.11 APA Rutting Plot for Castle Hayne Mixes 

 

The results of APA tests indicate that conditioning either has no influence or it increases 

the rutting resistance of the mix. Logically, conditioning should decrease the rutting 

resistance of a mix. The conditioning of the specimens results in the water being 

accumulated in the air voids of the specimen. While APA test is done, this water may 

cause the development of pore water pressure, which inturn increases the rutting 

resistance of mix.  
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6 MIXTURE PERFORMANCE ANALYSIS 

 

Analysis of Service Life of Pavement 

The resulting parameters of FSCH and RSCH tests are the material responses that can be 

used to predict the pavement’s performance under service for distresses such as fatigue 

cracking and rutting. Fatigue and Rutting analysis are performed using surrogate models 

developed by SHRP 003-A project. Fatigue analysis of SHRP model considers material 

properties as well as pavement structural layer thickness whereas rutting analysis 

considers only the material properties.  

 

6. 1 SUPERPAVE Fatigue Model Analysis 

The abridged fatigue analysis system from SHRP A-003A predicts the resistance of mix 

to fatigue distress for a pavement structure under a given traffic load. The resistance of a 

mix to fatigue cracking depends on the material properties such as initial flexural loss 

stiffness and voids filled with asphalt (VFA) and the pavement structural property, 

horizontal tensile strain at the bottom of the asphalt concrete layer.  Shear stiffness of the 

mixture is measured from the FSCH tests at 10 Hz at 20oC. The critical tensile strain is a 

function of the pavement thickness.  

 

Multi-layer elastic analysis is used to determine the design strain, the maximum principal 

tensile strain at the bottom of the asphalt concrete layer, under the standard AASHTO 

axle load of 18 kips. For this purpose, a hypothetical pavement structure was developed 

to conduct this analysis. The pavement structure and loading are given in Figure 6.1.  A 
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standard 18-kip single axle load with dual tires inflated to 100 psi was used. The 

horizontal tensile strains at the bottom of the AC layer are estimated at the outer edge, 

center, inner edge, and center of dual tires using EVERSTRESS software for multilayer 

elastic analysis of pavement sections. The critical tensile strain is used as the design 

strain in this analysis. 

The surface layer is 4 inches thick, placed in 2-2.0 inches lift. Below is a structural layer 

of 4" thick with I19.0B. The ABC is 12”. 

 

 

 

 

 
AC Layer: 4” thick, E from FSCH, µ = 0.35 

 

I19.0B 4” thick, E = 100 ksi, µ = 0.35 

 

ABC: 12” thick, E = 35 ksi, µ = 0.35 
 

Sub-grade: Semi-infinite, E = 5 ksi, µ = 0.40 

Figure 6.1 Typical Pavement Structure and Loading for Mixtures 

The flexural properties of the mix are estimated using the following regression equations 

from the SHRP model A-003A. 

So = 8.56 * (Go)0.913   R2 = 0.712                   (6.1) 

So” = 81.125 * (Go”)0.725      R2 = 0.512                   (6.2) 

where 

So = initial flexural stiffness at 50th loading cycle is psi 

Go = shear stiffness at 10 Hz in psi 

Go “ = shear loss stiffness at 10 Hz in psi. 

4500 lb 4500 lb 
Single Axle, dual tire 12” c/c 
100 psi, contact radius 3.78 in 
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A summary of material properties are given in Table 6.1 

 

Table 6.1 Summary of Estimated Material Properties for all Three Mixes 

 
Gradation 

NMSA 
(mm) 

Aggregate 
source & 
Condition 

Mod(*G) 
Psi 

Phase 
Angle 

(Degrees)
So psi Go’’ So’’ 

Asheboro-
Unconditioned 5.86E+05 16.27 1.58E+06 1.64E+05 4.90E+05

Asheboro- 
Conditioned 3.21E+04 18.64 1.11E+05 1.02E+04 6.55E+04

Castle Hayne- 
Unconditioned 6.98E+05 20.44 1.18E+06 2.44E+05 6.53E+05

Castle Hayne- 
Conditioned 3.71E+04 21.10 1.27E+05 1.34E+04 7.95E+04

Fountain- 
Unconditioned 6.57E+05 17.22 1.75E+06 1.94E+05 5.54E+05

 
 
 
 
 
 

12.5mm 

Fountain- 
Conditioned 2.84E+04 19.56 9.97E+04 9.51E+03 6.21E+04

Asheboro- 
Unconditioned 6.86E+05 18.57 1.82E+06 2.30E+05 6.25E+05

Asheboro- 
Conditioned 3.08E+04 21.00 1.07E+05 1.03E+04 6.58E+04

Castle Hayne- 
Unconditioned 5.86E+05 16.88 1.58E+06 1.7E+05 5.03E+05

Castle Hayne- 
Conditioned 3.21E+04 18.82 1.11E+05 1.03E+04 6.58E+04

Fountain- 
Conditioned 4.87E+05 18.53 1.33E+06 1.55E+05 4.7E+05 

 
 
 
 
 
 

9.5mm 

Fountain- 
Conditioned 2.63E+04 20.52 9.28E+04 9.20E+03 6.06E+04

 

The fatigue resistance of a mix is then estimated from the following strain-dependent 

surrogate model. 

Nsupply = 2.738E5* e 0.077VFA* εt
-3.624* S0” –2.72                         (6.3) 

where 

Nsupply  = estimated fatigue life of the given pavement section in ESALs 
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VFA = voids filled with asphalt 

ε0  = critical tensile strain at the bottom of AC layer 

The coefficient of determination for the surrogate model for fatigue analysis is 0.79 with 

a coefficient of variation of 90 percent. 

The results are summarized in Table 6.2 and compared in Figure 6.4.  

Table 6.2 Summary of FSCH Results for all three Mixes 
 
 

Gradation 
NMSA 
(mm) 

Aggregate 
source & 
Condition 

 
So’’ 

 
%VFA 

 
εt 

 
Nf 

Asheboro-
Unconditioned 4.90E+05 72.2 5.59E-05 6.12E+07 

Asheboro- 
Conditioned 6.55E+04 72.2 3.67E-04 1.60E+07 

Castle Hayne- 
Unconditioned 6.53E+05 71.2 3.92E-05 9.6E+07 

Castle Hayne- 
Conditioned 7.95E+04 71.2 2.51E-04 3.51E+07 

Fountain- 
Unconditioned 5.54E+05 71.8 4.54E-05 9.01E+07 

 
 
 
 
 
 

12.5mm 

Fountain- 
Conditioned 6.21E+04 71.8 3.82E-04 1.54E+07 

Asheboro- 
Unconditioned 6.25E+05 72.4 4.83E-05 5.43E+07 

Asheboro- 
Conditioned 6.58E+04 72.4 3.88E-04 1.31E+07 

Castle Hayne- 
Unconditioned 5.03E+05 73.5 5.80E-05 5.51E+07 

Castle Hayne- 
Conditioned 6.58E+04 73.5 3.74E-04 1.62E+07 

Fountain- 
Conditioned 4.7E+05 72.1 6.04E-05 5.13E+07 

 
 
 
 
 
 

9.5mm 

Fountain- 
Conditioned 6.06E+04 72.1 4.33E-04 1.07E+07 
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 Figure 6.2 Comparison of Fatigue Life 

Figure 6.2 shows the comparison of the Fatigue life before and after conditioning of the 

mixtures. The following inferences can be drawn: 

 Among 12.5mm, unconditioned mixes, Castle Hayne mix samples had the highest 

Fatigue life and Asheboro mix samples had the lowest Fatigue life. 

 Among 9.5mm, unconditioned mixes, Castle Hayne mix samples had the highest 

Fatigue life and Fountain mix samples had the lowest Fatigue life. 
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Figure 6.3 %Comparison of Fatigue Life 

 

Figure 6.3 shows the comparison of the %Fatigue life before and after conditioning of the 

mixtures. The following inference can be drawn: 

 Among 12.5mm & 9.5mm samples, conditioned Fountain mix samples had the 

highest % decrease in fatigue performance when compared to its unconditioned 

Fountain mix samples and conditioned Castle Hayne mix had the lowest % decrease 

in fatigue performance when compared to its unconditioned Castle Hayne mix.  

 

The number of cycles to failure under fatigue cracking is also estimated using Asphalt 

Institute model. The allowable number of load repetitions is related to the tensile strain at 

the bottom of the asphalt later, as indicated in the following equation. 

Nf = 0.00796 * εt –3.291 * E1 –0.854    (6-4) 

Where, Nf  =  allowable number of load repetitions to prevent fatigue cracking  

(20% of area of crack) 
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εt  = tensile strain at the bottom of asphalt later 

E1 = elastic modulus of asphalt layer 

 

 

Table 6.3 Summary of Fatigue Analysis Results (AI Method) 

 
Gradation 

NMSA 
(mm) 

Aggregate 
source & 
Condition 

 
εt 

 
Nf 

Asheboro-
Unconditioned 5.59E-05 4.00E+06 

Asheboro- 
Conditioned 3.67E-04 7.90E+04 

Castle Hayne- 
Unconditioned 3.92E-05 1.65E+07 

Castle Hayne- 
Conditioned 2.51E-04 2.46E+05 

Fountain- 
Unconditioned 4.54E-05 7.28E+06 

 
 
 
 
 
 

12.5mm 

Fountain- 
Conditioned 3.82E-04 7.59E+04 

Asheboro- 
Unconditioned 4.83E-05 5.74E+06 

Asheboro- 
Conditioned 3.88E-04 6.79E+04 

Castle Hayne- 
Unconditioned 5.80E-05 3.55E+06 

Castle Hayne- 
Conditioned 3.74E-04 7.43E+04 

Fountain- 
Conditioned 6.04E-05 3.60E+06 

 
 

 
 
 
 

9.5mm 

Fountain- 
Conditioned 4.33E-04 5.34E+04 
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SHRP fatigue model considers tensile strain, loss flexural modulus and voids filled with 

asphalt whereas the AI model considers only the tensile strain and the modulus of 

elasticity. So SHRP fatigue model provides more dependable results than the AI model. 

 
6.2 SUPERPAVE Rutting Model Analysis 

 
The permanent deformation system of SHRP A-003A estimates rut depth from the 

maximum permanent shear strain obtained from RSCH test using the following relation.  

Rut depth (in.) = 11 * Maximum permanent shear strain         (6-5) 

 

If rutting in millimeters is desired, the coefficient of the above equation is about 275. The 

above relationship is obtained for a tire pressure of 100psi and asphalt layer thickness of 

15inch. Studies (4) performed for the similar pavement structure at 200psi and 500psi 

suggest that this relationship is independent of the tire pressure. But the same is not 

reflected in the case of pavement thickness. The coefficient is expected to decrease with a 

decrease in asphalt layer thickness. 

 

The conversion of the number of RSCH test cycles to ESALs is determined by the 

following equation: 

 log (cycles) = -4.36 + 1.24 log (ESALs)    (6-6) 

where, 

cycles = number of cycles obtained from the RSCH test 
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ESALs = equivalent 18-kip single axle load 

According to the above relationship, 5000 cycles of the RSCH test correspond to 3.156 

million ESALs. The summary of the results (5000 cycles) are given in Table 6.4 and 

compared in Figure 6.3. 

 

Table 6.4 Summary of Rutting Analysis Results (SHRP Surrogate Model) 

 
Gradation 

NMSA 
(mm) 

Aggregate 
source & 
Condition 

Shear 
Strain 

Rut 
Depth 

Asheboro-
Unconditioned 0.0196 0.2156 

Asheboro- 
Conditioned 0.0372 0.4093 

Castle Hayne- 
Unconditioned 0.0287 0.3161 

Castle Hayne- 
Conditioned 0.0432 0.4759 

Fountain- 
Unconditioned 0.1801 0.1981 

 
 
 
 
 
 

12.5mm 

Fountain- 
Conditioned 0.0367 0.4043 

Asheboro- 
Unconditioned 0.0216 0.2376 

Asheboro- 
Conditioned 0.0381 0.4191 

Castle Hayne- 
Unconditioned 0.0265 0.2917 

Castle Hayne- 
Conditioned 0.0443 0.4873 

Fountain- 
Conditioned 0.0174 0.192 

 
 
 
 
 
 

9.5mm 

Fountain- 
Conditioned 0.0371 0.4084 
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Figure 6.4 Comparison of Rut Depths 

 

Figure 6.4 shows the comparison of the rut depth before and after conditioning of the 

mixtures. The following inference can be drawn: 

 Among 12.5mm & 9.5mm unconditioned mixes, Castle Hayne mix samples had the 

highest rut depth and Fountain mix samples had the lowest rut depth. 
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Figure 6.5 Comparison of %Rut Depths 

 

Figure 6.5 shows the comparison of the rut depth before and after conditioning of the 

mixtures. The following inference can be drawn: 

 Among 12.5mm & 9.5mm mixes, conditioned Fountain mix samples had the highest 

% increase in rut depth when compared to its unconditioned Fountain mix samples 

and conditioned Castle Hayne mix had the lowest % increase in rut depth when 

compared to its unconditioned Castle Hayne mix. 
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7 METHODOLOGY FOR PAY FACTORS FOR ASPHALTIC 

PAYMENTS BASED ON INDIRECT TENSILE 

STRENGTH AND TSR VALUES 

 
7.1 Pay Adjustment Reduction Factors 
 
The pavements constructed as per the specifications, results in superior performing 

pavements. Quite often the quality of the materials does not meet specification 

requirements. The effect of this noncompliance on pavement serviceability is not fully 

established; however, it frequently results in inferior performance and reduced payments 

to contractors, which in turn causes controversy between the client and the contractor. 

This study provides a methodology for the development of pay reduction factors based 

upon the reduction in fatigue and rutting performance. 

 

7.1.1 Development of Rational Pay Adjustment Factors Based on Moisture 

Susceptibility 

In this study, only a preliminary attempt has been made to illustrate the possible direction 

to come up with realistic pay factors. However, to obtain meaningful pay factors, much 

more work needs to be done. The basic concept behind development of these payfactors 

is to evaluate the fatigue and rutting performance of asphalt concrete pavements with and 

without moisture damage. The methodology of pay reduction factors is developed, based 

upon the reduction in fatigue and rutting performance. Figure 7.1 shows the basic concept 

behind the development of the pay adjustment factors in this study 
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Fig. 7.1 Basic Concept Behind the Pay Adjustment Factor. 
 

 

 

 

 

Performance Evaluation of Mixtures Using the Indirect Tensile Tester 
and Simple Shear Tester. 

Development of Model relating Fatigue 
Performance and Tensile Strength. 

Development of Model relating Rut 
depth and Tensile Strength 

Pay Adjustment Factors (F) based on 
%unacceptable Fatigue Performance. 

Pay Adjustment Factors(R) based on 0.5inch 
Rut depth criteria and ‘N’ conditionings. 

Mixture Specimens of all three mixes: 
Both Unconditioned and Conditioned 

Deciding Pay Adjustment Factor (Fatigue or Rutting): Depending upon the 
mixture performance. 
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This study attempts to develop a methodology for rational pay adjustment factors for the 

Superpave mixes. As discussed earlier three different aggregate sources were chosen for 

the two different gradations (9.5mm &12.5mm). 

The three different aggregate sources were: 

1 Marine Limestone from the Castle Hayne quarry in Castle Hayne, NC – Because of 

its naturally low moisture sensitivity. 

2 Slate Aggregate from the Asheboro quarry, NC – Because it has moderate moisture 

susceptibility. 

3 Granite Gneiss from the Fountain quarry near Rocky Mount, NC - Because it has 

high propensity to strip. 

 

The Shear Tests were conducted on the mixture specimens made with different 

aggregates and the fatigue and the rutting performance of the mixes was evaluated. The 

Indirect Tensile Strength tests (ITS) were also conducted on the specimens and the 

relation between the fatigue and rutting performance and tensile strength was developed.  

 

7.2 Methodology for Development of Penalty Factors Based on Rutting Performance 

 
The data in Table 6.4 indicates that the rut depths of conditioned samples were 

consistently greater than the rut depths of unconditioned samples. Also from Table 4.1, it 

can be seen that the Indirect Tensile Strength values of unconditioned samples were 

greater than the Indirect Tensile Strength values of conditioned samples. So it seems 

logical that there might exist a relationship between indirect tensile strength and rutting 

resistance of a mix. A plot of such a relationship of rut depth and the corresponding 

tensile strength values for conditioned as well as unconditioned samples is shown in 

Figure 7.2. 
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Fig 7.2 Rut Depth and the Corresponding Indirect Tensile Strength  

 

Previously, no relationship has been established between the Rut Depth and the Indirect 

Tensile Strength values. The linear relationship was developed between Rut Depth and 

Indirect Tensile Strength as this relationship had the highest R2 value. It is evident from 

Figure 7.2 that with the increase in Indirect Tensile Strength values of mixture, its rutting 

resistance also increases. The rutting resistance of a mixture is affected by the moisture 

damage during the conditioning process. Also, the shear resistance of a mixture seems to 

be influenced by the loss in tensile strength due to moisture damage. 

 

As per the SHRP rutting model, the maximum allowable rut depth is 0.5 inch. As rut 

depth increases with a decrease in tensile strength, there should exist a tensile strength 

value for which rut depth would be 0.5 inch. In this study, none of the mixtures reached a 
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rut depth of 0.5 inch. The critical tensile strength value for a rut depth of 0.5 inch was 

extrapolated from the regression relationship established in Figure 7.2. The critical tensile 

strength value for 0.5-inch rut depth was found to be 85psi. It is proposed that the penalty 

factors for rutting performance can be developed and scaled on the basis of the 

relationship between the rut depth and the indirect tensile strength. 

 

 

Fig 7.3 Plot of Indirect Tensile Strength vs Corresponding Number of Conditionings 

 

From Figure7.3, it is found that the Indirect Tensile Strength values decrease in a 

polynomial fashion with increasing number of conditioning cycles (N). A theoretical 

value of Ncr can be estimated for a tensile strength value of 85 psi. Ncr indicates a 

theoretical number of conditioning cycles that a mixture should undergo to yield a tensile 

strength of 85 psi, which would be the critical tensile strength for maximum allowable rut 

depth.  Table 7.1 gives the value of Ncr (or N85) for Castle Hayne, Fountain and Asheboro 

mixtures.  
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Table 7.1 Ncr (or N85) for Three Aggregate Sources 

Tensile Strength, psi (After N conditionings)  Mixture TSR 

N=0 N=1 N=2 N=3 

N85 

Fountain 0.60 164.4 99.2 73.3 67.3 1.43 

Asheboro 0.65 148.5 96.2 71.7 66.4 1.36 

Castle Hayne 0.73 160.6 116.6 88.6 79.8 2.26 

 

The value of Ncr is mixture specific, as Ncr would vary for different mixtures. The penalty 

factors would directly depend of this factor Ncr.  

 

TSR value is a very good indicator of moisture susceptibility of the mix. A mix with a 

high TSR value, because of its low moisture susceptibility is considered to have better 

rutting and fatigue performance than the mix with low TSR value.  If the mixtures made 

of two aggregate sources, Fountain and Asheboro, are considered for use, one would 

normally prefer Asheboro mixture for its higher TSR values to Fountain mixtures. But it 

should be noted from Table 7.1 that Fountain mixtures have higher tensile strength than 

Asheboro mixtures before and after each conditioning cycle. Figure 7.2 shows that higher 

tensile strength mixtures have better rutting performance, which indicates that fountain 

mixtures have better rutting performance than Asheboro mixtures. So it clearly suggests 

that Indirect Tensile Strength values as well as TSR should be taken into consideration 

for selecting an aggregate source for the design of mixtures.  

As explained earlier, Ncr indicates the theoretical number of conditioning cycles that 

corresponds to a tensile strength of 85psi or a rut depth of 0.5inch. It is found from Table 
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7.1 that Asheboro and Fountain mixtures need 1.36 and 1.43 conditionings, respectively. 

In other words, suppose the duration of one conditioning cycle (N=1) represents a10-year 

period of moisture damage in a pavement, Asheboro and Fountain mixtures would have a 

service life of 13.6 years and 14.3 years, respectively before reaching the maximum 

allowable rut depth. If the design life of that pavement is 20 years, the reduction in 

service life would be taken as the penalty factor for the poor rutting performance of 

Asheboro and Fountain mixtures. At the same time, Castle Hayne mixtures would last for 

22.6 years and thereby slightly exceeding the design life. Thus, with adequate tensile 

strength and high TSR values, Castle Hayne mix is not a candidate to be penalized based 

upon on their rutting performance. The penalty factors for mixtures having inadequate 

fatigue performance can be developed using the methodology as explained in Section 7.3 

 

7.3 Methodology for Development of Penalty Factors Based on Fatigue Performance 

The data in Table 6.2 indicates that the fatigue life of unconditioned mix samples was 

consistently longer than the fatigue life of conditioned mix samples for all cases. Also, 

from Table 4.1, it can be seen that Indirect Tensile Strength values of the unconditioned 

mixtures were greater than those of the conditioned mixtures. So it seems that there exists 

a relationship between indirect tensile strength and fatigue life of a mix. The estimated 

fatigue life depends on the thickness of the asphaltic surface of the pavements, and on the 

thickness and modulus of the underlying layers. As this study involves only the mixtures 

used for surface courses of asphaltic pavements, the thickness and modulus of underlying 

layers were assumed to be some reasonably constant values for the purpose of estimating 

their fatigue performance. A plot of the fatigue life and the corresponding Indirect 

Tensile Strength values of the pavements for the asphalt pavements of surface course 
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thicknesses of 2’’, 3’’, 4’’, 5’’ and 6’’ are plotted in Figures 7.3 to 7.7, respectively. 

Previously, no relationship has been established between the fatigue life and the Indirect 

Tensile Strength values. The exponential relationship was developed between fatigue life 

and Indirect Tensile Strength as this relationship had the highest R2 value. 

 

Fig 7.4 Fatigue Life and Indirect Tensile Strength for 2-inch Asphalt Layer 
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Fig 7.5 Fatigue Life and Indirect Tensile Strength for 3-inch Asphalt Layer 

 

 

Fig 7.6 Fatigue Life and Indirect Tensile Strength for 4-inch Asphalt Layer 

 

 

 

Plot of Fatigue Life and Indirect Tensile Strength
for 3'' Asphalt Layer R2 = 0.5398

MSE = 5.16e+13

0.00E+00
5.00E+06
1.00E+07
1.50E+07
2.00E+07
2.50E+07
3.00E+07
3.50E+07
4.00E+07

75 95 115 135 155 175

Indirect Tensile Strength (psi)

Fa
tig

ue
 L

ife
(E

SA
LS

)

Plot of Fatigue Life and Indirect Tensile Strength
for 4'' Asphalt Layer

R2 = 0.5335
MSE = 1.16e+13

0.00E+00

2.00E+07

4.00E+07

6.00E+07

8.00E+07

1.00E+08

75 95 115 135 155 175

Indirect Tensile Strength (psi)

Fa
tig

ue
 L

ife
(E

SA
LS

)



 

 97

 

Fig 7.7 Fatigue Life and Indirect Tensile Strength for 5-inch Asphalt Layer 

 

Fig 7.8 Fatigue Life and Indirect Tensile Strength for 6-inch Asphalt Layer 

 

Let us say that the Castle Hayne mix was used in the construction of a highway, which 

has unconditioned tensile strength of 160.6 psi. Assuming that this mix was being used 
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obtained from the regression equation (from Figure 7.9) to be 25.5 million ESALS. As 

per the specifications, a 15% loss in Indirect Tensile strength is permissible. So a TSR of 

85%(after one conditioning) is acceptable. The TSR for the Castle hayne mix is 85% 

(TSR=0.85=136/160.6) when the tensile strength of the mix is 136 psi. It is observed 

from Figure 7.9 that the corresponding fatigue life is 16 million ESALS, when the tensile 

strength of the mix is 132 psi. So this loss in fatigue life of 9.5 million ESALS (25.5 – 

16) is permissible as per the specifications, because this loss in fatigue performance is 

corresponding to the acceptable 15% loss in Indirect Tensile Strength. 

 

 

   Fig 7.9 Fatigue Life and Indirect Tensile Strength for 3’’ Asphalt Layer 

 

But for this mix the TSR value is 73% after 1st conditioning and the corresponding tensile 

strength is 117 psi. The fatigue life corresponding to this tensile strength is 10 million 

ESALS. It is observed from Figure 7.9 that the fatigue life corresponding to tensile 

strength of 136 psi (85% of unconditioned tensile strength) is 16 million ESALS. As per 

the specifications a mix is considered to be acceptable if its conditioned tensile strength is 
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greater than or equal to the 85% of the unconditioned tensile strength. So this implies that 

fatigue life reduction, when the corresponding mixture strength reduces to 85 % of its 

original unconditioned strength, due to conditioning is permissible. The excess fatigue 

life reduction, when the conditioned tensile strength of a mix is below 85 % of the 

unconditioned strength needs to be penalized. So, for the Castle Hayne mix, the excess 

fatigue life reduction would be 6 (16-10) million ESALS. Thus, the % un-acceptable 

reduction in fatigue life for this mix would be ({6/25.5}=23%). So a pay adjustment 

factor of 0.23 is suggested for this Castle Hayne mix based upon its inadequate fatigue 

performance.  

 

7.4 Deciding Pay Adjustment Factor: Based on Either Fatigue or Rutting 

Performance 

  

Previous sections discuss the pay adjustment factors based on rutting and fatigue 

performance of a mixture. Let us say we would like to find out the deciding pay 

adjustment factor for the Castle Hayne mix, which was used in the construction of a 

highway. As discussed in Section 7.2, the Castle Hayne mixtures would have acceptable 

rutting performance for 22.6 years and thereby slightly exceeding the design life of 20 

years. So this mix is not a candidate to be penalized based upon on their rutting 

performance. But according to Section 7.3, the Castle Hayne mix did not have adequate 

fatigue performance, as its TSR value was less than 85%. The TSR value was 73%. 

Therefore, a pay adjustment factor of 0.23 was suggested for the Castle Hayne mix. So 

the deciding pay adjustment factor for the Castle Hayne mix would be the pay adjustment 

factor based on fatigue performance, which is 0.23.  
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8 SUMMARY AND CONCLUSIONS 

 
 
Evaluation of a mixture’s moisture sensitivity is currently the final step in the Superpave 

volumetric mix design process. This step is accomplished by performing the AASHTO 

T-283 test. This step consists of a conditioning phase, where the sample is subjected to 

saturation and immersion in a heated water bath to simulate field conditions over time. 

Strength loss is then evaluated by comparing indirect tensile strengths of an 

unconditioned control group to those of the conditioned samples. If the average retained 

strength of the conditioned group is less than eighty-five percent of the control group 

strength, the mix is determined to be moisture susceptible. This indicates that the 

combination of asphalt and aggregate would fail due to water damage during the early 

part of the service life of the pavement. A total dependency and reliance on the TSR 

values only may be misleading in many cases. The individual values of tensile strength of 

conditioned and unconditioned specimens in conjunction with TSR values should be 

employed in assessing the effect of water damage on the performance of pavements. 

 

The prime objective of this study was to evaluate the effect of the moisture damage on 

the tensile strength values. The service life was evaluated by performing detailed 

characterization of the various mixtures with the aid of SST and analysis using the rutting 

and fatigue models, and APA. Three aggregate types, one asphalt binder, and two 

gradation types (12.5mm and 9.5 mm mixtures) were used for this study. The three 

aggregate types had different levels of moisture sensitivity. They were: 
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1) Marine Limestone from the Castle Hayne quarry in Castle Hayne, NC – Because of 

its naturally low moisture sensitivity. 

2) Slate Aggregate from the Asheboro quarry, NC – Because it has moderate moisture 

susceptibility. 

3) Granite Gneiss from the Fountain quarry near Rocky Mount, NC - Because it has 

high propensity to strip 

 

Superpave mix designs were performed to select an optimum aggregate gradation and 

optimum asphalt content. To evaluate a mixture’s moisture sensitivity, tensile strength 

ratio (TSR) was calculated in accordance to AASHTO T-283, which is the standard 

method under the Superpave mix design system. It involves measuring a strength 

parameter, known as indirect tensile strength (ITS) of conditioned and unconditioned 

samples. The samples are conditioned as prescribed in AASHTO-283 (Resistance of 

Compacted Bituminous Mixture to Moisture Induced Damage). This test consists of 

conditioning samples (standard six-inch mixture specimens) and testing them in indirect 

tension. Three specimens were tested each for unconditioned and conditioned states, 

respectively. Castle Hayne mixture, which has low moisture susceptibility showed high 

TSR values. Fountain mixture, which has high propensity to strip, showed lower TSR 

values. For both 12.5mm and 9.5mm mixes, unconditioned Fountain mix samples had the 

highest Indirect Tensile Strength. It was observed that among 12.5mm & 9.5mm 

mixtures, conditioned Fountain mix had the highest % decrease in tensile strength values 

when compared to its unconditioned Fountain mix and conditioned Castle Hayne mix had 
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the lowest % decrease in tensile strength values when compared to its unconditioned 

Castle Hayne mix.  

 

As mentioned earlier, performance evaluation was done using the test systems such as 

Shear Tester and APA. The results of FSCH tests were then analyzed for fatigue 

performance using the SHRP A003-A Surrogate models and the Asphalt Institute (AI) 

method. The AI method considers only the mixture stiffness and tensile strain. On the 

other hand, Surrogate models use various mixture properties such as tensile strain, 

flexural stiffness and voids filled with asphalt. Therefore, the results of SHRP Surrogate 

models are given more credence and preference in this discussion. The FSCH test 

measured dynamic modulus and phase angles at 20oC and at various frequencies. Among 

12.5mm unconditioned mixes, Castle Hayne mix samples had the highest fatigue life and 

Asheboro mix samples had the lowest fatigue life, and within 9.5 mm unconditioned 

mixes, Castle Hayne mix had the highest fatigue life while Fountain mix had the lowest 

fatigue life. Among 12.5mm & 9.5mm mixtures, conditioned Fountain mix samples had 

the highest % decrease in fatigue life when compared to its unconditioned Fountain mix 

and conditioned Castle Hayne mix had the lowest % decrease in fatigue life when 

compared to its unconditioned Castle Hayne mix.  

 

The shear strains were measured using the RSCH test. The rut depths were estimated 

using the SHRP Rutting model. The mixtures that were determined to be moisture 

susceptible from the results of TSR exhibited a greater total shear strain in conditioned 

state. Among 12.5mm & 9.5mm unconditioned mixes, Castle Hayne mixtures had the 
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highest rut depth and Fountain mixtures had the lowest rut depth. Among 12.5mm & 

9.5mm mixtures, Fountain mixtures had the highest % increase in rut depth values after 

conditioning and Castle Hayne mix had the least % increase in rut depth values after 

conditioning. 

 

Rutting characteristics of the mixtures were also measured using the Asphalt Pavement 

Analyzer (APA). The rut depths were measured at the end of 8000 cycles. The results of 

the APA tests do not agree with the RSCH tests. The rut depths measured for conditioned 

samples using the APA test were found to be either greater than or equal to those of the 

unconditioned samples. The results of APA tests indicate that conditioning either has no 

influence or it increases the rutting resistance of the mix. Logically, conditioning should 

decrease the rutting resistance of a mix. The conditioning of the specimens results in 

water being accumulated in the air voids of the specimen. During the APA test, this water 

may cause the development of pore water pressure, which inturn increases the rutting 

resistance of mix. 

 

The results of Indirect Tensile Strength test showed that unconditioned mix samples had 

higher tensile strength values than their conditioned mix samples. Also, FSCH test 

showed the same trend of higher fatigue life for unconditioned mix samples when 

compared to their conditioned mix samples. A relationship between the tensile strength 

values and the corresponding fatigue life is established and a methodology is suggested 

for the development of pay adjustment factors to the contractors based upon fatigue 

performance.  
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The RSCH test results showed that the conditioned mixes had lower rutting resistance. A 

relationship between rut depths obtained from the RSCH test results and the Indirect 

Tensile Strength values is established. The relationship showed that with increase in 

tensile strength the rut depth decreased. As per SHRP rutting model, the maximum 

allowable rut depth is 0.5 inch. In this study, none of the mixtures reached a rut depth of 

0.5 inch. As rut depth increases with decreasing tensile strength, there should exist a 

tensile strength value for which rut depth would be 0.5 inch. The critical tensile strength 

value, for which the rut depth would be 0.5 inch, was extrapolated from the regression 

relationship.  The critical tensile strength value for 0.5-inch rut depth was found to be 

85psi. Based upon this value, a methodology was suggested for the development of pay 

adjustment factors to the contractors. 

 

8.1 Conclusions 

Some of the specific conclusions drawn from this project are as follows: 

1 Indirect Tensile Strength values are related to fatigue life and rutting performance 

of a mix. 

 

2  A mix with adequate TSR values and high Indirect Tensile strength values may 

have better performance than mix with lower Indirect Tensile strength values and 

higher TSR values. 
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3  The results obtained by the APA tests do not agree with the RSCH test results. 

The rut depths measured for conditioned samples using the APA test were found 

to be either greater than or equal to those of the unconditioned samples. The 

results of APA tests indicate that conditioning either has no influence or it 

increases the rutting resistance of the mix.  

 

4 The critical tensile strength value for a rut depth of 0.5 inch was extrapolated 

from the regression relationship established between rut depths and Indirect 

Tensile Strength values. The critical tensile strength value for 0.5-inch rut depth 

was found to be 85 psi. 

 

5 The methodology for development of pay adjustment factors of mixes is 

suggested based on rutting and fatigue performance. The critical tensile strength 

value of 85 psi for 0.5 inch rut depth was used as a guiding value in suggesting 

the methodology for the development of pay adjustment factors based on rutting 

performance. The regression relation was also established between the indirect 

tensile strength and fatigue life. The relationship showed increase of fatigue life 

with increase in indirect tensile strength. The fatigue life corresponding to 

unconditioned tensile strength, 85% of unconditioned tensile strength, and 

conditioned strength were calculated. The methodology of pay adjustment factors 

was suggested based on these values.  
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6 Among 12.5mm & 9.5mm mixtures, conditioned Fountain mix samples had the 

highest % decrease in mixture performance (fatigue and rutting) when compared 

to its unconditioned Fountain mix samples and conditioned Castle Hayne mix had 

the lowest % decrease in mixture performance when compared to its 

unconditioned Castle Hayne mix. This shows that the Fountain mixes have the 

highest moisture susceptibility among the mixtures made using the aggregates of 

Fountain, Castle Hayne and Asheboro, and Castle Hayne mixtures had the lowest 

moisture susceptibility. 

 

8.2 Future Scope 

The study conducted so far largely explains the behavior of mixes and methodology for 

development of pay adjustment factors, but the following aspects need to be examined 

further. 

 

8.2.1 More Aggregate Sources 

The current study is based on the evaluation of the three different types of aggregates. By 

employing more aggregates in the study, good regression models with high regression 

coefficients could be generated, which in turn would help in developing a more effective 

pay reduction methodology. 

 

8.2.2 Use of Anti-Stripping Additives 

Anti-Strip agents increase the resistance of the asphalt mixture to stripping by the action 

of water. It decreases the moisture susceptibility of asphalt concrete mixtures. With the 
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addition of the anti-strip agents, we can increase the TSR of our mixtures. This would 

result in higher tensile strength of the conditioned mixtures and also the higher fatigue 

and rutting performance. The higher values of Indirect Tensile Strength and the 

corresponding fatigue and rutting performance of conditioned mix samples obtained due 

to the use of anti-strip agents, would give us more data points, which in turn would help 

us developing better regression models.  

 

8.2.3 Fatigue Life Calculation using Material Testing Machine (MTS) 

In this study, the fatigue life of mixtures is calculated with the aid of SST. The FSCH test 

of SST calculates the Complex Modulus and the phase angle for a mix. The critical 

tensile strain at the bottom of the asphalt surface course layer for any assumed pavement 

structure, using the EVERSTRESS software for multilayer elastic analysis of pavement 

sections, is then calculated. Using the critical tensile strain, flexural stiffness and VFA 

fatigue life is calculated as per the surrogate model developed in the SHRP A003-A 

project. This model has a R2 value of 0.79. In this study, when trying to develop a 

relationship between the fatigue life and Indirect Tensile Strength, we were trying to 

model a model. This may be one of the reasons for the low R2 value for our model of 

relationship between fatigue life and Indirect Tensile Strength. But by conducting fatigue 

tests, number cycles to failure for fatigue life can be calculated directly. So this model of 

relationship between fatigue life and Indirect Tensile Strength may be better than the 

model developed in this study.   
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8.2.4 Understanding Moisture Damage 

Under the SHRP method of mix design the Modified Lottman test (AASHTO T-283) is 

used to assess moisture susceptibility. The samples are conditioned as prescribed in 

AASHTO-283 (Resistance of Compacted Bituminous Mixture to Moisture Induced 

Damage). The moisture damage done by moisture conditioning is seen as simulation of 

moisture damage done to the mixtures used in the pavement structure by exposure to 

nature over some period of time. Further study should be done to evaluate the time period 

of moisture damage simulated by the conditioning, as prescribed in AASHTO-283  

 

8.2.5 Correct Experimental Set up for Testing of Conditioned Mix Samples in APA.  

APA is known to be reasonably effective in calculating the rutting performance of mix. 

The erroneous rutting performance of the conditioned mixtures may be due to the 

incorrect testing mode or experimental set up in APA. The testing of the conditioned 

samples after the water has been completely drained off from the mixture may help 

obtaining the logical results for the rutting performance. 
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