
ABSTRACT 

JEONG, JAEHOON. Construction Variability of Asphalt Mixtures and Its Impact on Pavement 

Performance. (Under the direction of Dr. Y. Richard Kim). 

 

Asphalt pavement is one of the major infrastructures in the United States. An important 

task for state highway agencies and departments of transportation is to ensure pavement 

longevity. In order to enhance pavement quality, the quality of both the asphalt mixture and 

pavement construction is important. Within this context, the variability at the asphalt mixture and 

construction levels that occurred during actual field paving projects was investigated in this 

study to determine the effects of the variability on pavement performance. Because pavement 

performance is difficult  to predict based solely on the current quality assurance (QA) process, 

measured QA data obtained from the current QA process and mixture performance test results 

were used to develop tools, i.e., the index-volumetrics relationship (IVR) and performance-

volumetrics relationship (PVR), for pavement performance predictions. The IVR is simpler than 

the PVR in terms of the performance indices used to predict pavement performance based on in-

place volumetric parameters (VMAIP and VFAIP). This study compared IVRs and PVRs in terms 

of their performance prediction ability and trends using essential factors. 

Several field paving projects (in Maine, Ontario, North Carolina, and Maryland) were 

employed for this study. The relevant agencies used their current QA process to obtain measured 

QA data. The variability at the mixture and construction levels was investigated based on these 

data, and the results indicate that significantly more variability was found at the construction 

level than the mixture level. With regard to performance testing, two types of mixtures, plant-

mixed, lab-compacted (PMLC) and lab-mixed, lab-compacted (LMLC), were acquired from the 

projects. Next, IVRs and PVRs were developed using the LMLC and PMLC mixtures. For the 

PMLC mixtures, the IVRs and PVRs were developed based on the mixture and construction 



variability for each field project. For the LMLC mixtures, the IVRs and PVRs were developed 

by creating two gradations and targeting binder and air void contents to make four different 

volumetric conditions. For the IVRs, both balanced mix design plus (BMD+) test methods 

(including dynamic modulus, cyclic fatigue, and stress sweep rutting tests) and BMD tests 

(Illinois Flexibility Index Test, IDEAL-CT, Hamburg Wheel Track Test) were employed. The 

BMD+ tests were employed also for the PVR development. 

The IVRs and PVRs were developed by linear regression and improved using four 

constraints to correct the sensitivity trends in terms of binder content and in-place air void 

content. The developed IVRs and PVRs were verified using verification samples to determine 

whether or not the functions could predict pavement performance. Finally, the pavement 

performance of the field projects was predicted using the verified IVRs and PVRs. The important 

factors that affect pavement performance were investigated based on the predicted field 

performance.  
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CHAPTER 1. INTRODUCTION  

1.1. Research Background and Needs 

Asphalt pavement is one of the major infrastructure building blocks in America. The 

United States has more than 2.7 million miles of paved roads and highways, and 94% of those 

roadways are surfaced with asphalt. Asphalt pavements are easy to maintain, quick to construct, 

and provide a safe, smooth, quiet ride. Compared to other pavement types, asphalt pavements 

provide the highest level of drivability at the most economical price. The United States has 

approximately 3,500 asphalt plants, at least one in every congressional district. Each year, these 

plants produce a total of about 400 million tons of asphalt pavement material worth in excess of 

$30 billion. The industry supports employment for more than 400,000 Americans in the asphalt 

production, aggregate production, and road construction sectors. In addition to the massive size 

of this industry, asphalt pavement relates directly to peopleôs daily lives. Asphalt pavement 

roadways allow people to travel from their homes to workplaces, schools, places of worship, and 

shops and to have access to medical care and emergency assistance. Living without pavement is 

difficult to imagine, and no one doubts that better performing pavements will add to peopleôs 

quality of life.  

Thus, an important task for state highway agencies and departments of transportation 

(DOTs) is to ensure that pavements are properly constructed so that they will perform well over 

their intended service life. The process that agencies and DOTs use to achieve this task is 

referred to as quality assurance (QA), defined as: ñAll those planned and systematic actions 

necessary to provide confidence that a product or facility will perform satisfactorily in service.ò 

Simply stated, when products meet QA requirements in terms of both the asphalt mixture and the 

pavement construction, the pavement should perform satisfactorily as expected. However, many 
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asphalt pavements fail earlier than their intended design life, even though they met the relevant 

QA specifications. Such failure can cause an increase in the number of unsafe pavements for 

drivers, thereby increasing safety risks and diminishing quality of life. Furthermore, the early 

deterioration of pavements leads to extra financial burden for state highway agencies, as it 

necessitates repair and rehabilitation of roadways. In this context, reliable performance 

predictions for newly constructed pavements are critical in order for agencies and DOTs to 

manage their pavement networks by improving the evaluation of constructed pavements and 

anticipating any necessary actions in advance. 

Current QA processes deal mostly with acceptance quality characteristics (AQCs), i.e., 

the air void content at Ndes, binder content, voids in mineral aggregate (VMA ), in-place density, 

thickness, and smoothness of the pavement mixture. Some of these measurable AQCs are used to 

determine pay adjustments for contractors. Because the prediction of field pavement 

performance has not been easy work and many variables must be considered to conduct this task 

properly, one major drawback of current QA protocols is the lack of dependability of current 

pavement performance prediction methods. If performance predictions of newly constructed 

pavements could be an integral part of the current QA process, then highway agencies (including 

DOTs) could realize significant benefits. First, the agencies would be able to spend their budgets 

in a more reasonable manner. If the pavement is predicted to perform worse than it should, then 

the agency would pay less than the contracted price to contractors based on the predicted 

performance. In this way, the agency can save money and use it for other purposes, such as 

pavement rehabilitation tasks. Second, reliable pavement performance predictions will lead to 

improvements in the overall quality of the pavement. As pavement performance is strongly 

related to the quality of both the mixture and the construction of the pavement, contractors would 
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be expected to enhance both their mixture production and construction efforts, which would 

result in enhanced pavement performance as well as improved driver safety and satisfaction. 

As part of a performance-related specifications (PRS) project, this dissertation mainly 

describes a comprehensive procedure to develop performance prediction functions, the so-called 

index-volumetrics relationship (IVR) and performance-volumetrics relationship (PVR) to predict 

pavement performance using plant-mixed and lab-compacted (PMLC) and lab-mixed and lab-

compacted (LMLC) mixtures and to evaluate the performance of several field projects using the 

developed functions. The IVR uses the same concept as the performance-volumetrics 

relationship (PVR) (Wang et al. 2019), but the IVR was developed using measured AQCs and 

different performance test indices. Using the developed functions, the impacts of the variability 

that occurs at both the mixture and construction levels during paving projects can be evaluated 

more effectively than in current practice.  

1.2. Objectives 

The goal of the study described in this dissertation is to develop prediction functions from 

several performance tests by using two different mixture types (LMLC and PMLC) obtained 

from field projects. The developed prediction functions are used to predict the pavementôs 

performance and evaluate the impacts of mixture and construction variability on pavement 

performance. This goal is accomplished by meeting the following objectives. 

1. Investigate the mixture and construction variability that has occurred in several 

paving projects. 

2. Develop and verify performance prediction functions for the individual paving 

projects using volumetric properties and performances at four corners of PMLC 

mixtures and LMLC mixtures. 
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3. Evaluate the effects of mixture and construction variability on the pavement 

performance based on measured performance values and values predicted from the 

developed performance prediction functions. 

1.3. Terms 

Various terms are used throughout this dissertation. The following list defines these terms. 

AMPT: Asphalt Mixture Performance Tester. 

AQCs: Acceptance quality characteristics. AQCs are the final acceptance criteria of the product 

measured by the state highway agency. Typically, AQCs are binder content, air void content at 

the number of design gyrations (Ndes), voids filled with mineral aggregate (VMA ) at the Ndes, 

voids filled with asphalt (VFA) at the Ndes, gradation, and in-place density. 

BMD: Balanced mix design. 

BMD performance testing: This test protocol includes the Illinois Flexibility Index Test (I-FIT), 

the Indirect Tensile Asphalt Cracking Test (IDEAL-CT), and the Hamburg Wheel Track (HWT) 

test. 

IVR: Index-volumetrics relationship. 

LMLC:  Lab-mixed, lab-compacted. LMLC mixture properties can be changed because the 

mixtureôs components can be controlled in the lab. 

Sample: The asphalt mixture sample obtained from truck loads from each field project. 

PMLC: Plant-mixed, lab-compacted. PMLC mixture properties cannot be changed because the 

mixture already has been produced in a plant. 

BMD+: Balanced mix design based on the suite of AMPT performance tests. 

BMD+ performance testing: Performance tests conducted using an AMPT. This test protocol 

includes the dynamic modulus test, cyclic fatigue test, and stress sweep rutting (SSR) test. 
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PVR: Performance-volumetrics relationship. 

QA: Quality assurance. 

 

1.4. Dissertation Organization 

Eight chapters are presented in this dissertation and are organized as follows: 

Chapter 1: INTRODUCTION. The introduction presents the research background and 

needs, objectives, general terms used in the study, and a brief description of the dissertationôs 

organization. 

Chapter 2: LITERATURE REVIEW. This chapter discusses previous work regarding the 

PVR and justify usage of the IVR. 

Chapter 3: TEST METHODS AND PERFORMANCE TEST INDICES. This chapter 

provides general descriptions of performance tests and corresponding performance test indices. 

Chapter 4: MATERIALS AND FIELD PROJECTS. This chapter describes several field 

projects and the materials sampled from the projects. It also provides a summary of measured 

field project variability. 

Chapter 5: DEVELOPMENT AND VERIFICATION OF PLANT-MIX ED LAB-

COMPACTED PERFORMANCE PREDICTION FUNCTIONS. This chapter describes the 

procedure followed to develop and verify the performance prediction functions using the 

acquired PMLC mixtures. 

Chapter 6: DEVELOPMENT AND VERIFICATION OF LAB-MIXED LAB -

COMPACTED PERFORMANCE PREDICTION FUNCTIONS. This chapter describes the 

procedure followed to develop and verify the performance prediction functions using the 

acquired LMLC mixture. 
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Chapter 7: INVESTIGATION OF PERFORMANCE PREDICTION FUNCTIONS. This 

chapter mostly deals with the investigation of the developed performance prediction functions. 

The sign conventions for the coefficients of the functions are investigated and sensitivity analysis 

in terms of the binder content and in-place air void content is conducted. 

Chapter 8: IMPROVEMENT OF PERFORMANCE PREDICTION FUNCTIONS. This 

chapter suggests a way to improve the issues found for the developed performance prediction 

functions in terms of the sensitivity analysis. The developed performance prediction functions 

are improved using the constraints to correct the reasonableness of the functions. 

Chapter 9: EVALUATION OF CONSTRUCTION VARIABILITY. This chapter 

presents the pavement performance prediction results for individual paving projects using the 

developed and improved performance prediction functions. 

Chapter 10: SUMMARY AND CONCLUSIONS. This chapter provides a summary of 

the primary conclusions of the study. 
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CHAPTER 2. LITERATURE REVIEW  

2.1. Effects of Air Void Content and Binder Content on Laboratory  Performance Test 

Results 

The binder content and in-place density (in-place air void content) are important factors 

to represent mixture-level and construction-level variability, respectively. Many state highway 

agencies measure both factors for their QA processes and most agencies use in-place density to 

determine payment adjustments for contractors. Thus, the two factors are critical to ensure the 

quality of pavement performance. In the field, however, pavement deterioration is difficult to 

explain based only on these two factors because such deterioration depends on multiple factors. 

For example, when pavement has low in-place density (high air void content), the oxidation 

effect will be more critical than for pavements with high in-place density. Overall, oxidation 

accelerates damage and the aging process of the pavement. Also, the air voids in low-density 

pavements allow water to penetrate, and the trapped water induces additional damage to the 

pavement. Due to these interconnected pavement deterioration mechanisms in the field, this 

dissertation focuses on laboratory performance tests to detect the impact of each factor on 

pavement performance. In this context, the literature review describes the investigated effects of 

air void content and binder content on laboratory performance test results. The following 

subchapters provide a brief introduction to the various laboratory performance tests and discuss 

performance index trends for both air void content and binder content. 

2.1.1. Direct tension cyclic fatigue test 

The direct tension cyclic fatigue test is an actuator displacement-controlled test that 

applies repeated cyclic loadings to a test specimen until the specimen fails. The test results 

include applied stress values, on-specimen axial strain responses, and the number of cycles to 
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failure and are used to calibrate the coefficients used in the simplified viscoelastic continuum 

damage (S-VECD) model. The S-VECD model allows the prediction of the fatigue damage 

evolution in a mixture under moving traffic loads and realistic climate conditions using 

FlexPAVETM. 

Direct tension cyclic fatigue tests are conducted at 3°C below the temperature at the 

average performance grade (PG), e.g., 18°C when the mixture contains PG 64-22 binder. The 

dynamic modulus fingerprint test is conducted prior to the fatigue test to estimate the modulus 

value at the test temperature. The strain level for the fatigue test is obtained from Table X1 in 

AASHTO TP 133 based on the fingerprint test results. 

The major outputs of the direct tension cyclic fatigue test are the damage characteristic 

curve, also known as the material integrity (C) versus damage (S) curve, and the pseudo energy-

based failure criterion, designated as DR, as shown in Figure 2.1 (a) and (b), respectively. The 

damage characteristic curve represents the fundamental relationship between C and S for asphalt 

mixtures. DR is defined as the average reduction in pseudo stiffness up to failure and is 

determined as the ratio of the sum of (1-C) to failure to the number of cycles to failure, which is 

the slope of the linear relationship shown in Figure 2.1 (b) (Wang and Kim 2017). Both the 

damage characteristic curve and DR failure criterion are independent of temperature, frequency, 

and mode of loading. Combined with linear viscoelastic properties, the damage characteristic 

curve can be used to predict how fatigue damage grows in asphalt mixtures as fatigue loading 

continues, and the DR criterion determines the moment of failure. These properties also can be 

used in a pavement structural analysis model to predict the fatigue performance of asphalt 

pavements. 
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Figure 2.1 Major outputs from direct tension cyclic fatigue test: (a) damage characteristic 

curve and (b) pseudo energy-based failure criterion. 

Lastly, cyclic fatigue test results can be used to determine a fatigue index parameter, Sapp, 

which represents the effects of a materialôs modulus and toughness on its fatigue resistance and 

is a measure of the amount of fatigue damage the material can tolerate under loading (FHWA 

2019). Higher Sapp values indicate better fatigue resistance of the mixture. Figure 2.2 shows 

examples of how different mixture factors affect Sapp values. Note that Sapp values are calculated 

using the climatic PG, not the mixture PG. The climatic PG is loaded from FlexMATTM by 

selecting the location. (Note: Table 2.2 provides a summary of threshold and traffic levels of Sapp 

values.) 
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© 2019 Federal Highway Administration 

Figure 2.2 Effects of mixture factors on fatigue index parameter Sapp: (a) effects of 

aggregate gradation, (b) effects of binder content, and (c) effects of air void content. 
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2.1.2. Illinois flexibility index test (I -FIT)  

The I-FIT is used to determine the cracking resistance properties of Mode 1 (the opening 

mode in fracture mechanics) for asphalt mixtures at intermediate test temperatures. This test uses 

semicircular bending beam test specimens that have a notch that is parallel to the direction of the 

load application. The data analysis procedure determines the fracture energy (Gf) and post peak 

slope (m) of the load-load line displacement (LLD) curve, as shown in Figure 2.3. The fracture 

energy is calculated by dividing the work of fracture (the area under the LLD curve) by the 

ligament area (the product of the ligament length and the thickness of the specimen). The slope 

(m) to calculate the flexibility index (FI) value is a slope at an inflection point after the peak load 

on the LLD curve. These parameters are used to develop an FI to predict the fracture resistance 

of an asphalt mixture at the intermediate temperature (AASHTO TP 124 2018). The higher the 

FI value, the better the fatigue resistance. 

 
© 2018 AASHTO TP 124-18 

Figure 2.3 Example of load-load line displacement curve. 

The I-FIT is conducted following AASHTO TP 124. Four semicircular test specimens 50 

mm ± 1 mm in height with a notch 1.5 mm ± 0.1 mm at the center are obtained from a gyratory-
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compacted specimen (150-mm diameter, 160-mm height). The four test specimens are 

considered a set for each case. A single test temperature of 25°C and loading rate of 50 mm/min 

are applied to the different mixtures. 

A study conducted by the Illinois Center for Transportation in 2017 (ICT, 2017) found 

that the FI value increases when the mixture has a high binder content or includes a modified 

binder for heavy traffic (PG 58H-34, PG 64E-34, and PG 70-22), as presented in Figure 2.4. On 

the other hand, the figure shows that the mixture with more asphalt binder replacement (ABR) 

(PG 64S-22 with 39.8% ABR) has the greatest cracking potential.  

 
© 2017 FHWA-ICT-17-012 Report 

Figure 2.4 Flexibility index trends with mixture factors.  

A study conducted at Penn State University (Pennsylvania Asphalt Pavement Association 

2018) found that Flexibility Index (FI) values increase as the air void content increases at the 

same binder content. The same trend is found at different binder PGs. Figure 2.5 shows the 

measured FI values with air void content obtained from the study conducted at Penn State 

University (2018). 
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© 2018 Pennsylvania Asphalt Pavement Association 58th Annual Conference 

Figure 2.5 Flexibility index trends with air void content. 

2.1.3. IDEAL -CT 

The IDEAL-CT is used to measure asphalt mixture cracking resistance at an intermediate 

temperature. The main test concept and procedure are similar to those of the I-FIT, but the 

specimen geometry is different. The IDEAL-CT uses gyratory-compacted cylinders with a 

diameter of 150 mm ± 2 mm and height of 62 mm ± 1 mm, with no cutting, gluing, or notching 

required. The performance index value, CTIndex, is calculated from the failure energy, the post-

peak slope of the load-displacement curve, and deformation tolerance at 75% of the peak load, as 

shown in Figure 2.6. The higher the CTIndex value, the better the cracking resistance. The 

minimum of three specimens at the target air void content of ± 0.5% is required. 
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© 2019 ASTM D8225-19 

Figure 2.6 Load versus load-line displacement curve. 

Figure 2.7 presents the results of a study conducted by the Texas A&M Transportation 

Institute, i.e., the National Cooperative Highway Research Program (NCHRP) Innovations 

Deserving Exploratory Analysis (IDEA) Program Project 195. Figure 2.7 (a), (b), (c), and (d) 

show CTIndex trends with mixture factors, i.e., RAP or reclaimed asphalt shingles (RAS), binder 

type, binder content, and aging conditions, respectively. The CTIndex value decreases when the 

mixture has more RAP or RAS or the mixture becomes more aged. The CTIndex value increases 

with the inclusion of modified binder or a higher binder content. Figure 2.8 presents the effects 

of air void content on CTINDEX values found by Zhou et al. (2005). Like the FI values, the 

CTINDEX values increase with an increase in air void content. 
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© 2019 NCHRP IDEA Project 195 

Figure 2.7 CT Index trends with mixture factors: (a) RAP/RAS, (b) binder type, (c) binder 

content, and (d) aging conditions. 

 

© 2005 Zhou et al. 

Figure 2.8 Air void effect on CTINDEX . 

2.1.4. Four-point bending test 

The four-point bending test is used to evaluate the fatigue resistance of asphalt mixture 

pavement layers under repeated traffic loading. The test applies repeated flexural bending until 

the specimen fails. Three replicates of an asphalt mixture beam specimen are required, and the 

mixtureôs nominal maximum aggregate size (NMAS) should be less than 19 mm. The required 

(a)

(c) (d)

(b)
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dimensions of the test specimen are 380 mm ± 6 mm in length, 50 mm ± 6 mm in height, and 63 

mm ± 6 mm in width. Failure is defined as the point at which the sum of the specimenôs stiffness 

and number of load cycles reaches the maximum, as shown in Figure 2.9. 

 

© 2017 AASHTO T 321 

Figure 2.9 Stiffness and loading cycles of four-point bending test. 

Fakhri and Tavassoti (2009) investigated the effects of air void content and binder 

content using four-point bending test results, as shown in Figure 2.10. The figure shows the 

relationship between asphalt mixture fatigue life and both air void content and binder content. As 

shown, the change in air void content from 4% to 6% with the same binder content at the same 

micro strain level leads to a reduction in the fatigue life for all the specimens. Also, a 1% 

increase in the binder content at the same 4% air void content is shown to increase the fatigue 

life for all the tested specimens. 
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© 2009 Fakhri and Tavassoti 

Figure 2.10 Effect of air void content on fatigue life. 

Harvey et al. (1995) conducted a study to investigate the effect of air void content and 

binder content on fatigue performance by conducting the flexural bending test. The study set 

different experimental conditions, including two test specimen air void content levels (4 to 6% 

and 7 to 9%), four binder contents (4.0, 4.5, 5.0, and 5.5%), and two strain levels (150 and 300 

microstrain). Figure 2.11 and Figure 2.12 exhibit the measured fatigue life values with different 

air void content at varied binder content under two strain levels. In each figure, it can be seen 

that the fatigue life of the mixture decreases as the air void increases. In each subfigure, the 

slopes become steeper as the binder content increases. This indicates that the fatigue life at the 

same air void content increases as binder content increases. The same trends were found at two 

strain levels. Therefore, both kinds of literature found the same trends in the effects of air void 

content and binder content. 
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© 1995 Harvey et al. 

Figure 2.11 Effect of binder and air-void contents on laboratory fatigue life (150 

microstrain). 
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© 1995 Harvey et al. 

Figure 2.12 Effect of binder and air-void contents on laboratory fatigue life (300 

microstrain). 

2.1.5. Overlay test 

The overlay test is used to determine an asphalt mixtureôs susceptibility to fatigue or 

reflective cracking by measuring the number of cycles to failure. The overlay test employs an 

electro-hydraulic test machine, pictured in Figure 2.11, that applies repeated direct tension loads 

to the specimen. The test specimen is glued to two platens; one platen is fixed and the other 

platen can move horizontally to create tensional strain. According to TxDOT Specifications 
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(Tex-205-F and Tex-241-F), the diameter of the overlay test specimen is 150 mm and the height 

is 115 mm ± 5 mm. The test procedure is conducted cyclically using a triangular, displacement-

controlled waveform. The test temperature is 25ºC (77ºF) and the cycle time is 10 seconds (5 

seconds loading, 5 seconds unloading). Specimen failure is defined as 93% reduction of the 

initial load. 

 

© 2019 Bennert et al. 

Figure 2.13 Overlay tester. 

Zhou and Scullion (2013) investigated the effects of binder content using the overlay test. 

Figure 2.14 presents their results, which indicate that a higher number of cycles correlates with 

the mixtureôs greater binder content at the same target air void content. 
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© 2013 Zhou and Scullion 

Figure 2.14 Binder effect on overlay test results. 

The same Zhou and Scullion (2013) study also investigated the effect of air void content 

on reflective cracking using overlay test results. Figure 2.15 indicates that a higher air void 

content leads to better reflective cracking resistance. Zhou and Scullion (2013) explain this 

phenomenon as follows: The reduction in air void content makes the specimen denser and 

stronger. That is, a specimen with a lower air void content would have a higher stiffness value 

and greater strength, which is good for rutting resistance. However, thermal reflective cracking 

that is simulated by the overlay tester creates a different scenario. If the drop in temperature is 

kept constant, the denser mixture with a higher modulus value will experience greater thermal 

stress. Inversely, although the strength of the specimen is less, the thermal stress that is induced 

within the specimen with a higher air void content will be less, too. When the thermal stress that 

is induced within a specimen is greater than its strength, cracking will occur. Whether or not a 

specimen with a lower air void content is resistant to thermal reflective cracking thus depends on 

both its stiffness and strength (Zhou and Scullion 2013). For this reason, Zhou and Scullion 

(2013) found that drawing a general conclusion regarding the effect of air void content on 
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thermal reflective cracking is difficult and recommend that the air void effect should be 

considered on a case-by-case basis. 

 

© 2013 Zhou and Scullion 

Figure 2.15 Air void effect on overlay test results. 

2.1.6. Fatigue response test 

Tangella et al. (1990) evaluated test procedures for measuring the fatigue response of 

asphalt paving mixtures and summarized the factors that influence fatigue response. The 

literature employed the two fatigue testing modes, i.e., controlled-stress mode of loading and 

controlled-strain mode of loading. The mixture factors on the asphalt mixture fatigue 

performance were investigated accordingly. For the mixture factors affecting fatigue 

performance, the two factors, i.e., asphalt binder content and air void content, are selected as the 

critical factors. Table 2.1 summarizes the factors affecting the asphalt mixture fatigue response 

referred from the literature. The literature concluded that air void content is an important factor 

affecting the fatigue life of an asphalt mixture and should be as small as possible (but not less 

than the minimum limit of 3 percent) to obtain the greatest fatigue life. Also, the literature 

concluded that the engineer could control the binder content, which has a significant effect on the 
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fatigue life. The optimum asphalt content to obtain a maximum life is generally higher than the 

design required. 

Table 2.1 Factors Affecting the Stiffness and Fatigue Response of Asphalt Mixture 

(Tangella et al. 1990) 

Factor 
Change in 

Factor 

Effect of Change in Factor 

On Stiffness 

On Fatigue Life in 

Controlled-Stress 

Mode of Testing 

On Fatigue Life in 

Controlled-Strain 

Mode of Testing 

Asphalt 

Content 
Increase Increase Increase Increase 

Air Void 

Content 
Decrease Increase Increase Increase 

 

2.1.7. Stress sweep rutting (SSR) test 

The SSR test measures the permanent deformation characteristics of an asphalt mixture 

as a function of deviatoric stress, loading time, and temperature, which all change with pavement 

depth. The results from four SSR tests, two from each of the low and high temperatures, can be 

used to develop the permanent deformation shift model. The shift model not only describes the 

permanent deformation behavior of an asphalt mixture at the material level, but it also allows 

engineers to incorporate the permanent deformation material properties into a pavement 

structural analysis model to predict the long-term rutting performance of pavements. 

SSR tests are conducted at two test temperatures and under the constant confining 

pressure of 69 kPa (10 psi), with three 200-cycle loading blocks for each of three deviatoric 

stress levels. The load pulse is 0.4 second for each cycle and the rest period is 1.6 seconds for the 

low-temperature test and 3.6 seconds for the high-temperature test. The test temperatures are 

determined according to AASHTO TP 134 and depend on the geographic location where the 
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mixture would be used. The AMPT applies confining pressure to the test specimens for an hour 

prior to SSR testing. The test automatically begins after an hour of confinement. 

A rutting index parameter, the RSI, is based on the permanent deformation shift model 

that is characterized by the SSR test (Ghanbari et al. 2020). The RSI is the average permanent 

strain and is defined as the ratio of the permanent deformation in an asphalt layer to the thickness 

of that layer at the end of a 20-year pavement service life with 30 million 18-kip standard axle 

load repetitions for a standard structure. The RSI value is presented as a percentage. A mixture 

with a lower RSI value has greater resistance to rutting. Figure 2.16 (a) and (b) respectively 

present the effects of two mixture factors, in-place density and binder content, on RSI values. 

Table 2.2 provides a summary of RSI threshold values for different traffic levels, presented as 

millions of equivalent single-axle loads (ESALs). 

 

 
© 2020 International Journal of Pavement Engineering 

Figure 2.16 Effects of mixture factors on rutting strain index (RSI) values: (a) in-place air 

void content and (b) binder content. 
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Table 2.2 Threshold Values for Sapp and Rutting Strain In dex (RSI) 

Traffic (Million 

ESALs) 
Limits  Limits  Tier  Designation 

Less than 10 Sapp > 8 RSI < 12 Standard S 

Between 10 and 30 Sapp > 24 RSI < 4 Heavy H 

Greater than 30 Sapp > 30 RSI < 2 Very Heavy V 

Greater than 30 and 

slow traffic 
Sapp > 36 RSI < 1 Extremely Heavy E 

Note: ESAL is equivalent single axle load. 

2.1.8. Hamburg wheel track (HWT) test 

The Hamburg wheel track (HWT) test is used to evaluate asphalt mixturesô resistance to 

rutting and moisture susceptibility. Specifically, this test determines the premature failure 

susceptibility of asphalt mixtures that is due to weakness in the aggregate structure, inadequate 

binder stiffness, or moisture damage, and other factors such as inadequate adhesion among the 

asphalt binder aggregate particles. 

A study conducted by Yin et al. (2020) found that the rut depth at 20,000 cycles of HWT 

testing correlates with 17 corresponding sections of measured field rut depths, as shown in 

Figure 2.17 (Yin et al. 2020). Although the correlation is not strong with a R2 of less than 0.6, the 

corrected rut depth (CRD) measured from HWT test at least shows an increasing trend with the 

higher field rut depth values. Considering that field data typically have many uncertain variables, 

this correlation supports using HWT test performance index values. 
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© 2020 Yin et al. 

Figure 2.17. Correlation of Hamburg Wheel Track test index values to field rut depths. 

Four 150-mm diameter test specimens with a 3-mm to 4-mm edge cut were grouped in 

pairs to represent a sample. The test specimens were immersed at the target temperature water 

for 45 min for preconditioning and the test was ended when the number of cycles reached 20,000 

or the rut depth reached 20 mm. According to AASHTO T 324, the performance index (rut 

depth, mm) value is the average rut depth for the five middle deformation locations, as shown in 

Figure 2.18. 

 
Figure 2.18. Five middle deformation locations for Hamburg Wheel Track test. 

0 mm 23 mm 46 mm 69 mm 92 mm 115 mm138 mm161 mm184 mm207 mm230 mm
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Chen (2018) investigated the effect of air void content using HWT test results. Two 

mixtures (9.5-mm NMAS and 12.5-mm NMAS) were fabricated at different numbers of gyration 

compaction and designated as S1, S2, and S3 for the 9.5-mm mixture, and S4, S5, and S6 for the 

12.5-mm mixture. The number of passes at the 10-mm rut depth was measured. Figure 2.19 

shows that the mixtures with higher gyration numbers also had more (higher numbers of) passes, 

indicating that mixtures with a low air void content tend to have better rutting resistance. 

 

© 2018 Chen et al. 

Figure 2.19 Number of passes of mixtures with three gyration compactions for  two 

different mixtures 

Beecroft and Petho (2015) investigated the effects of air void content using HWT tests. 

They measured the rut depths at 20,000 cycles for Servopac gyratory-compacted samples. Figure 

2.20 shows that the measured rut depths increase as the air void content increases for the 

Servopac gyratory-compacted, laboratory-fabricated specimens. 
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© 2015 Beecroft and Petho 

Figure 2.20 Air void effect on HWT test results. 

The binder effect of HWT results was found in a study conducted by Bennert and Cooley 

(2014). The study conducted HWT test using two mixtures (NMAS 9.5 mm and 12.5 mm) with 

two different binder contents at the same air void content. In the literature, the number of cycles 

to 12.5 mm of rutting for both mixtures becomes lower as the binder content increases, as shown 

in Figure 2.21 and Figure 2.22. Note that the ó+Optô condition has 0.6% higher binder content 

than the óOptô condition. This clearly indicates that the rutting performance of the asphalt 

mixture becomes worse as the binder content increases. 
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© 2014 Bennert and Cooley 

Figure 2.21 Binder effect on HWT test results for 9.5 mm mix. 

 

© 2014 Bennert and Cooley 

Figure 2.22 Binder effect on HWT test results for 12.5 mm mix. 
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2.1.9. Asphalt pavement analyzer (APA) test 

The asphalt pavement analyzer (APA) is a wheel-tracking device that has gained 

credibility in the asphalt industry and with several state agencies. The APA is a multi-functional 

loaded wheel device and can measure rutting susceptibility, fatigue cracking, and moisture 

susceptibility of asphalt mixtures. Test specimens with different geometries, i.e., cylindrical 

(150-mm diameter and 75-mm thickness) and beam specimens (100-mm x 300-mm x 75-mm 

thick) can be used for APA tests. Typically, 8,000 repetitions (or strokes) are applied to the 

specimen. Contact pressure up to 1,378 kPa (200 psi) can be generated, but typically the contact 

pressure of 690 kPa (100 psi) is used.  

Howard et al. (2013) investigated the effect of air void content on APA test results, as 

shown in Figure 2.23 where the rut depth values at 8,000 cycles of Superpave gyratory- 

compacted specimens (PM-SGC) increase as the air void content increases. 

 

© 2013 Howard et al. 

Figure 2.23 APA test results with different air void contents. 

Lundy and Sandoval-Gil (2004) investigated the effect of binder content using APA test 

results. Figure 2.24 shows the APA test results when using different binder PGs and contents. 
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For PG 64-22, the rut depth values increase when the binder content increases. For PG 70-22, the 

rut depth values vary at different binder contents. For PG 76-22, the rut depth value at 6.7% of 

the binder content slightly increases compared to the rut depth at 5.7% binder content. Thus, the 

binder content induces an increase in rut depth for PG 64-22 binder, but the effect is diminished 

when the PG is enhanced. 

 

© 2014 Lundy and Sandoval-Gil 

Figure 2.24 Effect of binder type and binder content for APA test results. 

2.1.10. Predictive performance equations in NCHRP Report 455 (WesTrack) 

The effects of air void content and binder content are discussed in NCHRP Report 455 

(NCHRP 2002) that presents fatigue and rutting prediction models, shown here as Equations 

(1.1) and (1.2), respectively. Note that Equation (1.1) was used for fine mixes in the NCHRP 

study. The report presents two additional equations for fine-plus mixes and coarse mixes, 

respectively. The formats of two equations for fine-plus and coarse mixes and Equation (1.1) are 

the same but the coefficient values are different. The effects of air void content and binder 

content are inferred from the Equations (1.1) and (1.2). For example, the fatigue equation, 
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Equation (1.1), shows that the number of cycles to failure (Nf) will decrease when the air void 

content (Vair) increases; however, the Nf will increase when the asphalt content (Pasp) increases. 

Thus, the fatigue life will increase when the air void content decreases or the binder content 

increases. The rutting equation, Equation (1.2), shows that the rut depth (RD) will increase when 

Vair increases or Pasp increases, which indicates that rutting will increase when the air void 

content or the binder content increases. 

ln 27.0265 0.1439 0.4148 4.6894lnf air asp tN V P e=- - + -    (1.1) 

where 

Nf  = number of cycles to failure (fatigue life), 

Vair = air void content, percent, 

Pasp = asphalt content, percent, 

T = maximum tensile strain. 

2

2

200

ln( ) 6.1651 0.30991ln( ) 0.00294305

0.0688276 0.0657803 0.600498( . )

1.59167( ) 2.35276( ) 0.21327 ln( )( )

0.140386ln( )( )

air

asp asp

RD ESAL V

P P P fine plus

coarse replace ESAL coarse

ESAL replace

=- + + +

- Ö + -

+ + -
  (1.2) 

where 

RD= rut depth in mm, 

P200 = percent passing No. 200 sieve, 

fine, plus, coarse, replace = variables that take the value of unity in the fine, plus, coarse, or 

replacement mixes if the expression is used for one of these mixes. Otherwise, they have a zero 

value. 
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2.1.11. Summary 

Table 2.3 presents an overall summary of the effects of air void and binder content on the 

laboratory test results of the reviewed studies found in the literature and the interpretation of the 

NCHRP Report 455 fatigue and rutting equations. Six different fatigue performance test results 

and the fatigue predictive equation (Equation (1.1)) did not have unanimous air void effect on the 

fatigue performance. However, most studies reviewed support the trend that a high air void 

content correlates with poor fatigue resistance. The laboratory test results were unanimous with 

regard to the effect of binder content on fatigue resistance. All the studies reviewed concluded 

that an asphalt mixture will have better fatigue resistance when the binder content is increased. 

With regard to laboratory rutting performance test results, all the reviewed studies drew the same 

conclusions for both air void content and binder content. 
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Table 2.3 Effect of Air Void Content and Binder Content on Laboratory Performance Test 

Results Obtained from Literature Review 

Performance 

Test 

Performance  

Index 
Mode 

Performance  

Change 

When  

Air Void  

Content  

Increases 

Performance  

Change 

When  

Binder 

Content  

Increases 

Direct Tension 

Cyclic Fatigue 

Test 

Sapp Cyclic Worse Better 

I-FIT FI Monotonic Better Better 

IDEAL-CT CTINDEX Monotonic Better Better 

Four-Point 

Bending Test 

Number of Cycles 

to Failure 
Cyclic Worse Better 

Overlay Test 
Number of Cycles 

to Failure 
Cyclic Unclear Better 

Fatigue 

Response Test 
N/A 

Monotonic 

/Cyclic 
Worse Better 

Stress Sweep 

Rutting 

Test 

RSI Repeated Worse Worse 

Hamburg 

Wheel Track 

Test 

Rut Depth Repeated Worse Worse 

APA Test Rut Depth Repeated Worse Worse 

NCHRP 

Report 455 

(WesTrack) 

Fatigue N/A Worse Better 

Rutting N/A Worse Worse 

Note: FI is Flexibility Index, RSI is Rutting Strain Index, APA is Asphalt Pavement Analyzer. 

2.2. Performance Testing 

Given the effects of air void content and binder content on pavement performance, this 

Chapter 2.2 describes the performance tests conducted in this study and the essential components 

that are required to predict pavement performance: three BMD+ performance tests, three BMD 

performance tests, performance indices, and analysis software programs. The performance tests 

and simulations are focused on the two major asphalt pavement distress types, fatigue cracking 
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and rutting, because state highway agencies have identified these distress types as the first and 

second distress types, respectively, that need to be addressed most urgently, according to the 

results of a survey conducted by the National Center for Asphalt Technology (NCAT) in 2018 

(NCAT 2018). In this study, the BMD+ performance tests were conducted using an IPC Global 

AMPT manufactured by the CONTROLS Group. For the BMD performance tests, the MTS 810 

was used to conduct the I-FITs. TestQuip and SmarTrackerTM, manufactured by Instrotek, were 

used to conduct the IDEAL-CT and HWT, respectively. 

2.2.1. BMD+ performance testing 

In order to determine pavement responses under certain conditions, which include the 

pavementôs structure, climate, and traffic speed and volume, a basic relationship between the 

stress and strain in the various simulated layers in a model must be defined, and this relationship 

should be as similar as possible to the relationship between the actual in situ stress and strain in a 

real pavement. Because asphalt concrete is a viscoelastoplastic material, the actual pavement 

response has elastic, plastic, and viscous or time- or rate-dependent components and is dependent 

on a variety of factors, such as temperature, load level, loading time, and stress/strain level. In 

this sense, mixture-specific properties are essential for accurate pavement response analysis. 

BMD+ testing allows such mixture-specific behavior to be characterized in the lab prior to 

software simulations and analyses in order to determine the material properties and eventually 

the pavement performance. 

As aforementioned, the three BMD+ performance tests that constitute the basis for the 

performance simulations are the dynamic modulus test, direct tension cyclic fatigue test, and the 

stress sweep rutting (SSR) test. These three BMD+ tests employ cylindrical specimens of two 

specimen geometries: small (38-mm diameter and 110-mm height) for the dynamic modulus test 
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and cyclic fatigue test and large (100-mm diameter and 150-mm height) for the SSR test in 

accordance with American Association of State Highway and Transportation Officials 

(AASHTO) specifications. For the dynamic modulus and cyclic fatigue tests, the minimum 

requirement is three small cylindrical test specimens for each test. For the SSR tests, two large 

cylindrical specimens should be used for each of two temperature tests (low-temperature and 

high-temperature tests). Therefore, six gyratory-compacted specimens are needed to complete 

one set of BMD+ testing. Table 2.4 and Figure 2.25 provide summaries of the BMD+ testing 

requirements. 

Table 2.4 BMD+ Testing Requirements 

Specimen 

Geometry 
Testing 

AASHTO 

Standard 

Number of 

Gyratory-

Compacted Samples 

Number of Test 

Specimens 

Large 

Cylindrical 

Sample 

Preparation 
R 83 N/A N/A 

Large 

Cylindrical 

Stress 

Sweep Rutting 
TP 134 4 

2 (Low temp.) 

2 (High temp.) 

Small 

Cylindrical 

Sample 

Preparation 
PP 99 N/A N/A 

Small 

Cylindrical 

Dynamic 

Modulus 
TP 132 1 3 

Small 

Cylindrical 
Cyclic Fatigue TP 133 1 3 
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Figure 2.25 Test specimens required for BMD+ testing. 

The software programs utilized in this study, FlexMATTM version 2.1 (which includes 

FlexMATTM Cracking and FlexMATTM Rutting) and FlexPAVETM version 1.1, both were 

developed by a NCSU research team. 

The BMD+ test results are input to FlexMATTM for mixture-level analysis. The two 

Microsoft Excel-based data analysis software packages, FlexMATTM Cracking and FlexMATTM 

Rutting, are used to characterize performance models using data files generated by the AMPT. 

FlexMATTM Cracking analyzes both the dynamic modulus and cyclic fatigue test results. From 

the dynamic modulus data, FlexMATTM Cracking determines the time-temperature shift factors 

and Prony series model coefficients. The dynamic modulus analysis results are integrated with 

the cyclic fatigue test results to determine the damage characteristic curve, the DR failure 

criterion, and the Sapp index parameter. In addition, this template can be used to predict the 

fatigue life at any strain amplitude, temperature, and loading frequency of interest. The 

FlexMATTM Rutting template calculates the permanent deformation shift model parameters as 

well as the RSI parameter. 

Dynamic 
Modulus Test

Cyclic
FatigueTest

Stress Sweep 
Rutting (SSR) Test

Low Temperature 
Test

High Temperature 
Test

Choose 3 Choose 3



   

38 

 

FlexPAVETM employs viscoelastic continuum damage (VECD) theory to account for the 

effects of loading rate and temperature on pavement responses and distress mechanisms. 

FlexPAVETM allows the simulation of pavement structures that consist of asphalt concrete and 

unbound materials. Each asphalt concrete layer can be assigned various material properties by 

inputting the output files that are generated from FlexMATTM. Lastly, project location, traffic 

conditions, and design vehicle configurations can be assigned for the given project. Climatic 

conditions are determined using Enhanced Integrated Climatic Model (EICM) data based on the 

project location. 

The major output from FlexPAVETM simulations is pavement performance predictions, 

which are provided in the form of damage percentage (% damage) and asphalt concrete rut depth 

(cm) over the design life of the pavement. Note that, at the time of this writing, fully verified 

transfer functions are not available for FlexPAVETM. However, the simulated distress data 

obtained from FlexPAVETM show a good relationship between simulated % damage and field-

measured cracking and between simulated rut depth and field-measured total rut depth, as shown 

in Figure 2.26 and Figure 2.27, respectively (Wang et al. 2021). Note that NCAT, KEC, MIT-

RAP, MnRoad-Driving, MnRoad-Passing stands for the field test sections in NCAT (The 

National Center for Asphalt Technology), KEC (Korean Express Corporation), Manitoba 

(Canada), and Minnesota, respectively. 
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Figure 2.26 Relationship between predicted % damage and field-measured cracking. 

 
Figure 2.27 Relationship between predicted asphalt concrete (AC) rut depth and field-

measured total rut depth. 

2.2.2. BMD performance testing 

In addition to the BMD+ performance tests, this study included BMD performance tests 

as part of the IVR development. BMD testing was implemented to prove the broadly applicable 

ability of the IVR to predict performance and to avoid the possibility of biased evaluation by 

single BMD+ testing. The I-FIT and the IDEAL-CT were conducted as part of the BMD testing 

for cracking and the HWT test was conducted for rutting. 

For the I-FIT, the test procedure follows AASHTO TP 124. A Smart-SCB test device, 

manufactured by Instrotek Inc., was mounted to an MTS machine to implement the test. For the 
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IDEAL-CT, the test was conducted by following ASTM D8225 and a stand-alone machine, 

manufactured by TESTQUIP was used. For the HWT test, the test followed AASHTO T 324 and 

Tex-242-F. The entire test procedure follows AASHTO T 324, but the test temperature of 50°C 

was selected based on Tex-242-F because this temperature is widely used by many researchers. 

The SmarTrackTM machine manufactured by Instrotek Inc was used for the HWT test. 

For the performance index calculations, the software developed by the ICT, called the óI-

FIT (IL-SCB) and Balanced Mix Design Analysis Toolô, was used to yield the fracture energy 

(Gf) and post peak slope (m) of the LLD curve and the FI values obtained from the conducted 

tests. This software can be downloaded at https://ict.illinois.edu/. For the CTINDEX, the value that 

was automatically calculated by the test machine was used. The HWT test performance index 

values were derived directly from the performance tester. 

2.2.3. Summary of BMD+ and BMD performance indices 

Table 2.5 and Table 2.6 provide the summary and equations of the performance index 

used in this study, respectively. 

Table 2.5 Summary of Performance Indices 

Test Category Test Standard 
Performance 

Index 
Description 

Direct 

Tension 

Cyclic Test 

BMD+ 

Testing 

AASHTO TP 

133 
Sapp 

Higher Sapp value, better 

fatigue resistance 

Stress 

Sweep 

Rutting 

Test 

BMD+ 

Testing 

AASHTO TP 

134 

Rutting 

Strain Index 

(RSI) 

Lower RSI value, better 

rutting resistance 

I-FIT 
BMD 

Testing 

AASHTO TP 

124 

Flexibility 

Index (FI) 

Higher FI value, better 

fatigue resistance 

IDEAL-CT 
BMD 

Testing 
ASTM D 8225 CTIndex 

Higher CTIndex value, 

better fatigue resistance 

HWT Test 
BMD 

Testing 
AASHTO T 324 

Rut depth 

(mm) 

Lower rut depth value, 

better rutting resistance 

https://ict.illinois.edu/
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Table 2.6 Equations for Performance Index 

Test Equation for Performance Index Parameter 

Direct 

Tension 

Cyclic 

Test 

12

11

1

1
112

* 4

( )

1000

R
C

T

app

D
a

C
S

E

a
a

a

+

-

=  

Ŭ: Damage growth rate 

aT: Shift factor 

DR: Failure criteria 

C11, C12: Coefficients for damage 

characteristic curve 
*E  : Dynamic modulus at 

reference temperature (°C) (kPa) 

Stress 

Sweep 

Rutting 

Test 

Different for layers N/A 

I-FIT 
fG

A
m
³  

Gf: Fracture energy (Joules/m2) 

m: Absolute value of the post-peak 

slope (N/mm) 

A: 0.01 

IDEAL-

CT 

675

75

10
62

f

Index

Glt
CT

D m
= ³ ³ ³ 

Gf: Failure energy (Joules/m2) 

75m : Absolute value of the post-

peak slope m75 (N/m) 

75l : Displacement at 75% the peak 

load after the peak (mm) 

D: Specimen diameter (mm) 

t: Specimen thickness (mm) 

HWT 

Test 
Measured rut depth (mm) by testing machine. N/A 

 

2.3. Performance-Volumetrics Relationship (PVR) 

A North Carolina State University (NCSU) research team conducted research to develop 

the PVR function (Wang et al. 2019). The underlying concept of the PVR is that the performance 

of an asphalt mixture under any volumetric conditions can be predicted by testing the asphalt 

mixture at only a few selected volumetric conditions. Then, the relationship between the 

mixtureôs performance and the volumetric conditions can be developed. Here, the volumetric 

conditions are represented by two parameters, the in-place voids in mineral aggregate (VMA IP) 

and in-place voids filled with asphalt (VFA IP). 
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These two volumetric parameters are calculated using the properties of each sample 

according to Equations (1.3) to (1.5). Note that these equations are taken from Superpave mix 

design, Superpave Series No. 2 (SP-2) (Asphalt Institute 1996). Note also that in-place air void 

content (Va,IP) in the equations refer to the target air void content of a lab-fabricated specimen. 

,(100 )
100

100

a IP mm s

IP

sb

V G P
VMA

G

- ³ ³
= -

³
   (1.3) 

where 

VMA IP = in-place voids in mineral aggregate, 

Va,IP = in-place air void content,  

Gmm = theoretical maximum density of the asphalt mixture,  

Ps = aggregate content (percentage by total mass of mixture), and 

Gsb = bulk specific gravity of the aggregate. 

Equation (1.3) can be rephrased to become Equation (1.4).  

( ),100
100 100

100

a IP

IP

a

V
VMA VMA

V

-
= - ³ -

-
   (1.4) 

where 

Va = air void percentage of the specimen at the design compaction level (Ndes), and 

VMA  = voids in mineral aggregate at the design compaction level (Ndes). 

,
100 100

a IP

IP

IP

V
VFA

VMA
= - ³    (1.5) 

where 

VFA IP= in-place voids filled with asphalt. 
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2.3.1. Four corners 

As a first step to developing the PVR, the mixture must have several different volumetric 

conditions in terms of VMA IP and VFA IP. The previous study by Wang et al. (2019) suggests 

that four volumetric conditions are sufficient to develop the PVR for a given mixture. These four 

volumetric conditions are referred to as ófour cornersô due to their furthest distance from each 

other within the quadrangular range of the volumetric conditions. The four corners should be 

selected at the widest points within the range of volumetric conditions in order to capture the 

performance of the mixture at any given volumetric condition, as shown in Figure 2.28. 

 
Figure 2.28 Changes in in-place voids in mineral aggregate (VMA IP) and in-place voids 

filled with asphalt (VFA IP) as a function of mixture properties. 

According to Wangôs study (2019), the changes in the VMA IP and VFA IP values show 

specific patterns when the in-place density, binder content, and aggregate gradation change. 

When the in-place density value becomes higher (the air void content becomes lower), the 

volumetric coordinates move in the top-left direction, as shown by the blue dashed lines in 

Figure 2.29. When the binder content is increased or the aggregate gradation becomes coarser, 

the volumetric coordinates move in the top-right direction, as shown by the red solid lines and 

green double lines, respectively. Note that the volumetric coordinates are based on the Bailey 
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method in which the aggregate gradation is represented in terms of coarse aggregate loose unit 

weight (CALUW), as shown in Figure 2.29. From the CALUW of 90 that divides the fine-graded 

and coarse-graded gradations, the VMA and CALUW show a parabolic relationship in which the 

VMA decreases and increases as the CALUW changes. Before this point, the VMA increases 

when the CALUW decreases (finer for fine gradations). After this point, the VMA increases 

when the CALUW increases (coarser for coarse gradations) (Aurilio et al. 2005). 

 
Figure 2.29 VMA change with CALUW of fine -graded or coarse-graded mixtures based on 

Bailey method. 

The selected four corners are used to develop the PVR using a linear regression model 

that is based on the relationship between the two volumetric parameters and the pavement 

performance indicators (percentage of damage, or % damage, and permanent deformation) 

obtained from FlexPAVETM simulations. FlexPAVETM is software developed at NCSU for the 

pavement performance simulation. A description of this software is introduced in Chapter 2.2.1. 

Two equations are used for % damage and asphalt concrete (AC) rut depth (permanent 

deformation), i.e., Equations (1.6) and (1.7), respectively. 

%
f IP f IP f

damage a VMA b VFA d= ³ + ³ +   (1.6) 

( )
r IP r IP r

AC Rut Depth mm a VMA b VFA d= ³ + ³ +  (1.7) 



   

45 

 

where 

af, bf, and df = the fitting coefficients for % damage and 

ar, br, and dr = the fitting coefficients for AC rut depth. 

2.3.2. Previous research 

In Wangôs previous research (2019), the PVR concept was applied to three different 

LMLC mixtures (SM12.5, RS9.5B with 30% reclaimed asphalt pavement (RAP), and Maine 

12.5 with 20% RAP) and the developed PVRs were verified. Figure 2.30 presents a comparison 

of the predicted performance obtained using the PVR and the performance simulated by 

FlexPAVETM. As shown, the predicted and simulated pavement performance results are close to 

the line of equality, which indicates that the PVR function can predict pavement performance 

well. 
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Figure 2.30 Prediction results obtained from calibrated PVR function: (a) and (b) SM12.5 

mixture, (c) and (d) RS9.5B 30% RAP mixture, and (e) and (f) Maine 12.5 20% RAP 

mixture (Wang 2019). 

2.4. Performance-Related Specifications (PRS) Protocol 

According to the TFRS Interim Report 2020, PRS are a type of QA specification. PRS 

use AQCs that are related to fundamental engineering properties that are then input into models 

to predict performance (TFRS Interim Report 2020). At this stage, the developed PVR plays a 

major role to predict performance based on the measured AQCs. The report states that state 

highway agencies should establish targets for measured AQCs and then incorporate pay tables 
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based on the modeled performance difference between the as-constructed and as-designed targets 

for the AQCs (TFRS Interim Report 2020). Based on this recommendation, the PVR can be 

considered to be a significantly important function in the PRS concept because the predicted 

performance obtained from the PVR directly affects payment to contractors. 

An assumption behind the PVR concept is that users should use the simulation software 

FlexPAVETM to yield the pavement performance results. However, implementing FlexPAVETM 

software may not be available in certain circumstances i.e., long simulation completion time due 

to the computerôs processing speed, and therefore, the TFRS Interim Report suggests eight 

feasible protocols to implement PRS. Within the eight protocols, Protocol 1 is the simplest 

pathway. According to the report, Protocol 1 requires minimal changes to current state highway 

agency specifications. The BMD+ testing and two index parameters, Sapp and the rutting strain 

index (RSI) determined by FlexMATTM, are used only for mix design approval. Sapp and RSI are 

the performance test indices of cyclic fatigue and stress sweep rutting tests (introduced in 

Chapters 2.1.1 and 2.1.6), respectively, and higher Sapp and lower RSI indicate better fatigue and 

rutting resistance. These two index parameters (Sapp and the RSI) can be used in conjunction with 

or to replace the volumetric properties criteria. The agencyôs conventional QA processes then are 

followed (TFRS Interim Report 2020). 

Based on these facts and considerations, this study focused on developing both IVR and 

PVR for several asphalt mixtures to predict pavement performance and compared the IVR to the 

PVR. The IVR is using not only Sapp and the RSI but also other performance test indices, i.e., the 

flexibility index (FI) from the I-FIT, the CTIndex from IDEAL-CT, and rut depth from the HWT 

test. To do so, several PMLC mixtures were selected as candidate mixtures, and then eventually 
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a LMLC mixture also was used, as recommended by PRS protocol. The two types of mixtures 

(PMLC and LMLC) were sampled from paving projects. 

2.5. Index-Volumetrics Relationship (IVR) 

The IVR is based on the same concept as the PVR. The only difference between them is 

that the IVR is developed from performance test indices instead of pavement performance. The 

PVR function is developed using two volumetric parameters (VMA IP and VFA IP) and the 

simulated pavement performance results obtained from FlexPAVETM are described in terms of % 

damage and asphalt concrete permanent deformation (AC rut depth). Because FlexPAVETM 

needs additional requirements such as computer with good processing speed, time, and 

information for pavement performance simulations under certain climate and traffic conditions 

during the design life, the PVR may not be an ideal function for certain users. The IVR function 

was established using the same two volumetric parameters (VMA IP and VFAIP) as the PVR, but 

involves performance indices instead of simulated performance. Thus, a major advantage of the 

IVR is its simplicity compared to the PVR. Different from the way pavement performance is 

determined, most performance test index values are determined automatically by the 

performance testing machine right after the tests are completed or by simply loading the test 

results into analysis software. Within this context, this study attempts to establish and verify the 

IVR. Equations (1.8) and (1.9) define the format of the IVR in terms of a fatigue index and 

rutting index, respectively. 

f IP f IP f
Fatigue Index a VMA b VFA d= ³ + ³ +   (1.8) 

r IP r IP r
Rutting Index a VMA b VFA d= ³ + ³ +   (1.9) 

where 

af, bf, and df = the fitting coefficients for Fatigue Index and 
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ar, br, and dr = the fitting coefficients for Rutting Index. 
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CHAPTER 3. MATERIALS AND FIELD PROJECT S 

3.1. Introduction  

This chapter describes the mixture-level and construction-level variability found in actual 

field paving projects. The field projects are part of PRS shadow projects funded by the Federal 

Highway Administration (FHWA) that have been implemented by several state highway 

agencies in conjunction with NCSU researchers. In this chapter, the entire procedure from 

project selection through construction variability measurements is described chronologically. 

The five field paving projects discussed in this chapter are located in Maine, Ontario (Canada), 

North Carolina (two projects), and Maryland. 

3.2. Field Project Sampling 

3.2.1. Project selection 

A field paving project should be selected based on a few critical conditions. First, the 

project must use a mixture that is part of a mainline pavement project (e.g., not used in ramps, 

shoulders, aprons, intersections, or turning lanes) because non-mainline pavements are difficult 

for FlexPAVETM to simulate due to uncertain inputs such as traffic volume, speed, etc. (Note 

that, at the time the field projects were selected, the IVR concept was not considered.) Second, 

the project should be large enough such that the mixture is placed over multiple days to generate 

the variability that naturally occurs in large projects. The field projects selected for this study met 

these criteria. 

3.2.2. Material sampling method 

Once the field project is selected, ten samples from the mixture are acquired following 

AASHTO T 168 because ten samples are considered sufficient to provide meaningful variability 

at both the mixture and construction levels. Note that the number of samples can vary based on 
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each project. The samples are obtained from different truck loads over the construction period. 

For example, if a single asphalt layer is planned to be constructed over three days, the first three 

samples are obtained on Day 1, four samples are obtained on Day 2, and the remaining three 

samples are obtained on Day 3. Note that the number of samples acquired in one day can be 

adjusted based on the construction schedule. Then, the samples are labeled with the mixtureôs 

name (or ID), which is designated as a letter and number, i.e., Mix A-1, A-2 to A-10. Figure 3.1 

presents a schematic example of material sampling. Approximately 400 lb of asphalt mixture 

samples must be acquired from each truck load and the obtained samples should be stored in a 

sealed container and kept in a temperature-controlled room (not above 77°F) to prevent oxidation 

and aging. Note that the amount of each sample (400 lb) is calculated based on AQC tests (80 lb) 

and BMD+ performance tests (120 lb) with a safety factor of two. For the field density 

measurements, the ten trucks and the locations where the ten samples are paved must be tracked 

using the truck and station numbers. 

 
Figure 3.1 Schematic of material sampling. 

Aggregate Base

Subgrade

Sample 1 Sample 2 Sample 3 Sample 10

1 32 10

ωωω

A Field Project
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3.3. General Mixture Information  

For the five paving projects investigated in this study, five different mixtures were 

collected from four different locations. Table 3.1 provides a summary of the general information 

for the collected mixtures. 

Table 3.1 Information  for Study Mixtures 

Location Layer 
NMAS 

(mm) 
Grade 

Binder 

Content 

(%)  

RAP 

Content 

(%)  

Traffic  

Level 

(ESAL) 

Note 

Maine Surface 12.5 
Fine-

graded 
5.6 20 

10 M to 30 

M 

Includes 

modified  

binder 

Ontario 

(Canada) 
Surface 12.5 SMA 5.7 0 N/A SMA 

North 

Carolina 
Surface 9.5 

Fine-

graded 
5.8 40 

3 M to 30 

M 
N/A 

North 

Carolina 
Intermediate 19.0 

Fine-

graded 
4.6 30 All  N/A 

Maryland Surface 12.5 
Coarse-

graded 
4.6 19 

0.3 M to 3 

M 
N/A 

Note: NMAS is nominal maximum aggregate size; RAP is reclaimed asphalt pavement; ESAL is equivalent single-

axle load; SMA is stone matrix asphalt. óAllô means that the mixture is appropriate for any and all traffic levels. 

 

3.4. Construction Variability  

The relevant transportation agency conducted the acceptance testing and in-place density 

(in-place air void content) measurements for each collected sample via its particular QA test 

protocol. Each of the following subchapters describes the mixture and construction variability 

based on the QA test results and provides a comparison of the QA test results and relevant 

mixture specifications for each field paving project. The two parameters (air void content, Va, at 

the Ndes and VMA at the Ndes) from the QA tests were calculated using Equations (2.1) and (2.2), 

respectively. Note that the binder contents were measured following the individual agencyôs 

method. Also note that all cases used the same bulk specific gravity for aggregate (Gsb) for the 

VMA calculation, except for the two North Carolina cases (intermediate and surface mixtures). 
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The corrected Gsb values provided by the North Carolina Department of Transportation 

(NCDOT) were used for the North Carolina cases. Chapter 3.4.3 includes the details of corrected 

Gsb. 

100 mm mb
a

mm

G G
V

G

-
= ³      (2.1) 

where 

Va = air void percentage of the specimen at the design compaction level (Ndes), 

Gmm = theoretical maximum density of the asphalt mixture, and 

Gmb =bulk specific gravity. 

100 mb s

sb

G P
VMA

G

³
= -     (2.2) 

where 

Ps = aggregate content, percentage by total mass of mixture, and 

Gsb = bulk specific gravity of aggregate. 

3.4.1. Maine case 

Table 3.2 provides a summary of the QA test results measured by the Maine Department 

of Transportation (MaineDOT) and the mixture specification limits.  

Table 3.3 shows the measured gradations of the mixture samples. Typically, two or three 

samples were acquired in a day, with the sampling procedure lasting 11 days, except for the first 

sample. The acquired samples all met the mixture specification limits.  
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Table 3.2 Results of Acceptance Testing and Specification Limits: Maine 

Sample 

Order  

Sampling 

Date 

Sample 

ID 

Binder 

Content 

(%)  

Air Void 

(%) at 

Ndes 

VMA 

(%) at 

Ndes 

In -Place 

Air Void   

(%)  

1 8/9/2017 159352 5.3 4.7 15.5 3.5 

2 9/18/2017 159353 5.5 4.5 16.4 4.0 

3 9/21/2017 159354 5.7 3.5 16.2 6.9 

4 9/21/2017 159355 5.2 4.4 15.9 5.4 

5 9/22/2017 159356 5.3 4.7 16.3 5.1 

6 9/22/2017 159357 5.5 4.3 16.5 4.7 

7 9/23/2017 159358 5.3 4.6 16.4 4.6 

8 9/26/2017 159359 5.5 4.3 16.1 3.2 

9 9/29/2017 159360 5.9 3.9 16.8 7.5 

10 9/29/2017 159361 5.9 4.7 17.3 7.1 

11 9/29/2017 159362 5.8 4.4 17.0 5.2 

Average 5.5 4.4 16.4 5.2 

Target 5.6 4.0 
Min. 

15.0 
N/A 

Specification Limits 5.2-6.0 2.5-5.5 
Min. 

15.0 
92.5-97.5 

Evaluation (Met Criteria) 100% 100% 100% 100% 

Coefficient of Variance (%) 4.6 8.5 3.1 27.6 
         Note: Min. is minimum. 

 

Table 3.3 Measured Gradations: Maine 

Sieve 

Size 

(mm) 

Target 

(%)  

Sample, % Passing 

1 2 3 4 5 6 7 8 9 10 11 

19.0 100 100 100 100 100 100 100 100 100 100 100 100 

12.5 99 99 99 99 99 99 97 99 100 99 99 98 

9.5 85 89 82 83 79 75 77 79 83 85 87 80 

4.75 59 59 57 58 54 52 56 57 58 63 64 58 

2.36 40 39 39 41 37 36 40 40 41 42 43 40 

1.18 28 27 27 28 26 25 28 28 29 28 30 28 

0.60 19 18 18 19 17 17 19 18 20 18 20 19 

0.30 11 11 11 10 10 9 10 10 11 11 11 10 

0.15 7 6 6 6 6 5 6 6 6 6 6 6 

0.075 5.0 4.2 4.0 3.9 3.8 3.6 4.0 4.3 3.7 4.7 4.5 4.1 
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Figure 3.2 shows the mixture and construction variability chronologically based on the 

QA test results. The horizontal lines in each figure represent the target values. Note that the 

vertical dotted lines separate the sampling dates. Overall, the measurements are plotted around 

the target values, and some chronological trends are evident. In Figure 3.2 (a), for example, the 

binder content of Sample 1 was measured as 5.3%, which is 0.3% lower than the target. This 

outcome resulted in the higher air void content of 4.7% at the Ndes of the first sample, which is 

0.7% higher than the target. Therefore, the mixture producer attempted to increase the binder 

content of Sample 2 and the air void content at the Ndes decreased from 4.7% to 4.5 percent. 

When Sample 3ôs binder content was increased to 5.7%, the air void content at the Ndes dropped 

to 3.5 percent. The 1% drop in air void content at the Ndes from Sample 2 to Sample 3 also can be 

explained by the gradation. The gradation of Sample 3 is finer than the gradation of Sample 2. 

Thus, the higher binder content and finer gradation of Sample 2 compared to Sample 3 support 

this significant drop in air void content at the Ndes. From Sample 3 to Sample 4, the air void 

content at the Ndes jumped to 0.9% due to the decrease in binder content and coarser gradation of 

Sample 4 compared to Sample 3. Based on these observations, the three parameters (air void 

content, binder content, and gradation) clearly affect each other in terms of mixture-level 

variability, and the correlation between the binder content and air void content at the Ndes shows 

the opposite trend, as presented in Figure 3.2 (e). Another noteworthy phenomenon is that the 

two samples (Samples 3 and 4), which were produced on the same date, show the significant 

difference in binder content of 0.5 percent. Figure 3.3 shows the measured gradations of eleven 

samples. The gradations deviate from the target gradation but are within the control points. 
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Figure 3.2 Mixture and construction variability: Maine.  
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Figure 3.3 Measured gradations of eleven samples and target gradation: Maine. 

Because MaineDOT used the same Gsb value employed in the job mix formula (JMF) to 

calculate the VMA at the Ndes, the change in VMA at the Ndes with the measured gradation, 

binder content, and air void content at the Ndes is difficult to understand. Note that the VMA at 

the Ndes is a function of binder content (related to Gmb and Ps), aggregate gradation (related to 

Gsb), and air void content at the Ndes (related to Gmb), as shown in Equation (2.2). The measured 

VMA values of the collected samples are all above the minimum threshold value. 

With regard to construction-level variability, the in-place air void contents vary 

significantly from 3.5% to 7.5 percent. Because field density values are the result of many field 

variables that are difficult to measure during a project, i.e., compaction crew variability, air 

temperature, mixture temperature, etc., investigating construction-level variability using certain 

factors is difficult. Compared to mixture-level variability, construction-level variability is the 

more variable parameter in terms of the coefficient of variance (COV) (see Table 3.2). 
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3.4.2. Ontario case 

Measured QA test results were collected from the Ontario Ministry of Transportation 

(MTO). Table 3.4 and Table 3.5 provide summaries of the measured QA parameters and 

gradations, respectively. Ten samples were acquired over five days. Typically, two to four 

samples were collected in a day.  

 

Table 3.4 Results of Acceptance Testing and Specification Limits: Ontario  

Sample 

Order  

Sampling 

Date 

Sample 

ID 

Binder 

Content 

(%)  

Air Void 

(%) at 

Ndes 

VMA 

(%) at 

Ndes 

In -Place 

Air Void  

(%)  

1 8/27/2017 5-1 5.9 1.6 16.2 3.9 

2 8/27/2017 5-2 5.9 1.9 16.4 4.0 

3 8/28/2017 5-3 6.2 2.1 17.4 3.8 

4 8/29/2017 5-4 6.0 1.8 16.8 3.4 

5 8/29/2017 5-5 5.6 1.9 16.0 3.1 

6 8/30/2017 5-6 5.8 1.5 16.2 4.7 

7 8/30/2017 5-7 5.7 2.2 16.5 4.3 

8 8/30/2017 5-8 5.8 2.9 17.2 4.3 

9 8/30/2017 5-9 5.8 3.9 17.8 4.9 

10 8/31/2017 5-10 5.7 2.3 16.4 5.1 

Average 5.8 2.2 16.7 4.2 

Target 5.7 4.0 
Min. 

17.5 
N/A 

Specification Limits 5.3-6.2 2.5-5.5 16 - 18 2.0 - 7.0 

Evaluation (Met Criteria) 100% 20% 10% 100% 

Coefficient of Variance (%) 2.9 32.8 3.6 15.7 

               Note: Min. is minimum. 
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Table 3.5 Measured Gradations: Ontario 

Sieve 

Size 

(mm) 

Target 

(%)  

Sample, % Passing 

1 2 3 4 5 6 7 8 9 10 

19.0 100 100 100 100 100 100 100 100 100 100 100 

12.5 97.3 96.8 97.6 95.5 96.7 96.9 95.2 96.1 95.9 94.6 96.1 

9.5 73.6 74.2 77.4 71.2 74.2 73.7 71.8 70.8 72.3 70.1 74.4 

4.75 31.7 33 33.9 30.9 31.8 33.2 33.3 31.6 31.9 31 32.7 

2.36 23.2 24.4 24.0 22.8 22.9 23.5 24.2 23.5 22.4 22.0 23.8 

1.18 19.2 19.2 18.9 18.1 18.1 18.6 19.1 18.5 17.6 17.1 18.9 

0.60 16.0 16.1 15.9 15.4 15.5 15.8 16.3 15.7 14.9 14.4 16.0 

0.30 14.1 14.2 14.0 13.7 13.7 13.8 14.4 13.9 13.2 12.6 14.2 

0.15 12.6 12.5 12.3 12.3 12.2 12.2 12.9 12.4 11.7 11.1 12.6 

0.075 9.7 9.8 9.9 9.9 9.8 9.5 10.2 9.9 9.4 8.9 10.0 

 

Figure 3.4 presents plots of the mixture and construction variability based on the 

measured QA test results and target values. Figure 3.4 (a) shows that the binder content for the 

first sampling day (Samples 1 and 2) was measured at 0.2% higher than the target value. On the 

second day (Sample 3), the binder content increased up to 6.2%, as shown in Figure 3.4 (b). 

However, the air void content at the Ndes slightly increased from the first day because Sample 3ôs 

gradation had become coarser than on the first day; thus, the air void content at the Ndes was still 

significantly lower than the target value. On the third day, the gradation had become slightly 

finer, and the binder content decreased more than on the second day. Because the finer gradation 

and the lower binder content conflicted with each other for the air void content at the Ndes, the 

resultant air void contents at the Ndes were lower compared to those on the second day. After the 

fourth day, the binder content had become stable and aligned with the target. However, the air 

void content at the Ndes showed an increasing trend until the fourth sampling day because the 

gradations of the samples on the fourth day had become coarser over time. The coarser 

gradations from Sample 6 to Sample 9 under similar binder contents resulted in the increasing 
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trend of the air void contents at the Ndes. As a result, only 20% of the air void contents at the Ndes 

met the mixture specification limit. 

Like the Maine case, the MTO calculated the VMA at the Ndes using the same Gsb value 

from the JMF; thus, the VMA at the Ndes could not be investigated reasonably. However, as 

shown in Figure 3.4 (c), all the VMA at Ndes values were measured as lower than the threshold 

value, except for Sample 9, which might be associated with the low air void content at the Ndes. 

The measured in-place air void contents of the ten Ontario samples were not as varied as in the 

Maine case and were within the acceptable range.  
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Figure 3.4 Mixture and construction variability: Ontario . 

As indicated in Table 3.4, the air void content at the Ndes is the most variable factor for 

the Ontario case. Thus, the Ontario case suggests that mixture-level variability is greater than 

construction-level variability. The ten samplesô measured gradations shown in Figure 3.5 are 
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close to the target gradation and deviate only slightly from each other. Note that the control 

points and restricted zone of this mixture were not specified in the mixture specifications. 

 

 
Figure 3.5 Measured gradations of ten samples and target gradation: Ontario. 

 

3.4.3. North Carolina  case (surface mixture) 

Unlike the Maine and Ontario cases, the sampling procedure took only two days for this 

North Carolina case. Due to the short sampling time, analysis of day-by-day changes was not an 
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which indicates that the quality control process undertaken by the plant producer was difficult in 

term of maintaining consistency of the binder content as well as maintaining production 

proficiency. Table 3.6 and Figure 3.6 present the results of QA tests conducted by the NCDOT 

for ten samples of a surface RS9.5C mixture and Table 3.7 and Figure 3.7 present the measured 

gradations. 
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though the binder content decreased for Sample 2 because the gradation of Sample 2 had been 

shifted down and thus is shown to be close to the maximum density line. For Sample 3, the 

binder content had been increased, but the air void content at the Ndes increased due to the 

gradation of Sample 3, which is shown to be significantly far away from the maximum density 

line. On the second day, the air void content at the Ndes of Sample 7 increased markedly 

compared to that of Sample 6. This outcome also is due to the gradation of Sample 7 being far 

from the maximum density line with a lower binder content compared to Sample 6. For Sample 

8, the gradation is slightly further away from the maximum density line than Sample 7, but the 

binder content has significantly increased. Thus, the air void content at the Ndes of Sample 8 has 

decreased from that of Sample 7. In short, the North Carolina surface mixture case shows 

reasonable trends in terms of binder content, air void content at the Ndes, and gradation. 

Unlike the Maine and Ontario cases, the NCDOT used corrected Gsb values to calculate 

the VMA at the Ndes. The corrected Gsb value is calculated using Equation (3.2) (NCDOT Quality 

Management System Manual 2020). Note that the calculated Gse value in Equation (3.2) is 

derived from an actual sample. Thus, the VMA values at the Ndes for the North Carolina surface 

mixture case have a strong relationship with the gradation. The minimum VMA at the Ndes is 

related to the gradation that is closest to the maximum density line (Sample 2). When the 

gradation is farther away from the maximum density line, the VMA at the Ndes increases. 

The mixture factors are in the acceptable range, except for Sample 2ôs air void content at 

the Ndes. Similar to the previous two cases discussed (Maine and Ontario), the in-place air void 

contents varied significantly from 4.9% to 8.8%, and two samples (Samples 2 and 7) exceeded 

the acceptable range. In terms of variability, the construction-level variability showed a higher 

COV than the mixture-level variability. 
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Table 3.6 Results of Acceptance Testing and Specification Limits: North Carolina Surface 

Mixture  

Sample 

Order  

Sampling 

Date 

Sample 

ID 

Binder 

Content 

(%)  

Air Void 

(%) at 

Ndes 

VMA 

(%) at 

Ndes 

In -Place 

Air Void   

(%)  

1 3/20/2019 RS9.5-1 5.8 2.6 15.5 6.8 

2 3/20/2019 RS9.5-2 5.6 1.7 14.3 8.5 

3 3/20/2019 RS9.5-3 6.1 2.3 15.9 6.5 

4 3/20/2019 RS9.5-4 5.9 2.4 15.5 5.8 

5 3/20/2019 RS9.5-5 6.0 2.7 16.1 5.7 

6 3/22/2019 RS9.5-6 5.9 2.2 15.4 7.5 

7 3/22/2019 RS9.5-7 5.8 2.9 15.8 8.8 

8 3/22/2019 RS9.5-8 6.2 2.4 16.2 6.5 

9 3/22/2019 RS9.5-9 6.0 2.6 15.9 4.9 

10 3/22/2019 RS9.5-10 6.1 2.5 16.1 5.2 

Average 5.9 2.4 15.7 6.6 

Target 5.8 4.0 16.3 N/A 

Specification 

Limits 
5.1-6.5 2-6 Min. 15.3 Max 8.0 

Evaluation (Met Criteria) 100% 90% 90% 80% 

Coefficient of Variance (%) 3.0 13.4 3.5 19.9 

         Note: Min. is minimum. 
 

Table 3.7 Measured Gradations: North Carolina Surface Mixture  

Sieve 

Size 

(mm) 

Target 

(%)  

Sample, % Passing 

1 2 3 4 5 6 7 8 9 10 

19.0 100 100 100 100 100 100 100 100 100 100 100 

12.5 100 100 99 100 100 100 100 99 100 100 100 

9.5 97 98 95 98 99 99 98 97 98 98 98 

4.75 73 78 71 80 78 79 77 78 81 79 79 

2.36 55 57 52 59 57 58 57 59 60 60 60 

1.18 40 44 40 45 43 44 44 46 46 46 46 

0.60 29 33 30 34 32 34 34 36 35 35 34 

0.30 19 22 21 23 21 23 23 25 24 24 24 

0.15 10 13 12 14 12 14 14 15 14 14 14 

0.075 5.6 7.3 6.9 7.7 6.8 7.6 7.7 8.1 8.1 7.7 7.9 

 



   

65 

 

 
Figure 3.6 Mixture and construction variability: North Carolina surface mix. 
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Figure 3.7 Measured gradations of ten samples and target gradation: North Carolina 

surface mix. 

3.4.4. North Carolina case (intermediate mixture) 

The NCDOT conducted QA tests of seven intermediate mixture samples, as described in 

Table 3.8. Table 3.9 presents the measured gradations. Note that the production of North 

Carolina intermediate mix was ceased due to the mixture issue after collecting the seventh 

mixture sample. On the first day, the plant met the target binder content for Sample 1, but the 

binder content was increased for Sample 2. Because the three samples produced on the first day 

had similar gradations, the increased binder content made the air void contents at the Ndes of 

Samples 2 and 3 decrease. To increase the air void contents at the Ndes, the overall binder 

contents were reduced on the second day. Although Samples 4 and 6 have finer gradations than 

Samples 5 and 7, the lowest binder content of Sample 6 resulted in the highest air void content at 

the Ndes. 
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Gsb values increase. The in-place air void contents were under the maximum acceptable limit. 

Construction-level variability shows a higher COV than mixture-level variability. 

Table 3.8 Results of Acceptance Testing and Specification Limits: North Carolina 

Intermediate Mixture  

Sample 

Order  

Sampling 

Date 

Sample 

ID 

Binder 

Content 

(%)  

Air Void 

(%) at 

Ndes 

VMA 

(%) at 

Ndes 

In -Place  

Air Void   

(%)  

1 3/11/2019 RI19.0-1 4.6 3.9 13.9 3.8 

2 3/11/2019 RI19.0-2 4.8 3.1 13.6 4.9 

3 3/11/2019 RI19.0-3 4.7 2.7 13.0 4.3 

4 3/12/2019 RI19.0-4 4.6 3.8 13.7 6.3 

5 3/12/2019 RI19.0-5 4.5 3.5 13.2 5.7 

6 3/12/2019 RI19.0-6 4.1 4.7 13.5 5.7 

7 3/12/2019 RI19.0-7 4.6 3.4 13.3 7.7 

Average 4.6 3.6 13.5 5.5 

Target 4.6 4.0 14.6 N/A 

Specification Limits 3.9-5.5 2-6 Min 13.6 Max 8.0 

Evaluation (Met Criteria) 100% 100% 100% 100% 

Coefficient of Variance (%) 4.9 17.8 2.3 23.8 
            Note: Min. is minimum. 

 

Table 3.9 Measured Gradations: North Carolina Intermediate Mixture  

Sieve 

Size 

(mm) 

Target 

(%)  

Sample, % Passing 

1 2 3 4 5 6 7 

25.0 100 100 100 100 100 100 100 100 

19.0 98 98 100 98 98 94 98 96 

12.5 84 90 90 91 89 85 91 83 

9.5 75 81 81 80 79 74 81 76 

4.75 52 55 56 56 54 51 51 51 

2.36 38 42 42 43 41 39 37 37 

1.18 31 33 33 34 33 30 28 29 

0.60 24 26 26 26 25 23 22 22 

0.30 15 18 18 19 18 16 15 15 

0.15 8 10 11 11 11 10 9 9 

0.075 4.6 5.6 5.3 5.9 5.4 5.2 4.8 4.6 
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Figure 3.8 Mixture and construction variability: North Carolina intermediate mix. 
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Figure 3.9 Measured gradations of ten samples and target gradation: North Carolina 

intermediate mix. 
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Table 3.10 Results of Acceptance Testing and Specification Limits: Maryland  

Sample 

Order  

Sampling 

Date 

Sample 

ID 

Binder 

Content 

(%)  

Air Void 

(%) at 

Ndes 

VMA 

(%) at 

Ndes 

In -Place 

Air Void  

(%)  

1 12/21/2020 410027 4.6 4.8 15.7 7.3 

2 12/21/2020 410028 4.4 5.3 15.3 6.6 

3 12/22/2020 410029 4.6 4.5 15.1 5.2 

4 12/22/2020 410030 4.5 5.1 15.8 9.1 

5 12/23/2020 410031 4.6 3.8 14.6 7.1 

6 12/23/2020 410032 4.7 3.9 15.1 6.2 

7 12/28/2020 410033 4.6 3.6 14.6 9.8 

8 12/28/2020 410034 4.5 4.3 14.4 7.2 

9 1/5/2021 410037 4.6 4.0 14.2 8.0 

10 1/5/2021 410038 4.5 4.2 14.7 10.8 

Average 4.6 4.4 15.0 7.7 

Target 4.6 4.0 14.5 N/A 

Specification Limits 4.2-5.0 2.8-5.2 13.3-15.7 3.0-8.0 

Evaluation (Met Criteria) 100% 90% 100% 70% 

Coefficient of Variance (%) 2.0 12.9 3.6 22.4 

             Note: Min. is minimum. 

 

Table 3.11 Measured Gradations: Maryland 

Sieve 

Size 

(mm) 

Target 

(%)  

Sample, % Passing 

1 2 3 4 5 6 7 8 9 10 

19.0 100 100 100 100 100 100 100 100 100 100 100 

12.5 98 95 94 96 94 97 95 91 97 98 97 

9.5 87 83 79 83 82 88 93 78 87 87 85 

4.75 55 45 39 43 42 48 53 42 45 43 42 

2.36 34 34 30 32 32 35 36 30 31 31 30 

1.18 25 27 24 26 24 26 27 24 24 23 23 

0.60 18 20 18 19 18 19 20 18 18 17 17 

0.30 11 13 11 12 11 12 13 12 12 11 11 

0.15 7 9 7 7 7 8 8 7 7 7 7 

0.075 4.7 4.8 4.4 4.9 4.5 5.1 5.0 4.5 4.6 4.3 4.4 
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With a change in binder content, the air void content at the Ndes generally changed in the 

opposite direction, similar to the Maine and North Carolina intermediate mix cases, as shown in 

Figure 3.10 (a), (b), and (e), respectively. The significant drop in air void content at the Ndes 

between Samples 4 and 5 is due to the finer gradation of Sample 5 compared to Sample 4 and the 

binder content of Sample 5 being 0.14% higher than that of Sample 4. However, the maximum 

and minimum air void contents at the Ndes (Samples 2 and 7) occurred under similar gradations 

with 0.15% binder content difference. This outcome indicates that the coarse-graded mixture 

may have greater mixture-level variability than the fine-graded mixture, with no clear reason in 

terms of the binder content, air void content, and gradation. Because Maryland DOT used the 

same Gsb value from the JMF to calculate the VMA values at the Ndes, regardless of gradation 

variability, the VMA values were difficult to investigate in this study using only the mixture-

level factors (binder content, air void content at the Ndes, and gradation). The average in-place air 

void content for the ten samples was 7.7%, and three samples exceeded the 8% maximum 

tolerance. The measured gradations presented in Figure 3.11 are generally coarser than the target, 

except for one case (Sample 6). 
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Figure 3.10 Mixture and construction variability: Maryland.  
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Figure 3.11 Measured gradations of ten samples and target gradation: Maryland . 

 

3.4.6. Summary 

Based on the five cases presented, the air void content at the Ndes is strongly related to the 

binder content and gradation. In other words, the consistency of the binder content and gradation 

of a mix can minimize mixture-level variability. Construction-level variability, which is 

represented by in-place air void content, shows the highest COV for all cases except the Ontario 
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Table 3.12 Summary of Variability of Quality Assurance Test Results 

Case 

Coefficient of Variance 

Binder 

Content 

(%)  

Air 

Void 

at Ndes 

(%)  

VMA  

at Ndes 

(%)  

In-Place 

Air Void  

(%)  

Maine 4.6 8.5 3.1 27.6 

Ontario 2.9 32.8 3.6 15.7 

North Carolina 

Surface 
3.0 13.4 3.5 19.9 

North Carolina 

Intermediate 
4.9 17.8 2.3 23.8 

Maryland 2.0 12.9 3.6 22.4 
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CHAPTER 4. DEVELOPMENT AND VERIFICATION OF PLANT -MIX ED LAB -

COMPACTED PREDICTION FUNCTIONS  

4.1. Introduction  

In most states, volumetric theory is applied in the current design specifications and QA 

processes for asphalt mixtures and pavements, which implies that volumetric properties are 

related to pavement performance. The major volumetric properties that many states use involve 

several factors that are related to both mixtures and construction practice. In other words, the 

mixture and construction quality determine the pavement performance. However, correlating the 

individual mixture-level and construction-level factors to pavement performance is difficult. 

Therefore, this study and a previous study conducted by Wang et al. (2019) use two in-place 

volumetric parameters (VMA IP and VFAIP) to integrate the mixture and construction factors. 

Multiple AQC parameters, i.e., VMA, VFA, air void content at Ndes, % Gmm etc., are taken into 

account in the two in-place volumetric parameters. In another literature by Coree and Hislop, the 

VMA is considered to be the most important mix design parameter that affects the durability of 

the asphaltic concrete mix. High VMA values allow enough asphalt to be incorporated into the 

mix to obtain maximum durability without the mix flushing (Coree and Hislop 1998). Based on 

these facts, this study used two in-place volumetric parameters, i.e., VMA IP and VFAIP, which 

were then used to develop the performance prediction functions. Equations (1.4) and (1.5) are 

used respectively to calculate the VMA IP and VFAIP using measured mixture-level and 

construction-level factors. 

This chapter describes the procedure for the performance prediction function 

development that employed PMLC mixtures obtained from four paving projects, i.e., Maine, 

Ontario, and North Carolina (surface and intermediate mixtures). Based on the variability at the 
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mixture and construction levels, four corners samples and verification samples were selected. 

The selected samples were performance-tested, and the prediction functions were developed. The 

developed functions were verified using the test results of the verification samples.  

4.2. Plant-Mix ed Lab-Compacted Four Corners 

As mentioned, in order to develop the prediction function, samples for the four corners 

and verification purposes must be selected. The collected mixture samplesô AQCs (discussed in 

Chapter 3.4) should be converted to the in-place volumetric parameters, VMA IP and VFAIP, 

using Equations (1.4) and (1.5), respectively. The Maine case is discussed here as a 

representative example of sample selection. Figure 4.1 shows plots of the in-place volumetric 

parameters of the Maine case with mixture specification limits in the volumetric domain and 

Table 4.1 provides a summary of the numerical values.  

Table 4.2 shows the mixture specification limits that were converted to the volumetric 

parameters using the mixture limits specified in Table 3.2 using Equations (1.4) and (1.5). Note 

that the maximum VMA at the Ndes is determined within the ranges of the binder content, air 

void content at Ndes, and Gsb using Equation (2.2) until the VFA at the Ndes is satisfied, if no 

maximum VMA at Ndes is specified in the mixture specification limits. 

 
Figure 4.1 Construction samples in volumetric domain: Maine case. 
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Table 4.1 Converted Volumetric Parameters: Maine Case 

Sample ID 
In-Place VMA 

(%) 

In-Place VFA 

(%)  

159352 14.4 75.8 

159353 16.0 74.9 

159354 19.2 64.0 

159355 16.8 67.8 

159356 16.7 69.4 

159357 16.8 72.1 

159358 16.4 72.0 

159359 15.1 78.9 

159360 19.9 62.3 

159361 19.4 63.4 

159362 18.1 68.6 

 

Table 4.2 Converted Mixture Specification Limits: Maine Case 

VMA at  

Ndes 

(%)  

Air Void  

at Ndes (%) 

In-Place 

Air Void  

(%)  

In-Place VMA 

(%) 

In-Place VFA 

(%)  

15 5.5 7.5 16.8 55.4 

15 5.5 5.0 14.6 65.6 

15 5.5 2.5 12.3 79.7 

16.8 4.0 7.5 19.8 62.2 

16.8 4.0 5.0 17.7 71.7 

16.8 4.0 2.5 15.5 83.9 

18.7 2.5 7.5 22.9 67.2 

18.7 2.5 5.0 20.8 75.9 

18.7 2.5 2.5 18.7 86.6 

 

Next, samples were selected for the four corners to develop the prediction functions. 

Figure 4.2 presents the three samples, i.e., 159352, 159360, and 159361, which were selected 

from the eleven samples used for the four corners. These samples were selected due to their 

farthest locations from each other when the in-place air void contents change in the volumetric 

domain. By changing the in-place air void contents within the mixture specification limits, the 

three samplesô volumetric coordinates move in the top-left direction, as shown in Figure 4.3. 
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Figure 4.2 Three samples selected for the four corners: Maine case. 

 
Figure 4.3 Volumetric coordinate changes by in-place air void content changes: Maine case. 
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Figure 4.4 shows the schematic plan for the four corners and verification samples. Table 4.3 

provides a summary of the experimental plan for the Maine case for BMD+ testing. 

 
Figure 4.4 Schematic experimental plan: Maine example case. 

Table 4.3 Experimental Plan: Maine Case (BMD+ Testing Example) 

Sample Purpose 
Test Target 

Air Void Content (%)  

In -Place 
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159355 Extra Verification 2.5 5.4 

159358 Verification 4.6 4.6 

159360 Four Corners 2.5 7.5 

159361 Four Corners 7.5 7.1 

159362 Verification 5.7 5.7 
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most BMD testing was conducted at the target air void content of 7.0% following the test 

standards and the samples were used as verification samples. 

 
Figure 4.5 Experimental plan for  Maine case (BMD+ Testing). 

 
Figure 4.6 Experimental plan for  Ontario case: (a) BMD+ testing and (b) HWT . 
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Figure 4.7 Experimental plan for  North Carolina surface mixture: (a) BMD+ testing, (b) I -

FIT, and (c) HWT. 
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Figure 4.8 Experimental plan for  North Carolina intermediate mixture : (a) BMD+ testing, 

(b) I -FIT , and (c) HWT. 
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Table 4.4 Experimental Plan: BMD+ Testing 

Case 
Sample 

ID 

Target Air  

Void Content 

(%)  

Purpose 

Maine 

159352-A 7.5 Four Corners 

159352-B 3.5 Four Corners 

159353 4.0 Verification 

159354-A 5.0 Verification 

159354-B 6.0 Verification 

159355 2.5 Verification 

159358 4.6 Verification 

159360 2.5 Four Corners 

159361 7.5 Four Corners 

159362 5.7 Verification 

Ontario 

5-1-A 3.9 Verification 

5-1-B 2.9 Verification 

5-2 6.5 Four Corners 

5-6 2.5 Four Corners 

5-7 2.5 Four Corners 

5-8 4.3 Verification 

5-10 7.5 Four Corners 

North 

Carolina 

Surface 

RS9.5C-1 2.5 Four Corners 

RS9.5C-2 8.5 Verification 

RS9.5C-3 7.5 Four Corners 

RS9.5C-4 5.8 Verification 

RS9.5C-7 7.5 Four Corners 

RS9.5C-9 4.9 Verification 

RS9.5C-10 4.0 Four Corners 

North 

Carolina 

Intermediate 

RI19.0C-1 3.8 Verification 

RI19.0C-2 4.0 Four Corners 

RI19.0C-3 7.5 Four Corners 

RI19.0C-4 6.3 Verification 

RI19.0C-5 5.7 Verification 

RI19.0C-6-1 2.5 Four Corners 

RI19.0C-6-2 7.5 Four Corners 
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Table 4.5 Experimental Plan: I -FIT  

Case 
Sample 

ID 

Target Air  

Void Content 

(%)  
Purpose 

North 

Carolina 

Surface 

RS9.5C-1-A 2.5 Four Corners 
RS9.5C-1-B 7.0 Verification 
RS9.5C-2-A 8.5 Verification 
RS9.5C-2-B 7.0 Four Corners 
RS9.5C-4-A 5.8 Verification 
RS9.5C-4-B 7.0 Verification 
RS9.5C-9-A 4.9 Verification 
RS9.5C-9-B 7.0 Four Corners 

RS9.5C-10-A 2.5 Four Corners 
RS9.5C-10-B 4.0 Verification 

North 

Carolina 

Intermediate 

RI19.0C-1-A 3.8 Four Corners 
RI19.0C-1-B 7.0 Verification 
RI19.0C-2-A 4.0 Four Corners 
RI19.0C-2-B 7.0 Four Corners 
RI19.0C-4-A 6.3 Verification 
RI19.0C-4-B 7.0 Verification 
RI19.0C-5-A 5.7 Verification 
RI19.0C-5-B 7.0 Four Corners 
RI19.0C-6-B 5.8 Verification 
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Table 4.6. Experimental Plan: HWT Test 

Case 
Sample 

ID 

Target Air  

Void Content 

(%)  
Purpose 

Ontario 

5-1-A 7.0 Verification 

5-1-B 3.9 Verification 

5-2 7.0 Four Corners 

5-6-A 7.0 Verification 

5-6-B 2.5 Four Corners 

5-7 7.0 Four Corners 

5-8-A 7.0 Verification 

5-8-B 4.3 Verification 

5-10-A 2.5 Four Corners 

5-10-B 5.5 Verification 

North 

Carolina 

Surface 

RS9.5C-1-A 2.5 Four Corners 

RS9.5C-1-B 7.0 Verification 

RS9.5C-2-A 8.5 Verification 

RS9.5C-2-B 7.0 Four Corners 

RS9.5C-3-A 7.5 Four Corners 

RS9.5C-3-B 7.0 Verification 

RS9.5C-4-A 5.8 Verification 

RS9.5C-4-B 7.0 Verification 

RS9.5C-7-A 7.5 Verification 

RS9.5C-7-B 7.0 Verification 

RS9.5C-9-A 4.9 Verification 

RS9.5C-9-B 7.0 Verification 

RS9.5C-10-A 2.5 Four Corners 

RS9.5C-10-B 7.0 Verification 

RS9.5C-10-C 4.0 Verification 

North 

Carolina 

Intermediate 

RI19.0C-1-A 3.8 Verification 

RI19.0C-1-B 7.0 Verification 

RI19.0C-2-A 4.0 Four Corners 

RI19.0C-2-B 7.0 Four Corners 

RI19.0C-3-A 7.5 Verification 

RI19.0C-3-B 7.0 Verification 

RI19.0C-4-A 6.3 Verification 

RI19.0C-4-B 7.0 Verification 

RI19.0C-5-A 5.7 Verification 

RI19.0C-5-B 7.0 Verification 

RI19.0C-6-A 4.0 Four Corners 

RI19.0C-6-B 7.5 Four Corners 

RI19.0C-6-C 7.0 Verification 
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4.3. Plant-Mix ed Lab-Compacted Mi xture Fabrication 

The BMD+ and BMD performance tests were conducted based on the determined 

experimental plans for the four paving projects (Maine, Ontario and two North Carolina). For the 

Maine case, the BMD testing did not happen. For the Ontario case, only the HWT test was 

conducted for the BMD testing. For the two North Carolina cases, all BMD+ and BMD 

performance were completed. Prior to the performance testing, all PMLC mixture samples were 

homogenized to avoid material segregation. Then, the test specimens were fabricated at their 

appropriate geometry via an air void study.  

4.3.1. Mixture  homogenization 

Material homogenization should be implemented first in the sample fabrication process to 

minimize mixture segregation. The reason for homogenization is that the samples are acquired 

from several different locations in the mixture pile in the truck, even though they are sampled 

from the same truck load. The critical component of the homogenization process is dividing the 

large volume of the mixture into smaller units (test specimen size) while maintaining a similar 

proportion of fine and coarse aggregate particles. The maximum amount of material required for 

each homogenization process is 200 lb. That is, if seven samples are used to develop and verify 

the prediction function, then seven homogenization processes should be carried out. The 

homogenization process conducted for this study is as follows: 

1. Place the solid-state mixture samples into 5-gallon metal buckets. If the mixture 

samples do not fit into the bucket, use a mixing pan or aggregate pan. 

2. Place lids on the buckets. For pans, use another pan as a lid. 
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3. Preheat an oven. The target oven temperature is 10°C lower than the compaction 

temperature; for example, if the compaction temperature is 140°C, then the oven 

temperature for homogenization is 130°C. 

4. When the oven reaches the target temperature, place the metal buckets containing the 

mixtures into the oven and heat for one hour. Also place a metal rake in the oven. 

5. After an hour, remove the lids and keep the buckets in the oven for an additional hour 

without the lids. Then, remove the buckets from the oven. 

6. While the mixtures are heating, prepare three metal boxes to house the divided 

mixtures. For convenience purposes, here the metal boxes are referred to as Box A, 

Box B, and Box C. Box A contains four medium-sized metal boxes. Box B has a 

sliding plate. Box C contains twelve small-sized metal boxes. Box B is placed on top 

of Box C as a set. When the sliding plate is removed from Box B, the mixture falls 

into the twelve small boxes. For the 200-lb homogenization process, two sets of Box 

B and Box C are needed. 

7. Apply an asphalt release agent to the inside of all the metal boxes 30 minutes before 

removing the mixtures from the oven. 

8. Take the metal buckets out of the oven and pour the mixture into the center of Box A. 

The mixture will separate by gravity into the four medium-sized boxes. For 

convenience, the four boxes in Box A are referred to as Medium Boxes 1, 2, 3, and 4 

clockwise. 

9. For the first metal bucket, pour the contents of Medium Boxes 1 and 3 into the first 

set of Boxes B and C, and pour the contents of Medium Boxes 2 and 4 into the 

second set of Boxes B and C. For the second metal bucket, pour the contents of 



   

88 

 

Medium Boxes 2 and 4 into the first set of Boxes B and C and pour the contents of 

Medium Boxes 1 and 3 into the second set of Boxes B and C. Then, the mixtures 

from the two buckets are considered to be well blended together. 

10. Level off the mixtures evenly using the heated steel rake and remove the metal sliding 

plate from Box B. The mixtures are thus divided into the twelve small boxes for the 

first and second sets. 

11. Randomly choose three or four small boxes from Box C and pour the mixtures into a 

cloth bag. The number of small boxes for one cloth bag can differ in terms of the total 

amount of the mixture. The mixture in one cloth bag would be used to fabricate a 

gyratory-compacted sample. 

12. If four buckets need to be blended, follow this Step No. 12 instead of Step No. 9. 

Place the contents of Medium Boxes 1, 2, 3, and 4 from the first metal bucket into 

Boxes B-1, B-2, B-3, and B-4, respectively. Place Medium Boxes 2, 3, 4, and 1 from 

the second metal bucket into Boxes B-1, B-2, B-3, and B-4, respectively. Place 

Medium Boxes 3, 4, 1, and 2 from the third metal bucket into Boxes B-1, B-2, B-3, 

and B-4. Place Medium Boxes 4, 1, 2, and 3 from the fourth metal bucket into Boxes 

B-1, B-2, B-3, and B-4. By using two Box Cs, the mixtures in the four Box Bs will be 

separated. 

4.3.2. Air void study 

Once the homogenization process for a sample is completed, an air void study is 

conducted prior to test specimen fabrication to determine the mass of the mixture in order to 

achieve the target test specimenôs air void content. An air void study should be conducted for 

any new mixture or new specimen geometry. Within the obtained samples, a randomly selected 
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sample is used for the representative air void study of the mixture. Three gyratory-compacted 

samples are fabricated at three different target air void contents to build a relationship between 

the mass and test specimen air void contents. The three target air void contents (Vat) in Equation 

(3.1) are recommended as 3%, 5%, and 7%, as the experimental plan for four corners requires 

both low and high target air void contents. The air void study utilizes 100-mm diameter and 150-

mm tall specimens. The target mass for the air void study samples is calculated using Equation 

(3.1) in accordance with AASHTO R 83. Note that 18 cm is used as parameter H because the 

target gyratory-compacted specimen is 180 mm. The air void measurement method (either the 

vacuum method or saturated surface-dry method) is selected to be the same method that the 

relevant agency uses. 

100 ( )
176.7147

100

at
mm

V F
Mass G H

- +è ø
= ³ ³ ³é ù
ê ú

  (3.1) 

where 

Mass = the estimated mass of the mixture that is needed to prepare a test specimen to the target 

air void content, 

Vat = the target air void content for the test specimen, 

Gmm = the maximum specific gravity of the mixture, 

H = the height of the gyratory sample (cm), and 

F = the air void adjustment factor: 1.0 for fine-graded and 1.5 for coarse-graded mixtures. 

Figure 4.9 presents an example of air void study results and indicates that the measured 

test specimen air void contents and total mass have a linear relationship.  
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Figure 4.9 Example of air void study results. 

The air void study results for large geometry specimens (100-mm diameter and 150-mm 

height) were applied in this study to achieve the target air void contents for the small geometry 

specimens (38-mm diameter x 110-mm height). In addition, the developed relationship shown in 

Figure 4.9 was applied for the specimen fabrication of the other samples from the same mixture. 

The same air void study method was applied for all case studies. 

4.3.3. Test specimen fabrication and air void content measurements 

The test specimens for prediction function development were fabricated following 

AASHTO R 83 and PP 99 based on the experimental plans described in Chapter 4.2. The 

gyratory-compacted specimens were cored and cut to the proper sizes for each performance test. 

Table 4.7 provides a summary of the general information regarding test specimen fabrication and 

air void measurements. Note that the air void contents were measured using the relevant 

agencyôs method. Table 4.8 provides a summary of the measured air void contents for the three 

cases for the BMD+ tests.  
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Table 4.9 and Table 4.10 present the measured air void contents for the I-FIT and HWT 

test, respectively. Note that the measured air void contents are the averaged values of the test 

specimens used in each performance test. The tolerance of the air void contents from the target is 

set as ± 0.5%, except for the I-FIT (which is ±1.0% according to test standards). Note that 

Sample 5-1-B for the Ontario case presented in Table 4.8 is an additional sample that was used 

for the dynamic modulus and direct tension cyclic fatigue tests only. 

Table 4.7 General Information Regarding Specimen Fabrication and Air Void 

Measurements 

Case Mixture  
Mixture 

Type 

Compaction 

Temperature 

Gyratory  

Compactor 

Air Void 

Measurement 

Method 

Maine 

HMA 

12.5 

(fine-

graded) 

PMLC 145°C Servopac 
Vacuum 

Method 

Ontario 
SMA 

12.5 
PMLC 150°C Servopac SSD Method 

North 

Carolina 

(Surface) 

RS9.5C PMLC 138°C Pine SSD Method 

North 

Carolina 

(Intermediate) 

RI19.0C PMLC 138°C Pine SSD Method 

Note: PMLC is plant-mixed, lab-compacted; SSD is saturated surface dry. 

 

 

 

 

 

 

 

 



   

92 

 

Table 4.8 Measured Air Void Contents for BMD+ Tests 

Case 
Sample 

ID 

Target Air  

Void 

Content 

(%)  

Purpose 

Dynamic 

Modulus 

(%)  

Cyclic 

Fatigue 

(%)  

SSR 

(%) 

Maine 

159352-A 7.5 Four Corners 7.2 7.2 7.5 

159352-B 3.5 Four Corners 3.3 2.9 3.3 

159353 4.0 Verification 4.3 4.4 3.7 

159354-A 5.0 Verification 5.1 4.6 5.2 

159354-B 6.0 Verification 5.8 5.8 6.0 

159355 2.5 Verification 2.3 2.2 2.3 

159358 4.6 Verification 4.7 4.7 4.3 

159360 2.5 Four Corners 2.4 2.5 2.2 

159361 7.5 Four Corners 7.6 7.6 7.6 

159362 5.7 Verification 5.8 5.8 5.9 

Ontario 

5-1-A 3.9 Verification 3.6 3.7 3.7 

5-1-B 2.9 Verification 2.9 3.1 N/A 

5-2 6.5 Four Corners 6.9 6.7 6.8 

5-6 2.5 Four Corners 2.5 2.1 2.3 

5-7 2.5 Four Corners 2.7 2.6 2.5 

5-8 4.3 Verification 4.5 4.3 4.4 

5-10 7.5 Four Corners 7.4 7.6 7.9 

North 

Carolina 

Surface 

RS9.5C-1 2.5 Four Corners 2.4 2.4 2.3 

RS9.5C-2 8.5 Verification 8.4 8.6 8.4 

RS9.5C-3 7.5 Four Corners 7.5 7.3 7.9 

RS9.5C-4 5.8 Verification 5.6 5.6 5.5 

RS9.5C-7 7.5 Four Corners 7.9 7.4 7.6 

RS9.5C-9 4.9 Verification 4.7 5.0 4.8 

RS9.5C-10 4.0 Four Corners 3.5 3.7 3.5 

North 

Carolina 

Intermediate 

RI19.0C-1 3.8 Verification 3.9 3.6 3.8 

RI19.0C-2 4.0 Four Corners 4.5 4.0 4.4 

RI19.0C-3 7.5 Four Corners 7.6 7.5 7.9 

RI19.0C-4 6.3 Verification 6.7 6.4 6.7 

RI19.0C-5 5.7 Verification 5.6 6.1 5.8 

RI19.0C-6-1 2.5 Four Corners 2.4 2.5 2.1 

RI19.0C-6-2 7.5 Four Corners 7.2 7.2 7.4 
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Table 4.9 Measured Air Void Contents for I -FIT  

Case 
Sample 

ID 
Purpose 

Target Air  

Void Content 

(%)  

Air Void  

Content 

(%)  

North 

Carolina 

Surface 

RS9.5C-1-A Four Corners 2.5 2.0 

RS9.5C-1-B Verification 7.0 7.2 

RS9.5C-2-A Verification 8.5 8.0 

RS9.5C-2-B Four Corners 7.0 6.8 

RS9.5C-4-A Verification 5.8 6.0 

RS9.5C-4-B Verification 7.0 7.2 

RS9.5C-9-A Verification 4.9 4.9 

RS9.5C-9-B Four Corners 7.0 7.2 

RS9.5C-10-A Four Corners 2.5 2.2 

RS9.5C-10-B Verification 4.0 4.1 

North 

Carolina 

Intermediate 

RI19.0C-1-A Four Corners 3.8 3.8 

RI19.0C-1-B Verification 7.0 6.7 

RI19.0C-2-A Four Corners 4.0 4.3 

RI19.0C-2-B Four Corners 7.0 7.5 

RI19.0C-4-A Verification 6.3 6.5 

RI19.0C-4-B Verification 7.0 7.2 

RI19.0C-5-A Verification 5.7 6.1 

RI19.0C-5-B Four Corners 7.0 6.8 

RI19.0C-6-B Verification 7.0 5.8 
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Table 4.10 Measured Air Void Contents for HWT Test 

Case 
Sample 

ID 
Purpose 

Target Air  

Void Content 

(%)  

Air  Void 

Content 

(%)  

Ontario 

5-1-A Verification 7.0 6.9 

5-1-B Verification 3.9 3.7 

5-2 Four Corners 7.0 7.1 

5-6-A Verification 7.0 6.6 

5-6-B Four Corners 2.5 2.0 

5-7 Four Corners 7.0 7.1 

5-8-A Verification 7.0 7.1 

5-8-B Verification 4.3 4.4 

5-10-A Four Corners 2.5 2.3 

5-10-B Verification 5.5 5.3 

North 

Carolina 

Surface 

RS9.5C-1-A Four Corners 2.5 2.3 

RS9.5C-1-B Verification 7.0 7.3 

RS9.5C-2-A Verification 8.5 8.5 

RS9.5C-2-B Verification 7.0 7.2 

RS9.5C-3-A Four Corners 7.5 7.7 

RS9.5C-3-B Verification 7.0 7.3 

RS9.5C-4-A Verification 5.8 5.8 

RS9.5C-4-B Verification 7.0 6.9 

RS9.5C-7-A Four Corners 7.5 7.7 

RS9.5C-7-B Verification 7.0 7.3 

RS9.5C-9-A Verification 4.9 4.9 

RS9.5C-9-B Verification 7.0 7.5 

RS9.5C-10-A Four Corners 2.5 2.7 

RS9.5C-10-B Verification 7.0 7.5 

RS9.5C-10-C Verification 4.0 4.0 

North 

Carolina 

Intermediate 

RI19.0C-1-A Verification 3.8 3.7 

RI19.0C-1-B Verification 7.0 6.7 

RI19.0C-2-A Four Corners 4.0 4.3 

RI19.0C-2-B Four Corners 7.0 7.4 

RI19.0C-3-A Verification 7.5 7.6 

RI19.0C-3-B Verification 7.0 7.3 

RI19.0C-4-A Verification 6.3 6.3 

RI19.0C-4-B Verification 7.0 7.4 

RI19.0C-5-A Verification 5.7 5.2 

RI19.0C-5-B Verification 7.0 6.7 

RI19.0C-6-A Four Corners 4.0 4.1 

RI19.0C-6-B Four Corners 7.5 7.3 

RI19.0C-6-C Verification 7.0 6.8 
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4.4. Plant-Mix ed Lab-Compacted BMD+ Performance Tests 

4.4.1. BMD+ performance test results (index) 

The BMD+ tests were conducted based on the experimental plan shown in Table 4.8. The 

test methods and temperature selection for the BMD+ performance tests are presented in Chapter 

2.1. Table 4.11 provides a summary of the test temperatures used for the BMD+ testing. 

Table 4.11 Test Temperatures Used for BMD+ Performance Tests 

Case 
Dynamic Modulus 

Test 

Cyclic Fatigue 

Test 

Stress Sweep 

Rutting Test 

Maine 4°C, 20°C, and 40°C 15°C 
Low: 20°C 

High: 45°C 

Ontario 4°C, 20°C, and 40°C 18°C 
Low: 22°C 

High: 42°C 

North Carolina 

(Surface) 
4°C, 20°C, and 40°C 18°C 

Low: 29°C 

High: 50°C 

North Carolina 

(Intermediate) 
4°C, 20°C, and 40°C 18°C 

Low: 26°C 

High: 46°C 

 

The test results obtained from the BMD+ tests were analyzed using FlexMATTM 

Cracking and Rutting v. 2.1. Figure 4.10 presents a comparison of the dynamic modulus test 

results of the samples tested at the low (2.5%) and high (7.5%) air void contents. The fitted 

mastercurves generated from FlexMATTM Cracking are compared based on the test results. The 

samples with lower air void contents show higher dynamic modulus values than the samples with 

higher air void contents at all temperatures. The Ontario and North Carolina surface mixtures 

have high modulus values when tested at 4°C and 20°C, respectively, but the Maine mixture has 

the highest modulus values at 40°C. Because the Maine mixture contains modified binder and 

20% RAP, this result is understandable and reasonable. Note that the Ontario mixture also 

contains modified binder but not RAP. The test results are not comparable for the cyclic fatigue 

and SSR tests due to the different test temperatures. 
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Figure 4.10 Comparison of dynamic modulus mastercurves at low and high air void 

contents. 

Table 4.12 provides a summary of all the primary outputs, i.e., Alpha, DR, Sapp, and the 

RSI values generated from FlexMATTM. For the performance indices (Sapp and the RSI), the 

climate data were pulled from Bangor (ME), Buffalo (NY), and Raleigh (NC) for the Maine, 

Ontario, and both North Carolina cases, respectively, via FlexMATTM. 
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Table 4.12 Major Output s from BMD+ Testing 

Case 
Sample 

ID 
Purp. 

Binder 

Content 

(%)  

Target 

Air  

Void 

Content 

(%)  

Alpha DR Sapp 
RSI 

(%)  

Maine 

159352-A F.C. 5.3 7.5 3.63 0.64 27.7 3.1 

159352-B F.C. 5.3 3.5 3.93 0.65 32.2 1.9 

159353 Veri. 5.5 4.0 3.58 0.62 33.7 2.3 

159354-A Veri. 5.7 5.0 3.84 0.61 22.7 2.5 

159354-B Veri. 5.7 6.0 3.84 0.64 30.2 2.9 

159355 Veri. 5.2 2.5 3.92 0.62 28.6 1.8 

159358 Veri. 5.3 4.6 3.67 0.66 42.1 2.4 

159360 F.C. 5.9 2.5 3.80 0.67 36.3 1.9 

159361 F.C. 5.9 7.5 3.63 0.64 30.1 3.3 

159362 Veri. 5.8 5.7 3.59 0.64 36.8 2.8 

Ontario 

5-1-A Veri. 5.9 3.9 3.46 0.75 34.4 5.3 

5-1-B Veri. 5.9 2.9 3.30 0.75 36.6 N/A 

5-2 F.C. 5.9 6.5 3.36 0.72 25.5 6.5 

5-6 F.C. 5.8 2.5 3.46 0.75 37.3 4.4 

5-7 F.C. 5.7 2.5 3.64 0.73 33.4 4.0 

5-8 Veri. 5.8 4.3 3.55 0.75 33.3 4.3 

5-10 F.C. 5.7 7.5 3.19 0.72 25.0 8.1 

North 

Carolina 

Surface 

RS9.5C-1 F.C. 5.8 2.5 3.45 0.62 28.4 2.5 

RS9.5C-2 Veri. 5.6 8.5 3.35 0.63 21.3 24.6 

RS9.5C-3 F.C. 6.1 7.5 3.32 0.63 23.5 16.2 

RS9.5C-4 Veri. 5.9 5.8 3.34 0.66 28.8 7.5 

RS9.5C-7 F.C. 5.8 7.5 3.28 0.64 22.7 15.9 

RS9.5C-9 Veri. 6.0 4.9 3.30 0.64 26.6 6.1 

RS9.5C-10 F.C. 6.1 4.0 3.37 0.66 30.4 6.8 

North 

Carolina 

Intermediate 

RI19.0C-1 Veri. 4.6 3.8 3.18 0.43 10.9 1.2 

RI19.0C-2 F.C. 4.8 4.0 3.09 0.46 13.1 1.7 

RI19.0C-3 F.C. 4.7 7.5 3.15 0.41 6.9 4.1 

RI19.0C-4 Veri. 4.6 6.3 3.19 0.44 9.4 2.1 

RI19.0C-5 Veri. 4.5 5.7 3.10 0.44 11.3 2.7 

RI19.0C-6-1 F.C. 4.1 2.5 3.45 0.55 16.5 1.0 

RI19.0C-6-2 F.C. 4.1 7.5 3.38 0.59 10.6 2.3 
Note: Purp. is purpose; F.C. is four corners; Veri. is verification 

 

Figure 4.11 and Figure 4.12 presents plots for the Sapp index and RSI, respectively, in 

terms of air void content and indicate the changes in the performance index values with the air 

void content. For the Sapp index, the values generally are shown to decrease as the air void 
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content increases, except for a few points of the Maine case. This trend makes sense because the 

higher air void content allows the mixture to have more room to be distressed under the traffic 

load. For the RSI, the values of all the mixtures show increasing trends as the air void content 

increases. This trend is also intuitive and expected. 

 
Figure 4.11 Sapp index value changes with test specimen air void content. 
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Figure 4.12 RSI value changes with test specimen air void content. 
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Figure 4.13 Sapp index value changes with binder content. 

 
Figure 4.14 RSI value changes with binder content. 
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resistance than the intermediate mix (RI19.0C). These mixture rankings are understandable 

because MaineDOT and the MTO used modified binders in their mixes, and surface mixes 

usually have greater fatigue resistance than the underlying layers. For the rutting performance 

rankings, the Maine and North Carolina intermediate mixtures show the best rutting resistance. 

The North Carolina surface mixture shows the worst rutting resistance, and the rutting 

significantly increased when the mixture had an air void content higher than 7.0 percent. 

Table 2.2 presents the mixtures evaluated using the Sapp and RSI threshold values. The 

mixture samples tested at 4.0% target air void content were considered for this evaluation 

because the mix design target air void content for all the tested mixtures is 4 percent. Note that 

the target air void content for Ontario sample 5-8 is 4.3% instead of 4.0%, but the measured air 

void contents of this sample for the cyclic fatigue and SSR tests were in the tolerance range of 

4.0%, which is 3.5% to 4.5%, as shown in Table 4.8. Table 4.13 presents the traffic designations 

of the mixtures based on the performance index results. 

Table 4.13 Sapp Index and RSI Values for Mixture Designation 

Case 
Sample 

ID 

Mix 

Design 

Traffic  

Level 

(ESAL) 

Fatigue Rutting 
Final 

Traffic 

Designation 

(ESAL) 
Sapp Designation 

RSI 

(%)  
Designation 

Maine 159353 
10 M ï 30 

M 
33.7 

V 

(Very 

Heavy) 

2.3 
H 

(Heavy) 

H 

(10 M ï 

30 M) 

Ontario 5-8 N/A 33.3 

V 

(Very 

Heavy) 

4.3 
S 

(Standard) 

S 

(Less than 

10 M) 

North 

Carolina 

Surface 

RS9.5C 

-10 

3 M ï 30 

M 
30.4 

V 

(Very 

Heavy) 

6.8 
S 

(Standard) 

S 

(Less than 

10 M) 

North 

Carolina 

Intermediate 

RI19.0C 

-2 
All  13.1 

S 

(Standard) 
1.7 

V 

(Very 

Heavy) 

S 

(Less than 

10 M) 
Note: óAllô means that the mix is appropriate for any and all traffic levels.  
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Based on the performance index values, the mixtures show better cracking resistance than 

rutting resistance, except for the North Carolina intermediate mixture. The North Carolina 

RS9.5C mixture's designation does not match the mix design traffic level. For the Maine case, 

the designation and mix design were matched. The Ontario and North Carolina intermediate 

mixtures are designated as Standard mixtures based on the performance indices. Note that the 

Ontario mixture does not have a mix design traffic level and the North Carolina intermediate 

mixture is intended for use at any and all traffic levels according to the mix design. 

4.4.2. BMD+ performance test results (performance simulation) 

The output data from FlexMATTM were used for the FlexPAVETM 1.1 simulations. The 

simulation conditions, i.e., pavement structural information, climatic data, and traffic data, were 

input to FlexPAVETM together with the performance test results to simulate pavement 

performance. The simulation conditions were obtained from the pavement and mixture designs 

provided by the relevant agency. 

All the FlexPAVETM simulations were based on 20 years of design life and a new 

pavement. The pavement structures and modulus values for the unbound materials were provided 

by the relevant agencies. Note that FlexPAVETM default values were used for some items if the 

information was not been provided. Because FlexPAVETM simulations provide a single % 

damage value for all the asphalt layers together at a certain time, the % damage values for the 

AC layer should be recalculated if two or more AC layers are input in the simulation. The 

recalculation is conducted based on the reference area of each AC layer, as illustrated in Figure 

4.15. For the % damage calculation procedure, FlexPAVETM uses two overlapping triangles to 

form a reference area that can consider the damage evolution. The top inverted triangle has a 

170-cm wide base that is located at the top of the surface layer and a vertex that is located at the 
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bottom of the bottom asphalt layer. The 120-cm wide base of the second triangle is located at the 

bottom of the bottom asphalt layer and its vertex is positioned at the surface layer (FHWA 2018). 

 

© 2018 Federal Highway Administration 

Figure 4.15 Reference areas used for percentage of damage (% damage) calculations. 

Using the reference area method, the simulated % damage in the AC surface at the design 

life was recalculated based on the AC surface reference area. For the Ontario case, the NC19.0C 

mixture (at 4% air void content) was used as the reference AC intermediate layer because this 

materialôs property was the closest to that of the existing AC intermediate layer in the field. For 

the North Carolina case, the RI19.0C-4 mixture sample was used as a reference AC intermediate 

layer and the RS9.5C-7 mixture sample was used as a reference AC surface layer. These two 

mixture samples were selected based on their in-place air void contents (7.5% for RS9.5C-7 and 

6.5% for RI19.0c-4), which were close to the average AC surface and intermediate in-place air 
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void contents (7.0% and 6.2%, respectively) of mixtures used in North Carolina in 2019. Table 

4.14 provides a summary of the input values used for FlexPAVETM simulations. 

Table 4.14 Input Values for FlexPAVETM  Simulations 

Field Project Maine Ontario  
NC 

Surface 

NC 

Intermediate 

AC 

Surface 

(Modulus) 

4 in. 

(Test 

Results) 

1.6 in. 

(Test 

Results) 

1.675 in. 

(Test 

Results) 

1.675 in. 

(RS9.5C-7) 

AC 

Intermediate 

(Modulus) 

N/A 

2 in. 

(NC 

RI19.0C) 

4 in. 

(RI19.0C-4) 

4 in. 

(Test 

Results) 

AC 

Base 

(Elastic 

Modulus) 

12 in. 

(206,840 

kPa) 

32 in. 

(200,000 

kPa) 

10 in. 

(50,000 

kPa) 

10 in. 

(50,000 

kPa) 

Subgrade 

(Elastic 

Modulus) 

150 in. 

(68,948 

kPa) 

150 in. 

(30,000 

kPa) 

150 in. 

(61,205 

kPa) 

150 in. 

(61,205 

kPa) 

Climate 
Bangor, 

ME 

Buffalo, 

NY 

Raleigh, 

NC 

Raleigh, 

NC 

Design 

Traffic 

10 M 

ESALs 

5 M 

ESALs 

16.4 M 

ESALs 

16.4 M 

ESALs 

Traffic 

Growth 

Rate 

0% 2% 2.4% 2.4% 

Note: AC is asphalt concrete and ESAL is equivalent single axle load. 

Table 4.15 provides a summary of the FlexPAVETM simulation results with the in-place 

volumetric parameters. 
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Table 4.15 Simulated Performances of PMLC Mixtures  

Case 
Sample 

ID 
Use 

Fatigue Rutting 

VMA IP 

(%)  

VFA IP 

(%)  

% 

Dam. 

VMA IP 

(%)  

VFA IP 

(%)  

AC RD 

(mm) 

ME 

52A F.C 17.7 59.4 14.2 18.0 58.3 1.7 

52B F.C 13.9 79.2 10.2 14.3 76.9 1.0 

60 F.C 15.6 84.0 10.5 15.3 85.7 1.0 

61 F.C 19.8 61.6 14.1 19.8 61.6 1.7 

53 Veri. 16.3 73.0 12.6 15.7 76.4 1.3 

54A Veri. 17.2 73.2 14.0 17.7 70.6 1.2 

54B Veri. 18.2 68.1 11.3 18.4 67.3 1.5 

55 Veri. 14.0 84.2 10.8 14.1 83.6 0.9 

58 Veri. 16.5 71.5 11.0 16.1 73.4 1.3 

62 Veri. 18.2 68.2 12.2 18.3 67.8 1.6 

ON 

5-2 F.C 20.5 67.4 16.2 20.6 67.0 1.4 

5-6 F.C 16.7 87.5 15.0 16.9 86.4 0.9 

5-7 F.C 16.8 84.5 14.6 16.7 85.0 0.8 

5-10 F.C 21.0 63.8 17.9 21.2 62.8 1.6 

5-1A Veri. 17.9 79.4 15.1 17.9 79.4 1.0 

5-1B Veri. 17.4 82.2 16.1 N/A N/A N/A 

5-8 Veri. 18.3 76.6 15.2 18.4 76.1 0.9 

NC 

Sur. 

1 F.C 15.3 84.3 0.3 15.2 84.9 0.7 

3 F.C 20.2 63.7 0.9 20.7 62.0 3.6 

7 F.C 19.7 62.5 1.4 19.9 61.6 3.7 

10 F.C 17.1 78.4 0.4 17.0 79.2 1.7 

2 Veri. 20.3 57.8 1.1 20.2 58.2 5.4 

4 Veri. 18.2 69.5 0.6 18.2 69.7 1.9 

9 Veri. 18.0 72.2 0.7 17.8 73.1 1.6 

NC 

Int. 

 

2 F.C 14.6 70.9 22.7 14.8 70.0 1.6 

3 F.C 17.3 56.7 25.8 17.6 55.4 3.3 

6-A F.C 11.5 78.0 15.3 11.2 80.9 1.1 

6-B F.C 15.6 54.9 21.2 16.0 53.6 2.4 

1 Veri. 13.6 73.6 20.3 13.8 72.3 1.2 

4 Veri. 16.1 59.9 22.2 16.3 58.8 2.1 

5 Veri. 15.5 60.9 20.6 15.3 62.1 2.3 
Note: ME is Maine; ON is Ontario; NC Sur. is North Carolina surface; NC Int. is North Carolina intermediate; MD 

is Maryland; F.C. is four corners; Veri. is verification; % Dam. Is % damage from FlexPAVETM; AC RD is asphalt 

concrete rut depth determined from FlexPAVETM. 

Figure 4.16 presents a comparison of the performance indices and simulated 

performance. The RSI and AC rut depth values obtained from FlexPAVETM show vastly stronger 

correlations than the Sapp and % damage values. In particular, the Maine case shows little 
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correlation. Based on this observation, the overall trends for the PVRs for AC rut depth would be 

expected not to differ from the RSI IVRs, but the PVRs for % damage would be expected to 

differ from the Sapp IVRs because the same volumetric parameters would be used for the PVR 

development. 

 

 
Figure 4.16 Comparison of measured performance index values and performance 

simulated by FlexPAVETM : (a) Sapp and % damage (b) RSI and AC rut depth. 
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4.5. Plant-Mix ed Lab-Compacted BMD Performance Tests 

The BMD performance tests were implemented based on the experimental plans shown 

in Table 4.9 and Table 4.10 for the I-FIT and HWT test, respectively. In accordance with the test 

standards, the I-FIT and HWT test were conducted at 25°C and 50°C, respectively. Note that the 

HWT test temperature was determined from the Tex-242-F method. As mentioned earlier, 50°C 

is the widely used test temperature for HWT testing. Table 4.16 and Table 4.17 present the 

results of the I-FIT and HWT tests with the corresponding performance indices i.e., the FI and 

rut depth, respectively. Note that the rut depth for the HWT test is the average rut depth of the 

five middle deformation locations (69 mm, 92 mm, 115 mm, 138 mm, and 161 mm), as shown in 

Figure 2.18, and the letter óSô in parentheses in Table 4.17 indicates stripping. 

Table 4.16 Performance Index Values from I -FIT   

Case 
Sample 

ID 
Purpose 

Target Air  

Void Content 

(%)  

FI  

North 

Carolina 

Surface 

RS9.5C-1-A Four Corners 2.5 1.4 

RS9.5C-1-B Verification 7.0 2.8 

RS9.5C-2-A Verification 8.5 4.4 

RS9.5C-2-B Four Corners 7.0 3.6 

RS9.5C-4-A Verification 5.8 3.3 

RS9.5C-4-B Verification 7.0 3.3 

RS9.5C-9-A Verification 4.9 3.1 

RS9.5C-9-B Four Corners 7.0 4.2 

RS9.5C-10-A Four Corners 2.5 2.3 

RS9.5C-10-B Verification 4.0 2.9 

North 

Carolina 

Intermediate 

RI19.0C-1-A Four Corners 3.8 0.9 

RI19.0C-1-B Verification 7.0 2.4 

RI19.0C-2-A Four Corners 4.0 1.3 

RI19.0C-2-B Four Corners 7.0 3.1 

RI19.0C-4-A Verification 6.3 2.5 

RI19.0C-4-B Verification 7.0 2.6 

RI19.0C-5-A Verification 5.7 2.4 

RI19.0C-5-B Four Corners 7.0 3.1 

RI19.0C-6-B Verification 5.8 2.3 
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Table 4.17 Performance Index Values from HWT  Test 

Case 
Sample 

ID 
Purpose 

Target Air  

Void Content 

(%)  

Rut Depth 

(mm) 

Ontario 

5-1-A Verification 7.0 4.2 

5-1-B Verification 3.9 3.0 

5-2 Four Corners 7.0 4.2 

5-6-A Verification 7.0 4.0 

5-6-B Four Corners 2.5 1.8 

5-7 Four Corners 7.0 3.6 

5-8-A Verification 7.0 3.7 

5-8-B Verification 4.3 2.5 

5-10-A Four Corners 2.5 1.8 

5-10-B Verification 5.5 3.3 

North 

Carolina 

Surface 

RS9.5C-1-A Four Corners 2.5 1.4 

RS9.5C-1-B Verification 7.0 4.3 

RS9.5C-2-A Verification (S) 8.5 17.8 

RS9.5C-2-B Four Corners 7.0 5.4 

RS9.5C-3-A Four Corners 7.5 7.0 

RS9.5C-3-B Verification (S) 7.0 12.8 

RS9.5C-4-A Verification (S) 5.8 10.6 

RS9.5C-4-B Verification (S) 7.0 12.2 

RS9.5C-7-A Verification (S) 7.5 12.5 

RS9.5C-7-B Verification 7.0 6.0 

RS9.5C-9-A Verification 4.9 4.6 

RS9.5C-9-B Verification (S) 7.0 12.5 

RS9.5C-10-A Four Corners 2.5 2.0 

RS9.5C-10-B Verification 7.0 7.8 

RS9.5C-10-C Verification 4.0 3.4 

North 

Carolina 

Intermediate 

RI19.0C-1-A Verification 3.8 1.6 

RI19.0C-1-B Verification 7.0 2.8 

RI19.0C-2-A Four Corners 4.0 2.3 

RI19.0C-2-B Four Corners 7.0 3.8 

RI19.0C-3-A Verification 7.5 4.0 

RI19.0C-3-B Verification 7.0 4.4 

RI19.0C-4-A Verification 6.3 2.2 

RI19.0C-4-B Verification 7.0 3.2 

RI19.0C-5-A Verification 5.7 2.2 

RI19.0C-5-B Verification 7.0 3.3 

RI19.0C-6-A Four Corners 4.0 1.3 

RI19.0C-6-B Four Corners 7.5 2.5 

RI19.0C-6-C Verification 7.0 2.6 
Note: (S) in the Sample ID column is stripping. 
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To see the change in the BMD performance index values with the important mixture 

factors, first the BMD performance index values were plotted against the air void content. Figure 

4.17 shows that the FI values of both North Carolina mixtures increased when the test specimen 

air void content increased. This trend is counterintuitive because the mixture with the higher air 

void content should have greater fatigue susceptibility . This trend can be also observed in 

another research (Batioja-Alvarez et al. 2019). For this reason, the FI may not be an ideal index 

for QA purposes if the agency considers in-place density as a QA item. Figure 4.18 shows that 

the rut depth index values increased with an increase in air void content. This trend is expected 

because the mixture with a higher air void content has more room for rutting to occur. Note that 

several instances of stripping were found for the North Carolina surface mixture samples with a 

high binder content or 7% air void content.  

 
Figure 4.17 Flexibility index change with test specimen air void content. 
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Figure 4.18 Rut depth change with specimen air void content. 
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Figure 4.19 Flexibility index  change with binder content. 

 
Figure 4.20 Rut depth index change with binder content. 
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According to a FHWA ICT-15-017 report (ICT, 2015), threshold values can be used to 

evaluate mixtures from a BMD point of view using performance indices. In this study, the 

evaluation was conducted only for samples tested at 7% for both the I-FIT and HWT test. Figure 

4.21 schematically presents the results of the mixture evaluation that was based on the BMD 

performance indices of 7% air void content and the threshold values and Table 4.18 summarizes 

the evaluation results. Note that the threshold values used are specifically for the State of Illinois 

because the State of North Carolina does not have BMD performance index threshold values. 

Thus, this study did not fully consider these threshold values for application to the North 

Carolina mixtures, but they at least can serve as an alternative way to evaluate the mixtures 

approximately using the BMD performance test indices. The threshold values used for Illinois 

divide the mixture types into four categories: (1) Stiff and Brittle, (2) Stiff and Flexible, (3) Soft 

and Flexible, and (4) Soft and Unstable when the FI value is 8 and the rut depth is 12.5 mm. 

Each category can be defined as follows: 

1. Stiff and Brittle: Low cracking resistance (brittle) and high rutting resistance (stiff). 

2. Stiff and Flexible: Low cracking potential (flexible) and good rutting resistance 

(stiff). 

3. Soft and Flexible: Sufficient cracking resistance (flexible) and high rutting potential 

(soft). 

4. Soft and Unstable: Low cracking and rutting resistance. 
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Figure 4.21 Mixture evaluation using Illinois BMD threshold values. 

Table 4.18 Flexibility Index and Rut Depth Index Values for Mixture Designations 

Case 
Sample 

ID 
FI  

Rut 

Depth 

(mm) 

Evaluation 

North 

Carolina 

Surface 

RS9.5C-1-B 2.8 4.5 Stiff and Brittle 

RS9.5C-2-B 3.6 6.3 Stiff and Brittle 

RS9.5C-4-B 3.3 13.9 Soft and Unstable 

RS9.5C-9-B 4.2 14.1 Soft and Unstable 

North 

Carolina 

Intermediate 

RI19.0C-1-B 2.4 3.1 Stiff and Brittle 

RI19.0C-2-B 3.1 4.3 Stiff and Brittle 

RI19.0C-4-B 2.6 3.5 Stiff and Brittle 

RI19.0C-5-B 3.1 3.7 Stiff and Brittle 

RI19.0C-6-B 2.3 3.0 Stiff and Brittle 
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Carolina RS9.5C mixture is designated as Stiff and Brittle and Soft and Unstable. These 

descriptions indicate that the mixture has low fatigue cracking resistance and uncertain rutting 

resistance. For the North Carolina intermediate mixture, the mixture is designated as Stiff and 

Brittle, which indicates that the mixture has low fatigue cracking resistance but high rutting 

resistance. Table 4.19 compares mixture evaluation from both BMD+ and BMD performance 

tests. Note that the mixture evaluation from BMD+ performance tests used the mixture samples 
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tested at 7.5% air void content (Sample 7 for surface mixture and Sample 6-2 for intermediate 

mixture, shown in Table 4.12) to compare to the mixture evaluation from BMD performance 

tests determined using the mixture samples tested at 7.0% air void content. Since the North 

Carolina surface mix does not have a clear evaluation for the rutting performance, it is hard to 

compare the mixture evaluation results from both BMD+ and BMD performance tests. For the 

North Carolina intermediate mixture, the mixture evaluation from both BMD+ and BMD 

performance tests indicate that the mixture has higher rutting resistance. 

Table 4.19 Comparison of Mixture Evaluation from BMD+ and BMD Testing 

Case 
Mixture Evaluation  

from BMD testing 

Mixture Evaluation  

from BMD+ testing 

North 

Carolina 

Surface 

Stiff and Brittle 

Or 

Soft and Unstable 

Better fatigue 

resistance 

North 

Carolina 

Intermediate 

Stiff and Brittle 
Better rutting 

resistance 

 

4.6. Index Comparison of Plant-Mix ed Lab-Compacted BMD+ and BMD Performance 

Test Results 

The performance test index values obtained from both BMD+ and BMD performance 

tests were compared in this study. To ensure a fair comparison, the performance index values 

that were generated from the same target air void contents were used. Figure 4.22 and Figure 

4.23 present the comparison results for the fatigue indices and rutting indices, respectively. The 

Sapp and FI values obtained from both the BMD+ and BMD testing show opposite trends, which 

is expected due to the opposite trends observed for the air void contents shown in Figure 4.11 

and Figure 4.17. The RSI and rut depth obtained from both sets of tests show the same trends. 
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Figure 4.22 Comparison of PMLC FI  and Sapp index values. 

 
Figure 4.23 Comparison of PMLC RSI and rut depth index values. 
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generated at both the mixture and construction levels. This chapter describes the calculation of 

the in-place volumetric parameters based on the measured AQCs (representing several factors 

generated at the mixture level) and test specimen air void contents (representing in-place air void 

contents at the construction level). Next, the major parameters of the AQCs are plotted against 

the in-place volumetric parameters to see the correlations. The measured performance indices 

also are correlated to the in-place volumetric parameters. Finally, the IVRs are developed and 

verified using the verification sample test results. 

4.7.1. Relationship between AQCs and in-place volumetric parameters 

Equations (1.4) and (1.5) utilize three AQCs, i.e., the air void content at the Ndes, the in-

place air void content, and the VMA at the Ndes to calculate the VMA IP and VFAIP. For the 

calculation of VMA at Ndes, three parameters, i.e., bulk specific gravity of compacted mixture 

(Gmb), aggregate content (Ps), and bulk specific gravity of aggregate (Gsb) are used, as shown in 

Equation (2.2). 

A lesson learned from MaineDOT, the MTO, the NCDOT, and the Maryland DOT is that 

these agencies, except for the NCDOT, use the same Gsb value that is specified in the JMF to 

calculate their QA test results. Thus, the Gsb value that is used to calculate the VMA at the Ndes 

also should be employed from the JMF and is unchangeable. Recall that the NCDOT uses a 

corrected Gsb for its QA tests, as shown in Equation (3.2), but a variable that affects the 

calculation of the corrected Gsb is the binder content, which likewise affects the calculation of 

Calculated Gse. The other factors (Mix Design Gsb and Mix Design Gse) that are used for the 

corrected Gsb calculation are employed from the JMF. 

se sb
sb

se

Calculated G Mix DesignG
Corrected G

Mix DesignG

³
=    (3.2) 

where 
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Calculated Gse = calculated value from actual sample, 

Mix Design Gsb = a value from the original mix design, 

Mix Design Gse = a value from the original mix design. 

The Gmb and Ps are functions of the binder content. Ps is directly affected by the binder 

content. The binder contentôs effect on the Gmb value can be determined from the óair void 

content at Ndesô equation, Equation (2.1). The QA test samples have the same target mass for 

each mixture; thus, the air void content at the Ndes is a function of Gmm and Gmb. The binder 

content affects the Gmm values and Gmb. Therefore, the factors that affect the calculation of the in-

place volumetric parameters are the binder content and the in-place air void content. With these 

facts in mind, Figure 4.24 presents plots of the relationships between binder content and in-place 

air void content in terms of the volumetric parameters for all four cases (Maine, Ontario, and 

North Carolina surface and intermediate mixtures). For each case, the relationships between the 

binder content and the volumetric parameters are relatively weaker than those between the in-

place air void contents and the volumetric parameters. The reason for this outcome is that each 

mixture's measured binder content range is significantly smaller than the in-place air void 

content range, as discussed in Chapter 3.4. Therefore, the volumetric parameters of the PMLC 

mixture samples are more strongly related to the in-place air void content than to the binder 

content. 
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Figure 4.24 Relationships between binder content and in-place air void content in terms of 

volumetric parameters: (a) VMA IP vs. Binder content, (b) VFAIP vs. Binder content, (c) 

VMA IP vs. AVIP, and (d) VFAIP vs. AVIP. 
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This subchapter deals with the relationships between the measured performance index 
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lead to higher VMAIP values, the fatigue resistance should decrease as the air void content 

increases. The VFAIP increases as the air void content decreases due to the similar binder 

content. Therefore, the fatigue resistance should increase with an increase in the VFA IP. This 

trend makes sense because the higher VFAIP value means a higher binder percentage with a 

certain air void content, making the mixture more ductile. 

For the Maine case, the relationship between the Sapp index values and volumetric 

parameters does not show clear trends due to the weak relationship between the Sapp values and 

test specimen air void content shown in Figure 4.11. A possible reason for the weak relationship 

is that the mixture contains modified binder to increase the mixtureôs stiffness. Because the 

mixture was designed to be used in a cold region, the mixture should be stiff enough to reduce 

the effect of the air void content on the fatigue performance. The effect of modified binder usage 

can be confirmed by comparing the performance index values at 2.5% and 7.5% air void 

contents, as presented in Table 4.29 in Chapter 4.7.3. The Maine mixture shows the lowest 

percentage of difference between the low and high air void contents, indicating that the mixture 

is less sensitive to air void content than the other mixtures. Additional analysis for the Maine 

caseôs issue is described associated with the calculation of Sapp index using the dynamic modulus 

values, Alpha, shift factor, DR, C11, and C12 in Chapter 4.7.3. 
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Figure 4.25 Sapp performance index values and volumetric parameters. 
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Figure 4.26 shows that the RSI values increase as the VMA IP increases and decrease as 

the VFA IP increases for all cases. This trend makes sense because the higher air void content 

results in the higher VMAIP, which allows more room for deformation by traffic loading. 

However, the RSI trend with VFAIP shows the counterintuitive trend. The reasonable trend 

would be that the RSI value should increase as the VFAIP increases because a higher VFA value 

typically implies a mixture with a higher binder content, which would be a softer mixture. In 

fact, the VFA can increase when either the air void content or the binder content increases. As 

this study used PMLC mixture samples, the VFA values are driven more significantly by the air 

void content than the binder content. This outcome is a limitation of the use of PMLC mixtures. 

Therefore, the higher VFAIP corresponds to lower RSI values due to the lower test specimen air 

void content. 
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Figure 4.26 RSI performance index values and volumetric parameters. 
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Figure 4.27 shows that the FI values and volumetric parameters exhibit opposite trends to 

those of the Sapp index. The FI value increases when the VMAIP increases and decreases when 

the VFAIP increases. Based on general intuition, the FI trends for both volumetric parameters are 

not reasonable. It is hard to accept that the mixtureôs fatigue resistance improves when the 

mixture has a high void content in terms of the VMAIP because the relationship between the FI 

values and test specimen air void content (presented in Figure 4.17) indicates that the FI value 

increases as the air void content increases. As stated earlier, the lower air void content causes 

higher VFAIP values under a similar binder content. Therefore, the FI value decreases as the 

VFA IP increases. 

 
Figure 4.27 FI  performance index values and volumetric parameters. 
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Figure 4.28 shows that the trends for the rut depth index values with the volumetric 

parameters are similar to those of the RSI (Figure 4.26) for the same reasons as given for the RSI 

trends. 

 
Figure 4.28 Rut depth performance index values and volumetric parameters. 
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Table 4.20 to Table 4.22 present the numerical values of performance indices and 

volumetric parameters. 

Table 4.20 Volumetric Parameter and Results of BMD+ Performance Tests 

Case 
Sample 

ID 
Purpose 

Fatigue Rutting 

VMA IP 

(%)  

VFA IP 

(%)  
Sapp 

VMA IP 

(%)  

VFA IP 

(%)  

RSI 

(%)  

Maine 

159352A Four Corners 17.7 59.4 27.7 18.0 58.3 3.1 

159352B Four Corners 13.9 79.2 32.2 14.3 76.9 1.9 

159360 Four Corners 15.6 84.0 36.3 15.3 85.7 1.9 

159361 Four Corners 19.8 61.6 30.1 19.8 61.6 3.3 

159353 Verification 16.3 73.0 33.7 15.7 76.4 2.3 

159354A Verification 17.2 73.2 22.7 17.7 70.6 2.5 

159354B Verification 18.2 68.1 30.2 18.4 67.3 2.9 

159355 Verification 14.0 84.2 28.6 14.1 83.6 1.8 

159358 Verification 16.5 71.5 42.1 16.1 73.4 2.4 

159362 Verification 18.2 68.2 36.8 18.3 67.8 2.8 

Ontario 

5-2 Four Corners 20.5 67.4 25.5 20.6 67.0 6.5 

5-6 Four Corners 16.7 87.5 37.3 16.9 86.4 4.4 

5-7 Four Corners 16.8 84.5 33.4 16.7 85.0 4.0 

5-10 Four Corners 21.0 63.8 25.0 21.2 62.8 8.1 

5-1 A Verification 17.9 79.4 34.4 17.9 79.4 5.3 

5-1 B Verification 17.4 82.2 36.6 N/A N/A N/A 

5-8 Verification 18.3 76.6 33.3 18.4 76.1 4.3 

North  

Carolina 

Surface 

RS9.5C-1 Four Corners 15.3 84.3 28.4 15.2 84.9 2.5 

RS9.5C-3 Four Corners 20.2 63.7 23.5 20.7 62.0 16.2 

RS9.5C-7 Four Corners 19.7 62.5 22.7 19.9 61.6 15.9 

RS9.5C-10 Four Corners 17.1 78.4 30.4 17.0 79.2 6.8 

RS9.5C-2 Verification 20.3 57.8 21.3 20.2 58.2 24.6 

RS9.5C-4 Verification 18.2 69.5 28.8 18.2 69.7 7.5 

RS9.5C-9 Verification 18.0 72.2 26.6 17.8 73.1 6.1 

North 

Carolina 

Intermediate 

RI19.0C-2 Four Corners 14.6 70.9 13.1 14.8 70.0 1.7 

RI19.0C-3 Four Corners 17.3 56.7 6.9 17.6 55.4 4.1 

RI19.0C-6-A Four Corners 11.5 78.0 16.5 11.2 80.9 1.0 

RI19.0C-6-B Four Corners 15.6 54.9 10.6 16.0 53.6 2.3 

RI19.0C-1 Verification 13.6 73.6 10.9 13.8 72.3 1.2 

RI19.0C-4 Verification 16.1 59.9 9.4 16.3 58.8 2.1 

RI19.0C-5 Verification 15.5 60.9 11.3 15.3 62.1 2.7 
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Table 4.21 Volumetric Parameter and Results of I-FIT  

 

 

 

 

 

 

 

 

 

 

 

 

Case 
Sample 

ID 
Purpose 

VMA IP 

(%)  

VFA IP 

(%)  
FI  

North 

Carolina 

Surface 

RS9.5C-1-A Four Corners 15.0 86.6 1.4 

RS9.5C-2-B Four Corners 18.8 63.6 3.6 

RS9.5C-9-B Four Corners 19.9 63.8 4.2 

RS9.5C-10-A Four Corners 15.8 86.1 2.3 

RS9.5C-1-B Verification 19.5 63.2 2.8 

RS9.5C-2-A Verification 19.8 59.5 4.4 

RS9.5C-4-A Verification 18.6 67.8 3.3 

RS9.5C-4-B Verification 19.6 63.4 3.3 

RS9.5C-9-A Verification 17.9 72.4 3.1 

RS9.5C-10-B Verification 17.4 76.7 2.9 

North 

Carolina 

Intermediate 

RI19.0C-1-A Four Corners 13.8 72.4 0.9 

RI19.0C-2-A Four Corners 14.7 70.7 1.3 

RI19.0C-2-B Four Corners 17.5 57.1 3.1 

RI19.0C-5-B Four Corners 16.1 58.1 3.1 

RI19.0C-1-B Verification 16.4 59.3 2.4 

RI19.0C-4-A Verification 16.2 59.5 2.5 

RI19.0C-4-B Verification 16.7 57.1 2.6 

RI19.0C-5-A Verification 15.5 60.9 2.4 

RI19.0C-6-A Verification 14.5 60.2 2.3 
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Table 4.22 Volumetric Parameter and Results of HWT Test 

Case 
Sample 

ID 
Purpose 

VMA IP 

(%)  

VFA IP 

(%)  

Rut Depth 

(mm) 

Ontario 

5-2 Four Corners 20.9 65.9 4.2 

5-6-B Four Corners 16.7 88.0 1.8 

5-7 Four Corners 20.7 65.4 3.6 

5-10-A Four Corners 16.4 86.3 1.8 

5-1-B Verification 17.9 79.6 3.0 

5-8-B Verification 18.5 76.0 2.5 

5-10-B Verification 19.0 72.1 3.3 

5-1-A Verification 20.7 66.6 4.2 

5-6-A Verification 20.6 67.9 4.0 

5-8-A Verification 20.7 65.8 3.7 

North 

Carolina 

Surface 

9.5C-1-A Four Corners 15.3 84.6 1.4 

9.5C-2-B Four Corners 19.1 62.2 5.4 

9.5C-3-A Four Corners 20.5 62.6 7.0 

9.5C-10-A Four Corners 16.2 83.7 2.0 

9.5C-1-B Verification 19.6 62.6 4.3 

9.5C-2-A (S) Verification 20.2 58.1 17.8 

9.5C-3-B (S) Verification 20.2 64.0 12.8 

9.5C-4-A (S) Verification 18.4 68.7 10.6 

9.5C-4-B (S) Verification 19.4 64.3 12.2 

9.5C-7-A (S) Verification 20.0 61.3 12.5 

9.5C-7-B Verification 19.6 62.9 6.0 

9.5C-9-A Verification 17.9 72.7 4.6 

9.5C-9-B (S) Verification 20.1 62.8 12.5 

9.5C-10-B Verification 20.4 63.4 7.8 

9.5C-10-C Verification 17.4 76.9 3.4 

North 

Carolina 

Intermediate 

19.0C-2-A Four Corners 14.7 70.5 2.3 

19.0C-2-B Four Corners 17.5 57.5 3.8 

19.0C-6-A Four Corners 13.0 68.2 1.3 

19.0C-6-B Four Corners 15.9 53.9 2.5 

19.0C-1-A Verification 13.7 73.3 1.6 

19.0C-1-B Verification 16.4 59.0 2.8 

19.0C-3-A Verification 17.4 56.2 4.0 

19.0C-3-B Verification 17.1 57.4 4.4 

19.0C-4-A Verification 16.2 59.5 2.2 

19.0C-4-B Verification 16.9 56.2 3.2 

19.0C-5-A Verification 14.7 64.8 2.2 

19.05-5-B Verification 16.0 58.5 3.3 

19.05-6-C Verification 15.4 55.8 2.6 
Note: (S) in the Sample ID column is stripping. 
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4.7.3. Index-volumetrics relationship development and verification 

The IVRs were developed using the volumetric parameters and performance indices for 

the four corners for all mixtures. The regression function in Microsoft Excel was used for the 

IVR development. Table 4.23 provides a summary of the developed IVRs for all the PMLC 

mixtures and performance test results. For the IVR coefficients, all the rutting-related IVRs (RSI 

and rut depth index) show a positive sign for coefficient a and a combination of positive and 

negative signs for coefficient b. The North Carolina intermediate mixture shows a relatively low 

R2 value of 0.8 for the RSI IVR. The reason for this result is that the measured RSI values of the 

four corners had relatively weaker linear correlations with the in-place volumetric parameters 

compared to the other cases, as shown in Figure 4.29. Figure 4.25 through Figure 4.28 show the 

correlations between the performance index values and volumetric parameters of the other 

mixtures. From these observations, the alignment of the in-place volumetric parameters with the 

performance index values is clearly important to the establishment of a well-calibrated IVR by 

the regression. The fatigue IVRs (Sapp and FI) show positive signs for coefficients b for all cases, 

except for the North Carolina intermediate mixture for the FI IVR. The coefficient a for all cases 

showed positive signs but the North Carolina intermediate mixture showed negative sign 

coefficient b for both Sapp and FI IVRs. Chapter 6.2.1 discusses these sign conventions. 
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Table 4.23 Developed IVRs: PMLC Samples 

Case Index a b d R2 

Maine Sapp 0.913 0.431 -14.334 0.99 

Ontario Sapp 2.798 1.036 -100.739 0.98 

NC Surface Sapp 2.614 0.857 -82.957 0.89 

NC Intermediate Sapp -1.441 0.045 30.101 0.96 

NC Surface FI 0.720 0.034 -12.225 0.99 

NC Intermediate FI -0.019 -0.146 11.798 0.99 

Maine RSI 0.169 -0.029 1.765 0.99 

Ontario RSI 0.332 -0.089 6.381 0.94 

NC Surface RSI 0.968 -0.365 18.948 0.99 

NC Intermediate RSI 0.556 0.028 -7.824 0.80 

Ontario Rut depth (mm) 0.718 0.045 -13.933 0.98 

NC Surface Rut depth (mm) 0.969 -0.027 -11.351 0.99 

NC Intermediate Rut depth (mm) 0.655 0.036 -9.782 0.98 

 

 
Figure 4.29 Relationship between measured RSI (%) values and in-place volumetric 

parameters: North Carolina intermediate mixture.  

To verify whether the developed IVRs can predict the performance index values well or 

not, the performance index values were predicted by inputting the volumetric parameter values in 

the corresponding IVRs and comparing them to the measured index values. Table 4.24 to Table 

4.27 present the measured and predicted performance index values with the percentage of error 

(% Error) between the measurement and prediction for each performance index, i.e., Sapp, FI, 

RSI, and rut depth, respectively. Figure 4.30 and Figure 4.31 present comparisons of the BMD+ 

and BMD performance test results, respectively. 
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Table 4.24 Measured and Predicted Sapp Index Values 

Case 
Sample 

ID 
Purpose 

Measured 

Sapp 

Predicted 

Sapp 

% 

Error  

Maine 

159352-A Four Corners 27.7 27.4 1.0 

159352-B Four Corners 32.2 32.5 0.9 

159360 Four Corners 36.3 36.1 0.7 

159361 Four Corners 30.1 30.3 0.9 

Four Corners Average 0.9 

159353 Verification 33.7 32.0 4.9 

159354-A Verification 22.7 32.9 44.5 

159354-B Verification 30.2 31.6 4.9 

159355 Verification 28.6 34.7 21.2 

159358 Verification 42.1 31.5 25.1 

159362 Verification 36.8 31.7 14.0 

Verification Average 19.1 

Ontario 

5-2 Four Corners 25.5 26.6 4.1 

5-6 Four Corners 37.3 36.7 1.5 

5-7 Four Corners 33.4 33.8 1.3 

5-10 Four Corners 25.0 24.1 3.8 

Four Corners Average 2.7 

5-1 A Verification 34.4 31.7 7.6 

5-1 B Verification 36.6 33.2 9.2 

5-8 Verification 33.3 29.9 10.2 

Verification Average 9.0 

North 

Carolina 

Surface 

1 Four Corners 28.4 29.4 3.4 

3 Four Corners 23.5 24.6 4.6 

7 Four Corners 22.7 22.1 2.8 

10 Four Corners 30.4 29.0 4.6 

Four Corners Average 3.9 

2 Verification 21.3 19.6 8.0 

4 Verification 28.8 24.3 15.8 

9 Verification 26.6 25.9 2.4 

Verification Average 8.7 

North 

Carolina 

Intermediate 

2 Four Corners 13.1 12.2 6.8 

3 Four Corners 6.9 7.8 12.1 

6-A Four Corners 16.5 17.0 3.4 

6-B Four Corners 10.6 10.1 4.7 

Four Corners Average 6.8 

1 Verification 10.9 13.8 27.2 

4 Verification 9.4 9.7 3.2 

5 Verification 11.3 10.5 6.6 

Verification Average 12.3 
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Table 4.25 Measured and Predicted FI  Index Values 

Case 
Sample 

ID 
Purpose 

Measured 

FI  

Predicted 

FI  

% 

Error  

North 

Carolina 

Surface 

RS9.5C-1-A Four Corners 1.4 1.5 10.1 

RS9.5C-2-B Four Corners 3.6 3.5 2.7 

RS9.5C-9-B Four Corners 4.2 4.3 2.5 

RS9.5C-10-A Four Corners 2.3 2.1 6.4 

Four Corners Average 5.4 

RS9.5C-1-B Verification 2.8 4.0 39.8 

RS9.5C-2-A Verification 4.4 4.1 8.1 

RS9.5C-4-A Verification 3.3 3.5 6.3 

RS9.5C-4-B Verification 3.3 4.1 23.2 

RS9.5C-9-A Verification 3.1 3.2 2.0 

RS9.5C-10-B Verification 2.9 3.0 2.3 

Verification Average 13.6 

North 

Carolina 

Intermediate 

RI19.0C-1-A Four Corners 0.9 1.0 8.6 

RI19.0C-2-A Four Corners 1.3 1.2 6.6 

RI19.0C-2-B Four Corners 3.1 3.2 1.3 

RI19.0C-5-B Four Corners 3.1 3.0 1.0 

Four Corners Average 4.4 

RI19.0C-1-B Verification 2.4 2.9 18.9 

RI19.0C-4-A Verification 2.5 2.8 13.0 

RI19.0C-4-B Verification 2.6 3.2 24.2 

RI19.0C-5-A Verification 2.4 2.6 8.1 

RI19.0C-6-A Verification 2.3 2.8 21.8 

Verification Average 17.2 
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Table 4.26 Measured and Predicted RSI Index Values 

Case 
Sample 

ID 
Purpose 

Measured 

RSI 

(%)  

Predicted 

RSI 

(%)  

% 

Error  

Maine 

159352A Four Corners 3.1 3.1 0.9 

159352B Four Corners 1.9 1.9 1.3 

159360 Four Corners 1.9 1.8 1.1 

159361 Four Corners 3.3 3.3 0.7 

Four Corners Average 1.0 

159353 Verification 2.3 2.2 6.5 

159354A Verification 2.5 2.7 5.8 

159354B Verification 2.9 2.9 0.5 

159355 Verification 1.8 1.7 7.3 

159358 Verification 2.4 2.3 3.1 

159362 Verification 2.8 2.9 3.2 

Verification Average 4.4 

Ontario 

5-2 Four Corners 6.5 7.1 8.8 

5-6 Four Corners 4.4 4.2 6.6 

5-7 Four Corners 4.0 4.2 5.1 

5-10 Four Corners 8.1 7.6 5.9 

Four Corners Average 6.6 

5-1 A Verification 5.3 5.1 3.1 

5-1 B Verification N/A N/A N/A 

5-8 Verification 4.3 5.6 29.9 

Verification Average 16.5 

North 

Carolina 

Surface 

RS9.5C-1 Four Corners 2.5 2.7 8.5 

RS9.5C-3 Four Corners 16.2 16.4 1.3 

RS9.5C-7 Four Corners 15.9 15.7 0.8 

RS9.5C-10 Four Corners 6.8 6.5 4.2 

Four Corners Average 3.7 

RS9.5C-2 Verification 24.6 17.2 30.0 

RS9.5C-4 Verification 7.5 11.1 47.8 

RS9.5C-9 Verification 6.1 9.5 54.1 

Verification Average 44.0 

North 

Carolina 

Intermediate 

RI19.0C-2 Four Corners 1.7 2.4 40.9 

RI19.0C-3 Four Corners 4.1 3.5 14.5 

RI19.0C-6-A Four Corners 1.0 0.6 36.6 

RI19.0C-6-B Four Corners 2.3 2.5 12.4 

Four Corners Average 26.1 

RI19.0C-1 Verification 1.2 1.9 56.9 

RI19.0C-4 Verification 2.1 2.9 34.6 

RI19.0C-5 Verification 2.7 2.4 11.6 

Verification Average 34.3 
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Table 4.27 Measured and Predicted Rut Depth Index Values  

Case 
Sample 

ID 
Purpose 

Measured 

Rut Depth 

(mm) 

Predicted 

Rut Depth 

(mm) 

%  

Error  

Ontario 

5-2 Four Corners 4.2 4.0 4.2 

5-6-B Four Corners 1.8 1.9 5.4 

5-7 Four Corners 3.6 3.8 4.9 

5-10-A Four Corners 1.8 1.7 5.7 

Four Corners Average 5.0 

5-1-B Verification 3.0 2.5 18.5 

5-8-B Verification 2.5 2.7 7.9 

5-10-B Verification 3.3 2.9 9.6 

5-1-A Verification 4.2 3.9 7.0 

5-6-A Verification 4.0 3.9 4.1 

5-8-A Verification 3.7 3.9 4.6 

Verification Average 8.6 

North 

Carolina 

Surface 

9.5C-1-A Four Corners 1.4 1.2 13.0 

9.5C-2-B Four Corners 5.4 5.5 1.7 

9.5C-3-A Four Corners 7.0 6.9 1.4 

9.5C-10-A Four Corners 2.0 2.1 9.6 

Four Corners Average 6.4 

9.5C-1-B Verification 4.3 6.0 39.9 

9.5C-2-A Verification 17.8 6.7 62.5 

9.5C-3-B Verification 12.8 6.5 49.1 

9.5C-4-A Verification 10.6 4.7 56.3 

9.5C-4-B Verification 12.2 5.7 53.0 

9.5C-7-A Verification 12.5 6.4 49.1 

9.5C-7-B Verification 6.0 6.0 0.6 

9.5C-9-A Verification 4.6 4.0 13.2 

9.5C-9-B Verification 12.5 6.5 48.2 

9.5C-10-B Verification 7.8 6.7 14.3 

9.5C-10-C Verification 3.4 3.5 2.7 

Verification Average (With stripping) 35.4 

Verification Average (No stripping) 14.2 

North 

Carolina 

Intermediate 

19.0C-2-A Four Corners 2.3 2.3 5.1 

19.0C-2-B Four Corners 3.8 3.8 2.9 

19.0C-6-A Four Corners 1.3 1.3 8.2 

19.0C-6-B Four Corners 2.5 2.5 4.1 

Four Corners Average 5.1 

19.0C-1-A Verification 1.6 1.6 18.1 

19.0C-1-B Verification 2.8 2.8 13.2 

19.0C-3-A Verification 4.0 4.0 8.9 

19.0C-3-B Verification 4.4 4.4 20.8 

19.0C-4-A Verification 2.2 2.2 33.2 
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Table 4.27 (continued)  

North 

Carolina 

Intermediate 

19.0C-4-B Verification 3.2 3.2 5.4 

19.0C-5-A Verification 2.2 2.2 1.9 

19.05-5-B Verification 3.3 3.3 14.9 

19.05-6-C Verification 2.6 2.6 10.2 

Verification Average 14.1 
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Figure 4.30 Measured and predicted performance index values: BMD+ testing. 
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Figure 4.31 Measured and predicted performance index values: BMD testing. 
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and performance index values using the regression method, as long as the performance index 

values and the in-place volumetric parameters have good linearity. As mentioned, the R2 of the 

developed RSI IVR of the North Carolina intermediate mixture is the lowest of all the study 

mixtures due to the relative weak linearity between the RSI values and in-place volumetric 

parameters. Thus, the % Error for the four corners is the highest of all the mixtures. For the 

fatigue indices (Sapp and FI), the % Error values for all the verification mixture samples are less 

than 20 percent. For the rutting indices (RSI and rut depth index), the % Error for rut depth does 

not exceed 25 percent. Note that several instances of stripping occurred during the HWT test of 

the North Carolina surface mixture, as shown in Figure 4.18 and Table 4.22. Because the IVRs 

for the rut depth index were developed using only non-stripped samples, the IVR could not 

reasonably predict the samples that had stripping. Table 4.27 shows that the % Error, including 

all the North Carolina surface mixture samples, is 35.4%, but is 14.2% without the stripped 

samples. Figure 4.32 shows that the stripped samples are significantly off from the line of 

equality. The RSI shows the highest % Error among the four indices. The % Error of the Maine 

and Ontario cases does not exceed 20%, but both North Carolina mixtures show relatively 

greater % Error than the Maine and Ontario cases. 
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Figure 4.32 Measured and predicted rut depth index values with stripped samples: North 

Carolina surface mixture. 

Overall, the developed IVRs were able to predict the performance index values well, 

except for the Sapp values of the Maine mixture and RSI values of both North Carolina mixtures. 
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exceed 25 percent. 
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Carolina 
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8.7 44.0 13.6 14.2 
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Intermediate 

12.3 34.3 17.2 14.1 

Average 12.3 24.8 15.4 11.4 

 

For the Sapp of Maine case, all the Sapp values of the Maine case were predicted to be 
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reason for the weak relationship is thought to be the modified binder usage, as explained in 

Chapter 4.7.2. The Maine mixture with the modified binder is believed to have made the 

mixtureôs fatigue resistance less sensitive to the volumetric parameters in terms of the air void 

content. The Sapp index is calculated using Alpha, shift factor (aT), DR, C11, C12, and dynamic 

modulus ( *E ) at reference temperature (Wang 2019). Note that C11 and C12 are the coefficients 

of power function for damage characteristic curves. Note also that the reference temperature of 

dynamic modulus is 21.1°C for all cases. The values of these parameters are obtained from 

FlexMATTM Cracking. In order to figure out which parameter causes less sensitivity of the Sapp 

index of the Maine case in terms of the air void content compared to the other cases, the 

correlations of parameters for the Sapp calculation to the air void content were investigated and 

shown in Figure 4.33.  
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Figure 4.33 Correlations of parameters for Sapp calculation to air void content. 
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significant differences compared to the other cases. However, the dynamic modulus ( *E ) at the 
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This can be thought that the Maine mixture is not as sensitive to the temperature as the other 

mixtures showed because of the usage of the modified binder, as presented earlier in Figure 4.10. 
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In addition, the dynamic modulus at the reference temperature is the only denominator of the Sapp 

calculation. Due to the less sensitivity of dynamic modulus, the Sapp values were less sensitive to 

the volumetric parameters, which are mainly driven by the air void content. Besides, the Maine 

mixture showed the least rutting performance sensitivity in terms of the air void content. Table 

4.29 presents the % difference of the measured performance indices at low and high air void 

contents. Note that the % difference was calculated using the average values of the Sapp and RSI 

if there are two values are at the same target air void contents. The Maine mixture showed the 

least % difference for both Sapp and RSI at low and high air void contents due to the usage of the 

modified binder. The North Carolina intermediate mixture and surface mixture showed the 

highest % difference at Sapp and RSI, respectively. 

Table 4.29 Performance Index % Error between Low and High Air Void Contents 

Case 
Sample 

ID 

Target Air  

Void 

Content 

(%)  

Sapp 

Sapp 

% 

Difference 

RSI 

(%)  

RSI 

% 

Difference 

Maine 

159355 2.5 28.6 

11.7 

1.8 

54.0 
159360 2.5 36.3 1.9 

159352-A 7.5 27.7 3.1 

159361 7.5 30.1 3.3 

Ontario 

5-6 2.5 37.3 

34.1 

4.4 

63.2 5-7 2.5 33.4 4.0 

5-10 7.5 25.0 8.1 

North 

Carolina 

Surface 

RS9.5C-1 2.5 28.4 

20.7 

2.5 

145.8 RS9.5C-3 7.5 23.5 16.2 

RS9.5C-7 7.5 22.7 15.9 

North 

Carolina 

Intermediate 

RI19.0C-6-1 2.5 16.5 

61.4 

1.0 

103.6 RI19.0C-3 7.5 6.9 4.1 

RI19.0C-6-2 7.5 10.6 2.3 

 

The PVR of % damage was developed for the Maine case to come up with a solution 

when the IVR does not work due to the volumetric insensitivity. The procedure of the PVR 

development for all cases including Maine case is described in Chapter 4.8.2. 
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4.8. Development of Performance-Volumetrics Relationship for Plant-Mix ed Lab-

Compacted Mixtures 

This chapter describes the correlations between the simulated performances by 

FlexPAVETM and in-place volumetric parameters that are calculated in Chapter 4.7.1. The PVRs 

are developed and verified using the verification sample test results. 

4.8.1. Relationship between simulated performance values and volumetric parameters 

Figure 4.34 and Figure 4.35 present the simulated pavement performance results with the 

in-place volumetric parameters for all cases in terms of % damage and volumetric parameters 

and AC rut depth and volumetric parameters, respectively. 

Except for North Carolinaôs intermediate layer four corners for % damage (Figure 4.34 

(h)), all the simulated % damage and AC rut depth results have strong relationships and the same 

trends with in-place volumetric parameters. The % damage and AC rut depth values increased as 

the VMAIP increased and decreased as the VFAIP increased, which makes sense. For North 

Carolinaôs intermediate layer % damage results, the relationship between VFAIP values is 

relatively weaker than the other PMLC mixture cases. CHAPTER 6 describes the sensitivity 

analysis results induced by this weak relationship. 
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Figure 4.34 Simulated % damage and volumetric parameters: (a), (b) Maine, (c), (d) 

Ontario, (e), (f) NC surface, and (g), (h) NC intermediate. 
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Figure 4.35 Simulated AC rut depth and volumetric parameters: (a), (b) Maine, (c), (d) 

Ontario, (e), (f) NC surface, and (g), (h) NC intermediate. 
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4.8.2. Performance-volumetrics relationship development and verification 

Based on the obtained pavement performance simulation results and volumetric 

parameters, the PVRs for four cases were developed using the same method used to develop the 

IVRs as explained in Chapter 4.7.3. Table 4.30 presents the coefficients of the developed PVRs 

for four cases. 

Table 4.30 Developed PVRs for Four Cases 

Case Mixture  Index a b d R2 

Maine PMLC % damage 0.306 -0.121 15.722 0.99 

Ontario PMLC % damage 0.081 -0.096 21.709 0.98 

NC Surface PMLC % damage -0.413 -0.131 17.673 0.98 

NC Intermediate PMLC % damage 2.977 0.304 -42.461 0.99 

Maine PMLC AC rut depth 0.060 -0.020 1.697 0.99 

Ontario PMLC AC rut depth 0.127 -0.005 -0.843 0.98 

NC Surface PMLC AC rut depth 0.135 -0.095 6.806 0.99 

NC Intermediate PMLC AC rut depth 0.250 -0.017 -0.498 0.88 

 

Table 4.31 provides a summary of the pavement performance simulated by FlexPAVETM 

and the pavement performance predicted by the PVRs with the percentage of error, % Error. 
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Table 4.31 Simulated and Predicted Performances for Four Cases 

Case 
Sample 

ID 
Use 

% damage AC rut depth 

Sim. Pred. % Error  Sim. Pred. % Error  

ME 

52A FC 14.2 13.9 1.7 1.7 1.6 0.8 

52B FC 10.2 10.4 2.3 1.0 1.1 1.1 

60 FC 10.5 10.3 2.0 1.0 0.9 0.9 

61 FC 14.1 14.3 1.5 1.7 1.7 0.6 

Average 1.9 Average 0.9 

53 Ver. 12.6 11.9 5.8 1.3 1.1 11.0 

54A Ver. 14.0 12.1 13.3 1.2 1.4 11.1 

54B Ver. 11.3 13.0 14.9 1.5 1.5 1.2 

55 Ver. 10.8 9.8 9.2 0.9 0.9 3.0 

58 Ver. 11.0 12.1 9.8 1.3 1.2 7.7 

62 Ver. 12.2 13.0 7.1 1.6 1.5 7.3 

Average 10.0 Average 6.9 

ON 

5-2 FC 16.2 16.9 4.3 1.4 1.4 4.0 

5-6 FC 15.0 14.7 2.4 0.9 0.9 3.2 

5-7 FC 14.6 14.9 2.0 0.8 0.9 2.4 

5-10 FC 17.9 17.3 3.5 1.6 1.5 3.0 

Average 3.1 Average 3.2 

5-1A Ver. 15.1 15.5 2.6 1.0 1.0 0.2 

5-1B Ver. 16.1 15.2 5.5 N/A N/A N/A 

5-8 Ver. 15.2 15.8 4.1 0.9 1.1 26.1 

Average 4.1 Average 13.2 

NC 

Surface 

1 FC 0.3 0.3 22.8 0.7 0.8 13.0 

3 FC 0.9 1.0 7.2 3.6 3.7 2.5 

7 FC 1.4 1.4 2.8 3.7 3.7 1.5 

10 FC 0.4 0.3 19.8 1.7 1.6 7.3 

Average 13.1 Average 6.1 

2 Ver. 1.1 1.7 64.5 5.4 4.0 25.9 

4 Ver. 0.6 1.0 83.8 1.9 2.6 39.0 

9 Ver. 0.7 0.8 18.7 1.6 2.3 45.7 

Average 55.7 Average 36.9 

NC 

Intermed. 

 

2 FC 22.7 22.6 0.3 1.6 2.0 23.3 

3 FC 25.8 26.2 1.3 3.3 2.9 10.0 

6-A FC 15.3 15.6 1.6 1.1 0.9 18.6 

6-B FC 21.2 20.7 2.4 2.4 2.6 6.4 

Average 1.4 Average 14.6 

1 Ver. 20.3 20.5 0.5 1.2 1.7 40.5 

4 Ver. 22.2 23.6 6.0 2.1 2.6 21.7 

5 Ver. 20.6 22.2 7.9 2.3 2.2 4.6 

Average 4.8 Average 22.3 
Note: ME is Maine; ON is Ontario; NC Intermed. is North Carolina intermediate; FC is four corners; Veri. is 

verification; Sim. is simulated from FlexPAVETM; Pred. is predicted from PVR. 
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Figure 4.36 and Figure 4.37 present the developed PVRs that were verified using the 

verification samples for % damage and AC rut depth, respectively.  

 
Figure 4.36 Simulated and predicted % damage from PVRs: (a) Maine, (b) Ontario, (c) 

North Carolina surface, and (d) North Carolina intermediate. 
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Figure 4.37 Simulated and predicted AC rut depth from PVRs: (a) Maine, (b) Ontario, (c) 

North Carolina surface, and (d) North Carolina intermediate. 

 

Overall, the comparison between simulated and predicted performance is not excessively 

different from the performance index comparison based on the IVRs. The average % Error for 
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than the rest of the cases. This is because the numerical values of the simulated % damage were 

smaller than for the other cases. The simulated % damage of the North Carolina surface mixture 
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The Maine % damage case is noteworthy. The measured Sapp index values of the Maine 

case were insensitive to the volumetric parameters due to the usage of polymer-modified binders 

(described in Chapter 4.7.3). However, the developed % damage PVR showed better results than 

the Sapp IVR. The verification samples are reasonably positioned along with the line of equality 

in Figure 4.36 (a). Because the % damage values obtained from FlexPAVETM simulations are the 

integrated results of various factors, including pavement structure, climate, and traffic, the 

resultant simulated performance is not directly affected by the modified binder. Based on this 

example, the study suggests that the PVR that is based on pavement performance simulated by 

FlexPAVETM may be a better predictor than the IVR for polymer-modified mixtures. 
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CHAPTER 5. DEVELOPMENT AND VERIFICA TI ON OF LAB -MIXED LAB -

COMPACTED PERFORMANCE PREDICTION FUNCTIONS  

5.1. Intr oduction 

As described in Chapter 3.1, the field projects are part of the PRS shadow projects funded 

by the FHWA. Because the PRS protocol ultimately requires developing prediction functions 

using LMLC mixture instead of PMLC mixture, this chapter focuses mainly on the process to 

develop prediction functions for LMLC mixture, referred to as óLMLC IVR sô or óLMLC PVRsô, 

using the Maryland mixture and verifies the developed prediction functions using collected 

PMLC samples. Note that the other cases (Maine, Ontario, and North Carolina) could not be 

used to develop LMLC IVRs because the LMLC mixtures were not collected at the sampling 

stage. 

5.2. Four Corners Development 

The overall procedure to develop four corners for LMLC IVRs is based on a three-step 

process.  

1. Collect the material properties. 

2. Determine the four corners. 

3. Conduct performance tests and calibrate the performance prediction functions. 

5.2.1. Mary land mix design 

Table 5.1 provides a summary of the mix design information acquired from the Maryland 

Department of Transportation State Highway Administration. Note that Table 3.11 and Figure 

3.11 present the combined gradations and all the PMLC sample gradations for Maryland. 
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Table 5.1 Maryland  Mix Design 

Layer Surface 

NMAS 12.5 

Grade Coarse-Graded 

Stockpile 

(Proportion) 

#7 #8 #10 Sand Fine RAP 

22% 39% 12% 8% 19% 

Binder Content (%) 4.6 

Target Air Void (%)  4.0 

Gmm 2.695 

Combined Gsb 2.887 

Effective Gse 2.923 

VMA (%)  14.5 

VFA (%)  72.6 

Traffic Level (ESAL)  0.3 M to 3 M 

N Design 65 
Note: NMAS is nominal maximum aggregate size, Gmm is maximum theoretical specific gravity, Gsb is aggregate 

bulk specific gravity, Gse is aggregate effective specific gravity; VMA is voids in mineral aggregate; VFA is voids 

filled with asphalt; ESAL is equivalent single-axle load. 

5.2.2. Collection of material properties 

As a first step, the material properties should be collected before developing the four 

corners. Table 5.2 provides a list of the required material properties before developing the four 

corners. 

Table 5.2 Material Properties Required Before Developing Four Corners 

Virgin Aggregate for  

Each Stockpile 
RAP Binder Mixture  

¶ Gradation from wet sieve 

analysis (AASHTO T 27) 

¶ Loose unit weight and 

rodded unit weight 

(AASHTO T 19) 

¶ Bulk specific gravity 

(Gsb), % absorption or 

apparent specific gravity 

of fine and coarse 

aggregate (Gsa) 

(AASHTO T 84 and T 85)  

¶ Aggregate 

Gradation 

¶ Binder content 

(AASHTO T 

308) 

¶ Binder specific 

gravity 

¶ Maximum 

specific gravity 

(Gmm) 

¶ Specific 

gravity 

 

¶ Required Ndes, Nini, 

and Nmax for mix 

design 

 



   

152 

 

The material properties were measured following AASHTO test standards. For binder 

specific gravity, 1.03 was used. Table 5.3 and Table 5.4 provide summaries of the measured 

gradations of each stockpile obtained from wet sieve analysis and measured material volumetric 

properties, respectively. Note that the RAP gradation was measured using the ignition oven 

method. The burned RAP aggregate particles were washed and dried before conducting the sieve 

analysis. Note that the Gsb value of the Fine RAP was backcalculated using a combination of the 

Gsb value from the JMF and the measured Gsb values of four aggregate stockpiles. 

Table 5.3 Gradations from Wet Sieve Analysis: Maryland Mixture 

Sieve (mm) 
% Passing 

#7 #8 #10 Sand Fine RAP 

19.0 100 100 100 100 100 

12.5 60 100 100 100 99 

9.5 30 91 100 100 95 

4.75 17 19 100 99 65 

2.36 10 3 82 96 44 

1.18 8 3 57 89 33 

0.6 6 2 40 60 25 

0.3 5 2 25 11 18 

0.15 4 2 14 1 12 

0.075 3.4 1.6 7.1 0.5 8.7 

 

Table 5.4 Measured Material Properties: Maryland Mixture  

Stockpile 
Loose Unit 

Weight 

Rodded Unit 

Weight 

Bulk Specific 

Gravity (Gsb) 

% 

Absorption 

Apparent 

Specific 

Gravity (Gsa) 

#7 1641.1 1809.4 2.938 0.6 2.992 

#8 1504.8 1669.3 2.923 0.9 3.000 

#10 1729.6 1909.7 2.925 0.6 2.977 

Sand 1544.1 1663.0 2.591 0.5 2.625 

Fine RAP N/A N/A 2.871 N/A N/A 
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5.2.3. Determination of four corners 

The first step to developing the four corners is to determine two aggregate gradations. 

The two gradations with two binder contents and two in-place air void contents will set the four 

corners in the in-place volumetric domain based on the volumetric movement in terms of 

gradation, binder content, and air void content shown in Figure 2.28. The difference in the VMA 

at Ndes of two gradations is recommended to be greater than 1.5% to create a reasonable four 

corners set-up. Based on this recommendation, several attempts were made to create the two 

gradations. The initial trial was conducted using the Bailey methodôs coarse aggregate loose unit 

weight (CALUW) concept (Aurilio et al. 2005). According to the Bailey method, the Maryland 

mixtureôs combined gradation is defined as CALUW 113, which is classified as a coarse 

gradation. By placing CALUW 113 in the middle, the two gradations were developed initially to 

target CALUW 104 and CALUW 120. Table 5.5 and Table 5.6 respectively present the stockpile 

proportions and two combined initial gradations of CALUW 104 and CALUW 120, and Figure 

5.1 presents the gradations. 

Table 5.5 Initial  Two Gradations (CALUW 104 and CALUW 120): Stockpile Proportion  

CALUW  
Stockpile Proportion  

#7 #8 #10 Sand Fine-RAP 

104 22 33 20 6 19 

120 22 44 5 10 19 
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Table 5.6 Initial Two Gradations (CALUW 104 and CALUW 120) 

Sieve (mm) CALUW 104 CALUW 120 

19.0 100 100 

12.5 91 91 

9.5 81 80 

4.75 48 39 

2.36 34 26 

1.18 26 21 

0.6 18 15 

0.3 11 8 

0.15 7 5 

0.075 4.4 3.5 

 

 
Figure 5.1 Two initial  gradations of Maryland  mix. 

Two replicates of each gradation were fabricated at the Ndes, and then the VMA at Ndes 

was measured. Note that the Maryland DOT State Highway Administrationôs QA test specimen 

target mass, which is 5,259 g, was used for the replicate fabrication. The initial binder content 

was estimated using Equation (4.1). The components of Equation (4.1) were obtained from 
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Equations (4.2) through (4.7). Table 5.7 provides a summary of the measured properties of the 

replicates. 

( )
100

( ( ))

b be ba
bi

b be ba s

G V V
P

G V V W

³ +
= ³

³ + +
   (4.1) 

where 

Pbi = initial trial asphalt content percentage (by mass of mix) of the binder, 

Gb = specific gravity of the binder, 

Ws = mass of aggregate for 1 cm3 of mix in grams, using Equation (4.2), 

Vbe = volume of effective binder calculated using Equation (4.6), and 

Vba = volume of absorbed binder, cm3/cm3 of mix calculated using Equation (4.7). 

(1 )s a
s

b s

b se

P V
W

P P

G G

³ -
=

+

    (4.2) 

where   

Ps  = percentage of aggregate (assumed to be 95%), 

Va  = volume of air voids (assumed to be 0.04 cm3/cm3 of mix), 

Pb  = percentage of binder (assumed to be 5.0%), and 

Gse = effective specific gravity of aggregate blend calculated using Equation (4.3). 

0.8( )se sb sa sbG G G G= + -    (4.3) 

where   

Gsa = apparent specific gravity of aggregate blend calculated using Equation (4.4) and 

Gsb = bulk specific gravity of aggregate blend calculated using Equation (4.5). 
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where  

BWk = blend ratio of kth aggregate stockpile by total aggregate weight obtained from Equation 

(4.2), %, 

Gsa
k = apparent specific gravity of kth aggregate stockpile, 

k     = 1, 2, é, l, and  

l      = number of stockpiles that include RAP. 
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    (4.5) 

where 

Gsb
k = bulk specific gravity of kth aggregate stockpile. 

0.176 0.0675log ( )beV NMAS= -    (4.6) 
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Table 5.7 Measured Properties of Two Initial  Gradations 

CALUW  Replicate 

Binder 

Content 

(%)  

Gmm 
Height 

(mm) 

Air 

Void 

Content 

at Ndes 

(%)  

Avg. 

VMA  

at Ndes 

(%)  

VMA 

Difference 

(%)  

104 1 4.7 2.713 118.3 4.8 
14.8 

0.4 
104 2 4.7 2.713 118.3 4.5 

120 1 4.7 2.687 119.9 4.7 
15.2 

120 2 4.7 2.687 120.0 4.6 
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The two initial gradations show a 0.4% average difference in VMA, which is smaller than 

1.5 percent. Due to the percentage being lower than the VMA difference requirement, the two 

gradations were rejected for the four corners. Therefore, another attempt was made to modify the 

gradations to attain a greater difference in VMA.  

In order to modify the gradations, the Bailey principle was applied. General rules from 

the Bailey principle must be followed when creating the gradations (Aurilio et al. 2005). Table 

5.8 summarizes the rules of the Bailey principle. 

Table 5.8 General Rules of Bailey Principle 

Rule Factor Fix Adjustment 
Expected 

VMA Change 

1 PCS (2.36 mm) 

N/A 
4% increase 

(finer) 

Approx. 1% 

decrease 

N/A 
4% decrease 

(coarser) 

Approx. 1% 

increase 

2 
Largest coarse fraction 

(12.5 mm and 9.5 mm) 

PCS Finer Decrease 

PCS Coarser Increase 

3 
Small coarse fraction  

(4.75 mm) 

PCS Finer Increase 

PCS Coarser Decrease 

4 Overall fine fraction 
PCS Coarser Increase 

PCS Finer Decrease 

5 Passing #200 
PCS Increase (1%) Decrease (1%) 

PCS Decrease (1%) Increase (1%) 
Note: PCS is primary control sieve. 

Based on the Bailey principleôs general rules, CALUW 104 was modified to CALUW 97 

by making the gradation finer to yield a larger VMA difference. Table 5.9 and Table 5.10 present 

the modified stockpile percentages and gradations, respectively. The stockpile percentage of 

CALUW 120 also was modified by increasing the sand stockpile but decreasing the #10 

stockpile due to the limited amount of material. The materials were collected based on the 

percentage of each stockpile specified in the JMF, because these two gradations were not 

considered at the sampling stage. In the JMF, the percentage of the #10 stockpile is 12%, as 
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shown in Table 5.1, but CALUW 97 uses 30% of the #10 stockpile. Therefore, to avoid material 

shortage, the percentage of the #10 stockpile of CALUW 120 was lowered, and the percentage of 

the sand stockpile was increased. However, CALUW 120 kept almost the same overall 

gradation. From this point, the modified CALUW 120 is referred to as CALUW 120B. Figure 

5.2 presents a comparison of the newly created CALUW 97 and CALUW 120B to the two initial 

gradations. According to the Bailey principle, CALUW gradation 120B is expected to have a 

higher VMA value than the CALUW 97 gradation because four rules (1, 2, 4, and 5) indicate that 

the VMA of the CALUW 120B gradation will increase, while Rule 3 indicates that the VMA of 

the CALUW 120 gradation will decrease. 

Table 5.9 Modified Two Gradations (CALUW 97 and CALUW 120B): Stockpile 

Percentage 

CALUW  
Stockpile Percentage 

#7 #8 #10 Sand Fine-RAP 

97 9 39 30 3 19 

120B 22 44 2 13 19 

 

Table 5.10 Modified Two Gradations (CALUW 97 and CALUW 120B) 

Sieve (mm) CALUW 97 CALUW 120B 

19.0 100 100 

12.5 96 91 

9.5 89 80 

4.75 54 39 

2.36 38 26 

1.18 28 22 

0.6 20 16 

0.3 13 7 

0.15 8 5 

0.075 4.7 3.3 
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Figure 5.2 Modified  two gradations compared to initial two gradations. 

Two replicates were fabricated using the modified gradations. The total mass of the 

replicates was decreased from 5,259 g to 5,150 g because the Maryland DOT State Highway 

Administration used 5,150 g for the target mass of mix design specimens. Also, the height of 

CALUW 120 was measured as 119.9 mm and 120 mm at the initial trial, which is presented in 

Table 5.7. Note that the allowable height of a mix design specimen is 115 mm ± 5 mm based on 

the Superpave mix design. To avoid exceeding the maximum higher tolerance, a total mass of 

5,150 g was considered a more reasonable mass than 5,259 g. Table 5.11 summarizes the 

measurements for the CALUW 97 and CALUW 120B conditions. 
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Table 5.11 Measured Properties of Modified Two Gradations 

CALUW  Replicate 

Binder 

Content 

(%)  

Gmm 
Height 

(mm) 

Air 

Void 

Content 

at Ndes 

(%)  

Avg. 

VMA  

at Ndes 

(%)  

VMA 

Difference 

(%)  

97 1 4.7 2.713 117.2 5.7 
16.1 

1.7 
97 2 4.7 2.713 116.4 5.8 

120B 1 4.7 2.686 116.4 3.9 
14.4 

120B 2 4.7 2.686 117.6 4.1 
Note: Gmm is maximum theoretical specific gravity. 

The measured VMA difference of the two modified gradations was 1.7%, which is 

greater than 1.5 percent. Therefore, these two gradations were used for the four corners.  

As a next step, the optimum binder content needed to achieve 3% and 5% air void 

contents at Ndes was found by adding binder contents of 1% and 1.5% to CALUW 97 and adding 

0.5% to CALUW 120B. Table 5.12 presents the measured air void contents of the initial and 

adjusted binder contents of the two modified gradations. Figure 5.3 shows the correlations 

between the binder contents and air void contents at Ndes. Based on these relationships, the binder 

contents for both gradations could be determined. For CALUW 97, the binder contents were 

selected as 5.5% and 4.9% for 3% and 5% air void contents at Ndes, respectively. For CALUW 

120B, the binder contents were selected as 5.1% and 4.3% for 3% and 5% air void contents at 

Ndes, respectively. 

Table 5.12 Measured Properties of Adjusted Binder Contents for Selected Two Gradations 

CALUW  

Binder 

Content 

(%)  

Gmm 

Air Void Content  

at Ndes 

(%)  

97 4.7 2.713 5.8 

97 5.7 2.667 2.3 

97 6.2 2.645 1.0 

120B 4.7 2.686 4.0 

120B 5.2 2.664 2.8 
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Figure 5.3 Measured air void contents at various binder contents. 

Finally, two target in-place air void contents (target test specimen air void contents) are 

required for each gradation and binder content to complete the four corners. The Maryland 

LMLC prediction functions will be verified using PMLC mixture samples that were fabricated at 

the same in-place air void contents obtained from the QA test results. As presented in Table 3.10, 

the measured in-place air void contents of the collected ten Maryland mixture samples are in the 

range of 5% to 11 percent. Therefore, the target in-place air void contents (target test specimen 

air void contents) were selected to 3% and 7 percent. Table 5.13 provides a summary of the 

determined mixture conditions for four corners along with the selected target in-place air void 

contents. Figure 5.4 shows the expected four corners in the in-place volumetric domain. 
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Table 5.13 Properties of Determined LMLC Mixture Four Corners 

Condition CALUW  

Binder 

Content 

(%)  

Target Test 

Specimen 

Air Void 

Content 

(%)  

Expected 

VMA IP 

(%)  

Expected 

VFA IP 

(%)  

CALUW 97-33 97 5.5 3.0 15.6 80.8 

CALUW 97-57 97 4.9 7.0 17.7 60.5 

CALUW 120B-37 120 5.1 3.0 14.4 79.2 

CALUW 120B-57 120 4.3 7.0 16.1 56.6 

 

 

Figure 5.4. Determined four corners for Maryland  LMLC.  

 

5.3. Lab-Mixed Lab-Compacted Mixture Fabrication  

The same fabrication process that was used for the PMLC mixture was applied for the 

other PMLC mixture projects (Maine, Ontario, and North Carolina), as described in Chapter 

4.3.3. For LMLC mixture fabrication, the procedure followed the NCSU labôs procedure, but 

some details were modified by following the Maryland DOTôs procedure at the same time. Table 

5.14 presents a summary of the fabrication procedure for the LMLC and PMLC mixtures. 
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  Table 5.14 Fabrication Process of Maryland LMLC and PMLC Mixtures  

Mixture  
Aggregate 

Heating 

Binder 

Heating 
RAP 

Short-Term 

Aging 
Compaction 

LMLC 
149°C 

(Overnight) 

152°C 

(2 hours) 

149°C 

(0.5 hour) 

149°C 

(4 hours) 
149°C 

PMLC N/A N/A N/A N/A 149°C 

 

5.3.1. BMD+ air void study 

The air void study was conducted using the CALUW 97-33 conditions. The initial mass 

for three different target air void contents of the gyratory-compacted specimen (150 mm 

diameter and 180 mm height) were determined based on the volumetric calculation using the 

target air void content, Gmm, test specimen diameter, and test specimen height. Note that the air 

void study used the large geometry specimen (100 mm diameter and 150 mm height). Table 5.15 

and Figure 5.5 present the air void study results. The performance test specimens for the four 

corners were fabricated using the air void study results for CALUW 97-33. 

Table 5.15 Air Void Study Results for Maryland CALUW 97-33 Condition 

Specimen 

Target 

Mass 

(g) 

Target Bulk 

Air Void  

Content 

(%)  

Measured Bulk  

Air Void  

Content 

(%)  

Measured Large  

Air Void  

Content 

(%)  

1 8166.2 4.0 2.3 1.1 

2 7996.0 6.0 4.0 2.4 

3 7825.9 8.0 6.1 4.8 
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Figure 5.5. Air void study results for Maryland CALUW 97-33 condition. 

5.3.2. BMD air void study 

The air void study for the BMD performance tests was conducted using the method for 

the BMD+ tests described in Chapter 0. The total target mass of the specimen was basically 

calculated using the volumetric parameters (target air void content, Gmm, test specimen diameter, 

and test specimen height) and adjusted using the air void study results of the BMD+ mixture. 

Note that the BMD performance tests for this mixture are IDEAL-CT for fatigue and the HWT 

test for rutting. 

5.4. Lab-Mix ed Lab-Compacted BMD+ Performance Tests 

Based on the determined four corners, both BMD+ and BMD performance tests were 

conducted. The LMLC mixture was used to develop the four corners, and the PMLC mixture 

samples were used to verify the developed IVR from the LMLC mixture. 

5.4.1. BMD+ performance test results (index) 

Based on the determined four corners described in Chapter 5.2.3, the experimental plan 
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LMLC mixture for the four corners and PMLC mixture samples in the volumetric domain, 

determined by cyclic fatigue testing and SSR testing, respectively. Three PMLC mixture samples 

were fabricated at the corresponding in-place air void contents and five PMLC mixture samples 

were fabricated at fixed air void contents, i.e., 5% for the cyclic fatigue test and 6.5% for the 

SSR test. 

 
Figure 5.6 Determined LMLC four corners and PMLC mixture samples for BMD+ testing 

in volumetric domain: (a) cyclic fatigue and (b) SSR. 

Table 5.16 presents a summary of the BMD+ performance test results for the four 

corners.  

Table 5.16 Maryland LMLC Mixture BMD+ Performance Test Results  

Condition Alpha 

Cyclic Fatigue SSR 

Air  

Void 

(%)  

Sapp 
VMA IP 

(%)  

VFA IP 

(%)  

Air  

Void 

(%)  

RSI 

(%)  

VMA IP 

(%)  

VFA IP 

(%)  

CALUW 

97-33 
3.48 3.4 15.9 16.0 78.6 2.9 1.8 15.5 81.3 

CALUW 

97-57 
3.57 7.2 11.9 17.9 59.6 7.5 1.9 18.1 58.7 

CALUW 

120B-33 
3.12 2.7 14.5 14.1 81.1 2.7 2.2 14.1 80.9 

CALUW 

120B-57 
3.28 6.6 12.9 15.7 58.3 7.1 1.9 16.2 56.2 
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As described earlier, the developed IVRs based on the LMLC mixture test results were 

verified using PMLC mixture samples. Table 5.17 shows the experimental plan of the BMD+ 

performance tests for the PMLC mixture samples. Five mixture samples were tested at the air 

void content of 5% for the cyclic fatigue test and 6.5% for the SSR test, and three mixture 

samples out of five were tested at in-place air void contents. The five mixture samples tested at 

5% and 6.5% air void content were used to determine the binder content effect of the Sapp and 

RSI parameters. 

Table 5.17 Experimental Plan of Maryland PMLC Mixture Samples 

Sample 
Binder 

Content (%) 

In-Place Air 

Void Content 

(%)  

Cyclic Fatigue 

Test 

Target Air 

Void Content 

(%)  

SSR Test 

Target Air 

Void Content 

(%)  

410029 4.6 5.2 5.0 6.5 

410030 4.5 9.1 5.0 6.5 

410032 4.7 6.2 5.0 6.5 

410034 4.5 7.2 5.0 6.5 

410038 4.5 10.8 5.0 6.5 

410029-B 4.6 5.2 5.2 5.2 

410030-B 4.5 9.1 9.1 9.1 

410034-B 4.5 6.2 6.2 6.2 

 

Table 5.18 provides a summary of the BMD+ performance test results and volumetric 

parameters of the PMLC mixture samples. 
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Table 5.18 Maryland PMLC Mixt ure Samples BMD+ Performance Results 

Sample Alpha 

Cyclic Fatigue SSR 

Air  

Void 

(%)  

Sapp 
VMA IP 

(%)  

VFA IP 

(%)  

RSI 

(%)  

Air  

Void 

(%)  

VMA IP 

(%)  

VFA IP 

(%)  

410029 3.23 4.8 14.5 15.4 68.8 4.8 6.8 17.1 60.5 

410030 3.30 5.1 12.5 15.7 67.9 4.9 6.9 17.3 60.4 

410032 3.40 4.9 13.9 16.0 69.3 2.9 6.6 17.4 62.4 

410034 3.32 5.5 11.7 15.4 64.5 4.0 6.7 16.5 59.6 

410038 3.23 4.9 13.0 15.3 67.7 3.4 6.2 16.5 62.2 

410029-B 3.23 5.3 13.4 15.8 66.6 3.4 5.4 15.9 66.1 

410030-B 3.25 9.0 11.5 19.2 53.3 6.8 9.6 19.7 51.5 

410034-B 3.20 7.1 12.3 16.9 57.7 4.1 7.3 17.1 57.1 

 

As described in Chapters 2.1.1 and 2.1.6, the Sapp index values are expected to increase, 

and the RSI index values are expected to increase as the binder content increases at the same 

target air void contents. The Sapp index values show the expected trend with binder content, as 

shown in Figure 5.7. However, the RSI index values do not show a clear trend as the Sapp index 

values show. The RSI of the Sample 410034 was measured lower than the expected value. Since 

the measured gradation of the Sample 410034 is significantly off from the measured gradations 

of other samples shown in Figure 3.11, the performance index may be affected by the gradation 

difference. Excepting the Sample 410034, the RSI index values show the expected trend with 

binder content. 
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Figure 5.7 Relationship between BMD+ performance index values and binder contents at 

same target air void contents for Maryland PMLC mixture. 

Also, the Sapp index values are expected to decrease, and RSI values are expected to 

increase as the air void content increases. Figure 5.8 exhibits the change in the BMD+ 

performance index values with the air void contents. 

 
Figure 5.8 Relationship between BMD+ performance index values and air void contents of 

Maryland PMLC mixture.  
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5.4.2. BMD+ performance test results (performance simulation) 

The FlexMATTM 1.1 simulation was conducted for the Maryland case using the output 

data from FlexMATTM. The simulation was implemented using the same procedure as shown in 

Chapter 4.4.2. The simulation conditions were obtained from the pavement and mixture designs 

provided by the relevant agency. The FlexPAVETM simulation was based on 20 years of design 

life and a new pavement. Table 5.19 summarizes the simulation conditions. 

Table 5.19 Input Values for FlexPAVETM  Simulations 

Field Project Maryland  

AC Surface 

(Modulus) 

6 in. 

(Test Results) 

AC Intermediate 

(Modulus) 
N/A 

AC Base  

(Elastic Modulus) 

8 in. 

(20,684 kPa) 

Subgrade 

(Elastic Modulus) 

150 in 

(1,586 kPa) 

Climate Salisbury, MD 

Design Traffic 0.88M ESALs 

Traffic Growth Rate 0% 

Note: AC is asphalt concrete and ESAL is equivalent single axle load. 

 

Table 5.20 presents the summary of FlexPAVETM simulation results including the ó47ô 

conditions with the in-place volumetric parameters. Note that the ó47ô conditions are described in 

Chapter 5.7.1. 
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Table 5.20 Simulated Performances of Maryland  Mixture  

Case 
Sample 

ID 
Use 

Fatigue Rutting 

VMA IP 

(%)  

VFA IP 

(%)  

% 

Dam. 

VMA IP 

(%)  

VFA IP 

(%)  

AC RD 

(mm) 

MD 

97-33 FC 16.0 78.6 8.2 15.5 81.3 0.9 

97-57 FC 17.9 59.6 11.8 18.1 58.7 0.9 

120B-33 FC 14.1 81.1 12.3 14.1 80.9 1.0 

120B-57 FC 15.7 58.3 13.7 16.2 56.2 1.0 

97-47 FC N/A N/A N/A 18.1 63.2 1.4 

120B-47 FC N/A N/A N/A 17.0 58.9 1.5 

29 Ver. 15.4 68.8 11.3 17.1 60.5 2.2 

30 Ver. 15.7 67.9 12.2 17.3 60.4 2.3 

32 Ver. 16.0 69.3 10.8 17.4 62.4 1.6 

34 Ver. 15.4 64.5 12.2 16.5 59.6 2.0 

38 Ver. 15.3 67.7 12.0 16.5 62.2 1.8 

29B Ver. 15.8 66.6 12.1 15.9 66.1 1.6 

30B Ver. 19.2 53.3 15.1 19.7 51.5 3.1 

34B Ver. 16.9 57.7 14.4 17.1 57.1 2.1 
Note: MD is Maryland; FC is four corners; Ver. is verification; % Dam. is % damage from FlexPAVETM; AC RD is 

asphalt concrete rut depth determined from FlexPAVETM. 

Figure 5.9 shows a comparison of the performance indices and simulated performance for 

LMLC mixture four corners and PMLC mixture verification samples. Like the other cases in 

Chapter 4.4.2, the RSI and AC rut depth values obtained from FlexPAVETM show stronger 

correlations than the Sapp and % damage values.  
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Figure 5.9 Comparison of measured performance index values and performance simulated 

by FlexPAVETM : (a) Sapp and % damage (b) RSI and AC rut depth. 

5.5. Lab-Mix ed Lab-Compacted BMD Performance Tests 

The BMD testing was conducted based on the determined LMLC mixture four corners 

and PMLC mixture samples, the same as for the BMD+ testing. Figure 5.10 shows the 

determined four corners for both the LMLC mixture and BMD experimental plans in the 

volumetric domain. For the BMD testing, the six PMLC mixture samples were fabricated at the 

corresponding in-place air void contents. Note that the IDEAL-CT was conducted as a BMD 

fatigue test instead of I-FIT. 

 
Figure 5.10 Determined LMLC mixture four corners and PMLC mixture samples for 

BMD testing in volumetric domain: (a) IDEAL -CT and (b) HWT test. 
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Table 5.21 and Table 5.22 summarize the BMD performance test results for the LMLC 

mixture four corners and PMLC mixture samples, respectively. The PMLC mixture samples 

were fabricated at the corresponding in-place air void contents. 

Table 5.21 Maryland LMLC Mixture BMD Performance Test Results  

Condition 

IDEAL -CT Hamburg Wheel Track Test 

Air  

Void 

(%)  

CT Index VMA IP VFA IP 

Air  

Void 

(%)  

Rut 

Depth 

(mm) 

VMA IP VFA IP 

CALUW 97-33 3.5 27.2 16.0 78.3 3.2 1.51 15.8 79.7 

CALUW 97-57 6.5 87.1 17.3 62.2 7.1 2.60 17.8 60.2 

CALUW 120-33 3.2 34.1 14.6 78.0 2.7 1.01 14.1 81.0 

CALUW 120-57 7.4 33.4 16.4 55.2 7.8 2.16 16.8 53.7 

 

Table 5.22 Maryland PMLC Mixture Samples BMD Performance Test Results 

Sample 

 IDEAL -CT  
Hamburg Wheel Track 

Test 

Air  

Void 

(%)  

CT Index VMA IP VFA IP 

Air  

Void 

(%)  

Rut 

Depth 

(mm) 

VMA IP VFA IP 

410029 5.4 109.6 16.2 66.4 5.2 3.73 16.0 67.4 

410030 9.1 225.7 19.5 53.2 9.5 9.18 19.8 52.1 

410032 6.2 71.5 16.8 63.3 6.5 4.34 17.2 61.8 

410033 9.7 219.4 19.3 49.9 9.4 7.42 19.0 50.6 

410034 7.4 181.9 17.3 57.1 7.1 4.64 17.0 58.2 

410038 10.4 217.1 19.7 47.1 11.1 8.42 20.3 45.4 

 

Figure 5.11 shows the relationship between the BMD performance index values and air 

void contents of the PMLC mixture samples. Both sets of index values increase as the air void 

content increases. The CTINDEX shows the same trend as the FI index shown in Figure 4.17. This 

counterintuitive phenomenon is an inherent issue for monotonic fatigue tests. Thus, this trend 

was expected, and the CTINDEX does not seem to be a reasonable performance index for QA 

purposes. For rut depth, the trend makes sense because the specimen with the higher air void 

content is susceptible to permanent deformation. 
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Figure 5.11 Relationship between BMD performance index values and air void contents of 

Maryland PMLC mixture.  

5.6. Index Comparison of Lab-Mix ed Lab-Compacted BMD+ and BMD Performance Test 

Results 

The performance test index values obtained from both BMD+ and BMD performance 

tests were compared. For a fair comparison, the performance index values that were generated 
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Figure 5.12 Comparison of LMLC BMD+ and BMD indices: (a) CTINDEX  and Sapp and (b) 

Rut depth and RSI. 

5.7. Development of Index Volumetrics Relationship for Lab-Mixed and Lab-Compacted 

Mixture  

Using the same procedure for PMLC mixtures, as shown in Chapter 4.7, the measured 

performance indices are compared to the in-place volumetric parameters. Finally, the IVRs were 

developed and verified using the verification samples. 

5.7.1. Relationship between performance index values and volumetric parameters 

In Figure 5.13, the performance index values are plotted with the in-place volumetric 

parameters. The Sapp index value decreases as the VMAIP increases, but increases as the VFAIP 
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contents make the mixture have worse fatigue resistance, but they cancel each other out with 

regard to rutting resistance because the mixture becomes less soft with the low binder content 

and simultaneously has more room for rutting with a high air void content. Due to the offset, 

therefore, the RSI of the LMLC four corners did not show a strong as a relationship as the Sapp 

showed in terms of the volumetric parameters. 

 
Figure 5.13 Relationships between BMD+ performance index values and volumetric 

parameters of Maryland LMLC and PMLC mixtures. 
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have a higher binder content and air void content. Therefore, the ó47ô condition was used for 

both gradations. The reason for not trying the ó37ô condition is that the four corners at the ó37ô 

condition do not cover the PMLC verification samples in the volumetric domain, as shown in 

Figure 5.14. 

 
Figure 5.14 LMLC mixture four corners and PMLC mixture samples for SSR tests in 

volumetric domain at condition 37. 

Figure 5.15 presents the LMLC mixture four corners with the newly proposed ó47ô 

condition for the SSR test plotted under volumetric parameters. Compared to the ó37ô condition, 

the new four corners still cover some PMLC mixture samples in the volumetric domain. 
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Figure 5.15 LMLC mixture four corners and PMLC mixture samples for SSR tests in 

volumetric domain at condition 47. 

Table 5.23 summarizes the properties of the modified LMLC mixture four corners at the 

ó47ô condition and the SSR test results.  

Table 5.23 Properties of Modified LMLC Mixture Four Corners  

Condition CALUW  

Binder 

Content 

(%)  

Measured 

Air  

Void 

(%)  

RSI 

(%)  
VMA IP 

(%)  
VFA IP 

(%)  

CALUW 97-33 97 5.5 2.9 1.8 15.5 81.3 

CALUW 97-47 97 5.2 6.7 2.8 18.1 63.2 

CALUW 120B-33 120 5.1 2.7 2.2 14.1 80.9 

CALUW 120B-47 120 4.7 7.0 2.6 17.0 58.9 

 

Since the ó47ô condition for both gradations have higher binder content and the same 

target air void content than the initial LMLC four corners, the ó47ô condition for both gradations 

showed higher RSI values than the ó57ô condition values. 

Figure 5.16 presents plots of the BMD performance index values from both the LMLC 

and PMLC mixtures with the volumetric parameters. The CTINDEX values increase as the VMAIP 
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increases and decrease as the VFAIP increases. Figure 4.27 also shows this trend. Because the 

VMA IP increases as the air void content increases, the CTINDEX values increase as the VMAIP 

increases, as expected. The rut depth index values increase as the VMAIP increases and decrease 

as the VFAIP increases. The same trend also can be observed in Figure 4.28. However, the 

overall slopes between the LMLC mixture four corners and PMLC samples do not look similar. 

Generally, the PMLC mixture samples appear to be more sensitive to the volumetric parameters 

than the LMLC mixture four corners. For the CTINDEX, the CALUW 97-57 condition, which has 

a lower binder content but higher air void content than CALUW 97-33, the values are higher 

than for the CALUW 97-33 condition due to the inherent air void content issue associated with 

CTINDEX. The two conditions for the coarser gradation (CALUW 120B) exhibit similar CTINDEX 

values due to this offset effect. For the rut depth index, similar to the RSI of the LMLC mixture 

four corners explained earlier, the offset effect of the binder content and air void content led to 

these volumetric-insensitive results. 
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Figure 5.16 Relationships between BMD performance index values and volumetric 

parameters of Maryland LMLC and PMLC mixtures: (a), (b) IDEAL -CT and (c), (d) 

HWT test. 

5.7.2. Index-volumetrics relationship development and verification 

The IVRs were developed based on the volumetric parameters and test results of the 

LMLC mixture four corners using the same method used for the PMLC mixture IVRs discussed 

in Chapter 4.7.3. Table 5.24 presents a summary of the developed IVRs for both BMD+ and 

BMD testing. 

Table 5.24 Developed IVRs for  Maryland LMLC Mixture  

Index a b d R2 

Sapp 0.048 0.132 3.827 0.76 

RSI -0.099 -0.004 3.810 0.56 

CTIndex 18.742 0.300 -276.591 0.46 

Rut depth (mm) 0.376 -0.009 -3.621 0.98 
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Using the developed IVRs, the performance index values could be predicted and 

compared to the measured performance index values for both BMD+ and BMD tests. Table 5.25 

through Table 5.28 provide summaries of the numerical comparison with % Error, and Figure 

5.17 plots the comparisons.  

Table 5.25 Measured and Predicted Sapp Values for  Maryland  Case 

Sample 

ID 
Purpose 

Measured 

Sapp 

Predicted 

Sapp 

% 

Error  

97-33 Four Corners 15.9 15.0 5.8 

97-57 Four Corners 11.9 12.6 5.8 

120B-33 Four Corners 14.5 15.3 5.4 

120B-37 Four Corners 12.9 12.3 4.3 

Average 5.3 

410029 Verification 14.5 13.7 5.7 

410030 Verification 12.5 13.6 8.5 

410032 Verification 13.9 13.8 1.2 

410034 Verification 11.7 13.1 12.6 

410038 Verification 13.0 13.5 4.1 

410029B Verification 13.4 13.4 0.1 

410030B Verification 11.5 11.8 2.4 

410034B Verification 12.3 12.3 0.3 

Average 4.4 

 

Table 5.26 Measured and Predicted RSI Values for  Maryland  Case 

Sample 

ID 
Purpose 

Measured 

RSI 

Predicted 

RSI 

% 

Error  

97-33 Four Corners 1.8 2.0 6.5 

97-57 Four Corners 1.9 1.8 4.3 

120B-33 Four Corners 2.2 2.1 5.2 

120B-37 Four Corners 1.9 2.0 3.9 

Average 5.0 

410029 Verification 4.8 1.9 60.7 

410030 Verification 4.9 1.9 62.1 

410032 Verification 2.9 1.8 36.7 

410034 Verification 4.0 2.0 50.8 

410038 Verification 3.4 1.9 43.0 

410029B Verification 3.4 2.0 41.5 

410030B Verification 6.8 1.7 75.5 

410034B Verification 4.1 19 53.8 

Average 53.0 
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Table 5.27 Measured and Predicted CT INDEX  Values for  Maryland  Case 

Sample 

ID 
Purpose 

Measured 

CT INDEX  

Predicted 

CT INDEX  

%  

Error  

97-33 Four Corners 27.2 47.4 74.2 

97-57 Four Corners 87.1 66.1 24.1 

120B-33 Four Corners 34.1 20.1 41.1 

120B-37 Four Corners 33.4 48.2 44.4 

Average 46.0 

410029 Verification 109.6 46.7 57.4 

410030 Verification 225.7 105.0 53.5 

410032 Verification 71.5 58.0 18.9 

410033 Verification 219.4 99.7 54.6 

410034 Verification 181.9 64.0 64.8 

410038 Verification 217.1 107.0 50.7 

Average 50.0 

 

Table 5.28 Measured and Predicted Rut Depth Index Values for  Maryland  Case 

Sample 

ID 
Purpose 

Measured 

Rut Depth 

Predicted 

Rut Depth 

% 

Error  

97-33 Four Corners 1.51 1.59 5.9 

97-57 Four Corners 2.60 2.51 3.4 

120B-33 Four Corners 1.01 0.95 6.3 

120B-37 Four Corners 2.16 2.22 2.9 

Average 4.6 

410029 Verification 3.73 1.78 52.4 

410030 Verification 9.18 3.36 63.4 

410032 Verification 4.34 2.27 47.7 

410033 Verification 7.42 3.08 58.4 

410034 Verification 4.64 2.23 51.9 

410038 Verification 8.42 3.61 57.2 

Average 55.2 
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Figure 5.17 Measured and predicted performance index values for  Maryland case: (a) Sapp, 

(b) RSI, (c) CT INDEX , and (d) rut depth. 

In Figure 5.17 (a), the predicted Sapp values of the verification samples are positioned 

along the line of equality. The verification samples that were fabricated at the same in-place air 

void contents are almost on the line of equality. The average % Error of the Sapp values is 5.3% 

for four corners and 4.4% for the verification samples. Therefore, the IVR developed from the 

LMLC mixture is verified for the Sapp index. 

However, the other performance indices do not provide similar accuracy as the Sapp 

index. The average % Error of the RSI and rut depth index for the four corners did not exceed 

5%, but the average % Error for the verification samples exceeded 50% for both indices. For the 

CTINDEX, the average % Error for both the four corners and verification samples exceeded 40 

percent. The primary reason for this inaccuracy is mostly due to the offset effect, as described in 
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Chapter 5.7.1. At the ó57ô condition, because the binder content effect and air void effect offset 

each other, the RSI and HWT test rut depth index values are not different enough to form 

reasonable IVRs. For the CTINDEX, the values increase as the air void content increases, as 

proved in Figure 5.11. The low binder content, which causes low CTINDEX values, and the high 

air void content, which causes high CTINDEX values at the ó57ô condition, offset each other. 

Therefore, the ó57ô condition for IDEAL-CT and both the SSR and HWT tests could not generate 

high enough performance index values to cover the PMLC verification samples, as shown in the 

volumetric parameters in Figure 5.6 and Figure 5.10. To solve this problem, the ó57ô condition 

should have had higher performance index values than the current four corners. 

Table 5.29 presents the developed IVR of ó33ô and ó47ô conditions for the RSI index and 

verification with PMLC samples. Table 5.30 and Figure 5.18 compare measured and predicted 

RSI from modified IVR numerically and schematically. 

Table 5.29 Developed IVRs for Modified  Maryland Four Corners 

Index a b d R2 

RSI -0.023 -0.035 5.252 0.82 
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Table 5.30 Measured and Predicted Modified RSI Values for Modified Maryland  LMLC  

IVR  

Sample 

ID 
Purpose 

Measured 

RSI 

Predicted 

RSI 

% 

Error  

97-33 Four Corners 1.8 2.0 9.5 

97-47 Four Corners 2.8 2.6 5.6 

120B-33 Four Corners 2.2 2.1 6.7 

120B-47 Four Corners 2.6 2.8 4.8 

Average 6.7 

410029 Verification 4.8 2.7 43.3 

410030 Verification 4.9 2.7 44.8 

410032 Verification 2.9 2.6 9.4 

410034 Verification 4.0 2.8 30.3 

410038 Verification 3.4 2.7 21.6 

410029B Verification 3.4 2.5 24.9 

410030B Verification 6.8 3.0 56.2 

410034B Verification 4.1 2.8 31.1 

Average 32.7 

 

 
Figure 5.18 Measured and predicted RSI values from modified Maryland LMLC IVR . 

As the binder content for the ó47ô condition for both gradations increased, the accuracy of 

the IVR slightly improved compared to the initial IVR. The average % Error of the four corners 

increased from 5.0% to 6.7%, but the average % Error of the verification samples decreased from 

53.8 to 33.8 percent. The additional tests at the ó47ô condition did not seem to generate different 
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enough RSI values to develop a reasonable IVR. This observation casts doubt on the 

fundamental difference in rutting performance between LMLC and PMLC mixtures. Therefore, 

the RSI values of both LMLC and PMLC mixtures at the same aggregate gradation, binder 

content, and volumetric parameters were compared to investigate the difference between the 

LMLC and PMLS mixtures, as discussed in Chapter 5.9. 

5.8. Development of Performance-Volumetrics Relationship for Lab-Mix ed Lab-

Compacted Mixtures 

This chapter describes the correlations between the simulated performance from 

FlexPAVETM and in-place volumetric parameters. The PVRs are developed and verified using 

the verification samples. 

5.8.1. Relationship between simulated performance values and volumetric parameters 

Figure 5.19 presents the simulated pavement performance results with the in-place 

volumetric parameters for LMLC four corners and PMLC verification samples. The % damage 

and AC rut depth values increase as the VMAIP increase and decrease as the VFAIP increases. 

These trends were earlier shown in Figure 4.34 and Figure 4.35. For the % damage, the 

correlations between VMA IP and VFAIP become slightly weaker than the Sapp index because the 

simulated performance went through an additional procedure, the FlexPAVETM simulation with 

many environmental factors. For the AC rut depth, the relationships with in-place volumetric 

parameters for the LMLC mixture four corners do now show clear trends due to the offset effect, 

as described in Chapter 5.7.2. 
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Figure 5.19 Simulated performance and volumetric parameters: (a) % damage and VMA IP, 

(b) % damage and VFAIP, (c) AC rut depth and VMA IP, and (d) AC rut depth and VFAIP. 

5.8.2. Performance-volumetrics relationship development and verification 

Based on the obtained pavement performance simulation results and volumetric 

parameters, the PVRs for Maryland case were developed using the same method used to develop 

the IVRs as shown in Chapter 5.7.2. Table 5.31 presents the coefficients of the developed PVRs 

including the ó47ô condition. 

Table 5.31 Developed PVRs for Maryland  Case 

Case Mixture  Index a b d R2 

Maryland LMLC % damage -1.400 -0.230 49.761 0.81 

Maryland 

(33 and 57) 
LMLC AC rut depth -0.068 -0.006 2.506 0.91 

Maryland 

(33 and 47) 
LMLC AC rut depth -0.044 -0.029 3.954 0.98 
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Table 5.32 and Table 5.33 provide summaries of the pavement performance simulated by 

FlexPAVETM and the pavement performance predicted by the PVRs from both ó33ô and ó57ô and 

ó33ô and ó47ô conditions, respectively. Figure 5.20 presents the developed PVRs that were 

verified using the verification samples for % damage and AC rut depth, respectively. The 

average % Error for the four corners did not exceed 15 percent for % damage and AC rut depth. 

One verification sample (410030B) for % damage is significantly off the line due to its high in-

place air void content. Overall, the comparison between simulated and predicted % damage is 

not excessively different from the performance index comparison based on the IVR. For the AC 

rut depth, the PVR shows the poor prediction accuracy. The same reason for this outcome that 

was pointed out for the IVRs in Chapter 5.7.2. The PVR including of the ó47ô conditions shows 

better prediction accuracy, but the % Error of verification samples is generally higher than 20 

percent. 

Table 5.32 Simulated and Predicted Performances for Maryland  Case: 33 and 57 

Conditions 

Case 
Sample 

ID 
Use 

% damage AC rut depth 

Sim. Pred. 
% 

Error  
Sim. Pred. 

% 

Error  

MD 

97-33 FC 8.2 9.3 13.2 0.9 0.9 2.6 

97-57 FC 11.8 11.0 6.8 0.9 0.9 1.7 

120B-33 FC 12.3 11.3 7.5 1.0 1.0 2.2 

120B-57 FC 13.7 14.3 4.7 1.0 1.0 1.4 

Average 8.1 Average 2.0 

29 Ver. 11.3 12.4 9.6 2.2 1.0 55.9 

30 Ver. 12.2 12.1 0.5 2.3 0.9 59.9 

32 Ver. 10.8 11.5 6.3 1.6 0.9 41.3 

34 Ver. 12.2 13.3 9.3 2.0 1.0 48.7 

38 Ver. 12.0 12.7 5.8 1.8 1.0 46.5 

29B Ver. 12.1 12.3 1.8 1.6 1.0 35.9 

30B Ver. 15.1 10.6 29.6 3.1 0.8 72.8 

34B Ver. 14.4 12.8 11.4 2.1 1.0 53.7 

Average 9.3 Average 51.8 
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Table 5.33 Simulated and Predicted AC rut depth values for Maryland Case: 33 and 47 

Conditions 

Case 
Sample 

ID 
Use 

AC rut depth 

Simu. Pred. 
% 

Error  

MD 

97-33 FC 0.9 0.9 4.1 

97-47 FC 1.4 1.3 2.4 

120B-33 FC 1.0 1.0 3.0 

120B-47 FC 1.5 1.5 1.8 

Average 2.8 

29 Ver. 2.2 1.5 32.2 

30 Ver. 2.3 1.5 37.8 

32 Ver. 1.6 1.4 10.8 

34 Ver. 2.0 1.5 22.3 

38 Ver. 1.8 1.4 21.6 

29B Ver. 1.6 1.4 12.9 

30B Ver. 3.1 1.6 47.6 

34B Ver. 2.1 1.6 26.0 

Average 26.4 
Note: MD is Maryland; FC is four corners; Ver. is verification; Sim. is simulated from FlexPAVETM; Pred. is 

predicted from PVR. 
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Figure 5.20 Measured and predicted performance values for Maryland Case: (a) % 

damage, (b) AC rut depth (ó33ô and ó57ô conditions), and (c) AC rut depth (ó33ô and ó47ô 

conditions) 

5.9. Comparison of Rutting Performance between Lab-Mixed Lab-Compacted and Plant-

Mixed Lab-Compacted Mixtures  

In order to compare the fundamental differences between the rutting performance of the 

LMLC and PMLC mixtures, the LMLC mixture should imitate one of the PMLC mixture 

samples in terms of gradation, binder content, and specimen air void content. To do so, the 

PMLC mixture sample 410029 was selected. Using the combined gradation of PMLC sample 

410029 measured by the Maryland DOT, the gradation was reproduced with the measured 

gradation of each stockpile using Microsoft Excel Solver. First, another sample, PMLC 410030, 
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was randomly selected and two replicates were placed in the ignition oven. Then, wash sieve 

analysis was conducted using the burned mixture to verify the reliability of the Maryland DOTôs 

QA measurements in terms of the binder content and combined gradation of the mixture sample. 

Table 5.34 shows the results of the ignition oven test and wash sieve analysis compared to the 

QA measurements obtained by the Maryland DOT. Figure 5.21 plots the gradations from the 

wash sieve analysis and QA measurements for PMLC sample 410030. Table 5.34 and Figure 

5.21 show that the binder content and gradations measured by the Maryland DOT and NCSU are 

not significantly different. Thus, the QA measurements obtained by the Maryland DOT are 

considered reliable. 

Table 5.34 Comparison of Mixture Sample Binder Content and % Passing Measured by 

Maryland DOT and NCSU 

Measured 

by 

Binder 

Content 

% Passing 

19.0 12.5 9.5 4.75 2.36 1.18 0.6 0.3 0.15 0.075 

Maryland 4.50% 100 94 82 42 32 24 18 11 7 4.5 

NCSU 4.82% 100 95 82 44 33 25 19 11 7 4.7 

Difference 

(%) 
0.32 0 1 0 2 1 1 1 0 0 0.2 

 

 
Figure 5.21 Comparison of gradations measured by Maryland DOT and NCSU. 
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Table 5.35 presents the stockpile proportions required to reproduce the PMLC sample 

410029 gradation. Figure 5.22 compares the reproduced gradations to the gradations of PMLC 

sample 410029 measured by the Maryland DOT. 

Table 5.35 Stockpile Proportion of Reproduced Gradations to Imitate PMLC Sample 

410029 

Gradation 
Stockpile Proportion (%) 

#7 #8 #10 Sand F-RAP 

Mix Design 22 39 12 8 19 

Imitation 16 42 12 10 19 

 

 
Figure 5.22 Reproduced gradation compared to imitate PMLC sample 410029. 

Using the reproduced gradation, the SSR test specimens were fabricated. Table 5.36 

presents a summary of the SSR test results for the reproduced gradation and comparison to the 

SSR test results of PMLC sample 410029. 

Table 5.36 Maryland LMLC Mixture BMD+ Performance Test Results 

Sample Average Air  Void (%)  RSI (%) 

PMLC Sample 410029 6.8 4.79 

Imitated PMLC Sample 410029 6.2 1.76 

 

The measured average air void content of PMLC sample 410029 is only 0.6% higher than 

the average air void content of the imitated specimens, but the RSI values are significantly 

1912.59.54.752.361.18.6.3.15.075

0

10

20

30

40

50

60

70

80

90

100

P
e
rc

e
n

t 
P

a
s
s
in

g

Sieve Size, mm, Raised to 0.45 Power

410029 LMLC Mimic 410029



   

192 

 

different. Figure 5.23 shows the difference between both tests at each test temperature. Although 

the gradations do not match perfectly, this difference is too significant to impute the gradation 

difference. Therefore, inherent differences between the LMLC and PMLC mixtures may exist 

that have not been captured. 

 
Figure 5.23 Comparison of SSR test results between PMLC sample 410029 and imitated 

sample 410029. 

The NCHRP Report 818 (Mohammad et al. 2016) was consulted to investigate the 

differences between the LMLC and PMLC mixtures. This report mainly describes the factors 

that affect the volumetric and mechanical properties of plant-produced and laboratory-produced 

mixtures with two different types of compactions (field and laboratory). The report concludes 

that the effect of process-based factors (return of baghouse fines, delay in specimen fabrication, 

aggregate absorption, aggregate hardness, and stockpile moisture content) on the volumetric and 

mechanical properties is not as pronounced as originally hypothesized. Specifically, the report 

points out that process-based factors do not have a significant effect on the differences in the 

mechanical properties among the plant-produced field-compacted (óPFô), plant-produced lab-

compacted (óPLô), and lab-produced lab-compacted (óLLô) mixture types. Note that the 

mechanical properties in this report include the loaded wheel test (LWT) rut depth, axial 

dynamic modulus, and indirect tensile test dynamic modulus. However, the LWT data in the 
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report show that the LL mixture had better rutting resistance than the PL mixture. Table 5.37 

presents a comparison of the LWT results from ten different mixtures for the three types of 

mixture (PF, PL, and LL). The average shift for LL/PL is 1.0 until 10,000 cycles, but the shift 

factor decreased to 0.8 from 15,000 cycles. Therefore, the LL mixture showed better rutting 

resistance than the PL mixture, which is the same trend shown for the study Maryland LMLC 

and PMLC mixtures. 

Table 5.37 Comparison of LWT Results From NCHRP Report 818 

Comparison No. of Passes 
Average 

Shift 

LL/PL 

1,000 1.0 

5,000 1.0 

10,000 1.0 

15,000 0.8 

20,000 0.8 

LL/PF 

1,000 0.8 

5,000 0.8 

10,000 0.7 

15,000 0.7 

20,000 0.7 

PL/PF 

1,000 0.8 

5,000 0.7 

10,000 0.7 

15,000 0.7 

20,000 0.9 
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CHAPTER 6. INVESTIGATION OF PERFORMANCE PREDICTION FUNCTIONS  

6.1. Introduction  

This chapter investigates the developed performance prediction functions (IVRs and 

PVRs). First, the signs of coefficient of developed prediction functions are investigated. The 

ideal signs for prediction functions are suggested. Next, the sensitivity analysis for prediction 

functions in terms of the binder content and in-place air void content is conducted to see how 

these factors affect performance prediction results. 

6.2. Sign Conventions of Prediction Functions 

To understand the developed prediction functions well, the sign conventions of the 

prediction functions should be investigated. This subchapter reviews the sign conventions of 

IVRs and PVRs in terms of binder content and in-place air void content. 

6.2.1. Sign conventions of index-volumetrics relationship 

Table 6.1 shows that the IVRs of all mixtures do not have consistent coefficient signs for 

the same distress type. Note that the IVR equations are shown in Equations (1.8) and (1.9). To 

determine the correct IVR sign conventions for the IVRs, the two changeable and representative 

factors, i.e., the binder content and in-place air void content, should be investigated because 

these two factors are related to the calculation of the in-place volumetric parameters (VMAIP and 

VFA IP). Thus, determining how these two factors affect the volumetric parameters is important. 
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Table 6.1 Sign Conventions of Developed IVRs 

Case Index 
Sign of  

Coefficient a 

Sign of  

Coefficient b 

Maine Sapp Positive Positive 

Ontario Sapp Positive Positive 

North Carolina Surface Sapp Positive Positive 

North Carolina Intermediate Sapp Negative Positive 
Maryland Sapp Positive Positive 

North Carolina Surface FI Positive Positive 

North Carolina Intermediate FI Negative Negative 

Maryland CTINDEX Positive Positive 

Maine RSI Positive Negative 

Ontario RSI Positive Negative 

North Carolina Surface RSI Positive Negative 

North Carolina Intermediate RSI Positive Positive 
Maryland RSI Negative Negative 

Ontario Rut depth Positive Positive 

North Carolina Surface Rut depth Positive Negative 

North Carolina Intermediate Rut depth  Positive Positive 
Maryland Rut depth  Positive Negative 

 

With regard to the binder contentôs effect on the volumetric parameters, Equations (2.1) 

and (2.2) should be recalled. For this investigation, the aggregate gradation and therefore Gsb is 

assumed to be unchangeable, as mentioned earlier. The Gmm decreases when the binder content 

increases under the same gradation. Figure 6.1 shows that this relationship is supported by the 

measured Gmm and binder contents of the collected QA measurements.  
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Figure 6.1 Relationship between measured Gmm values and binder contents of collected 

PMLC mixture samples. 

A decrease in Gmm causes a decrease in Gmb at the same target air void content, as per 

Equation (2.1). As a result, the increased binder content leads to a decrease in Gmb and Ps and 

causes an increase in the VMA at a constant Gsb, as per Equation (2.2). The increase in VMA  

that is due to the increase in binder content eventually leads to an increase in the VMA IP, based 

on Equation (1.4). The VFA IP increases when the VMA IP increases, as per Equation (1.5). Note 

that the in-place air void content is assumed to be a constant value in order to consider only the 

effect of the binder content. Table 6.2 provides a summary of the effects of the binder content on 

the volumetric parameters. A lower binder content results in lower VMA IP and VFA IP values. 

Next, based on Equation (1.4), the in-place air void content directly affects the VMAIP. The 

VMA IP increases when the in-place air void content increases. Unlike the binder content, 

however, the increase in in-place air void content causes a decrease in the VFAIP, according to 

Equation (1.5). By contrast, a decrease in the in-place air void content causes a decrease in the 
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VMA IP and an increase in the VFAIP. Table 6.2 also provides a summary of the air void contentôs 

effect on the volumetric parameters. 

Table 6.2 Effects of Binder Content and In-Place Air Void Content on Volumetric 

Parameters 

Case 
VMA IP 

(%)  

VFA IP 

(%)  

Binder Content Increase Increase Increase 

Binder Content Decrease Decrease Decrease 

In-Place Air Void Content Increase Increase Decrease 

In-Place Air Void Content Decrease Decrease Increase 

 

Once the effects of these two factors (binder content and air void content) on the 

volumetric parameters are understood, their effects on pavement performance in terms of the 

coefficientsô signs should be investigated. With regard to the binder contentôs effect on pavement 

performance, fatigue resistance is thought to improve with a higher binder content, but the 

opposite is expected for rutting resistance. A mixture with a higher binder content has more 

ductility to resist repeated traffic loading (fatigue), but the mixture becomes softer 

simultaneously and thus may have poor resistance to permanent deformation (rutting). With 

regard to the effect of the in-place air void content on pavement performance, a mixture with a 

higher air void content will exhibit poor resistance to both fatigue cracking and rutting because 

the mixture that contains more air voids will be more easily damaged and deformed under traffic 

loading. Therefore, fatigue and rutting show opposite trends in terms of binder content but the 

same trend in terms of in-place air void content. Table 6.3 provides a summary of the results of 

this investigation. 
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Table 6.3 Effects of Binder Content and In-Place Air Void Content on Pavement 

Performance (Fatigue and Rutting) 

Changing Factor 
Fatigue 

Performance 

Rutting 

Performance 

Binder Content Increase Increase Decrease 

Binder Content Decrease Decrease Increase 

In-Place Air Void Content Increase Decrease Decrease 

In-Place Air Void Content Decrease Increase Increase 

 

Looking at Table 6.2 and Table 6.3 together, the ideal signs for coefficients a and b for 

the Sapp, rutting indices, and FI (CTINDEX) can be derived, as presented in Table 6.4 and Table 

6.5, respectively. 

Table 6.4 Ideal Signs for IVR Coefficients for Sapp Index 

Factor Increase/Decrease VMA IP VFA IP 
Fatigue 

Index 

Binder Content 

Increase Increase Increase Increase 

Decrease Decrease Decrease Decrease 

IVR Coefficient Sign 
Coefficient a Coefficient b 

N/A 
Positive Positive 

Factor Increase/Decrease VMA IP VFA IP 
Fatigue 

Index 

In-Place  

Air Void Content 

Increase Increase Decrease Decrease 

Decrease Decrease Increase Increase 

IVR Coefficient Sign 
Coefficient a Coefficient b 

N/A 
Negative Positive 

Ideal IVR Coefficient Sign Both Positive N/A 
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Table 6.5 Ideal Signs for IVR Coefficients for Rutting Index and FI and CT INDEX  

Factor Increase/Decrease VMA IP VFA IP 
Rutting 

Index 

Binder Content 

Increase Increase Increase Increase 

Decrease Decrease Decrease Decrease 

IVR Coefficient Sign 
Coefficient a Coefficient b 

N/A 
Positive Positive 

Factor Increase/Decrease VMA IP VFA IP 
Rutting 

Index 

In-Place 

Air Void Content 

Increase Increase Decrease Increase 

Decrease Decrease Increase Decrease 

IVR Coefficient Sign 
Coefficient a Coefficient b 

N/A 
Positive Negative 

Ideal IVR Coefficient Sign Positive Both N/A 

 

The ideal sign for the coefficient of the Sapp IVR can be either positive or negative for the 

VMA coefficient (coefficient a) and positive for the VFA coefficient (coefficient b). For the FI 

(CTINDEX) and rutting IVR, the ideal sign is positive for the VMA coefficient a and either 

positive or negative for the VFA coefficient b. Note that the FI (CTINDEX) increases as either air 

void content or binder content increase as the rutting index does, thus FI (CTINDEX) has the same 

ideal sign as the rutting index. Based on this information, the signs of the coefficients of the 

developed IVRs in Table 6.1 are all ideal, except for the North Carolina intermediate mixtureôs 

FI and the Maryland mixtureôs RSI. For the North Carolina intermediate mixture, the FI IVR has 

negative signs for both the VMAIP and VFAIP coefficients and it did not follow the rutting 

indexôs sign conventions neither. For the Maryland mixture, it has negative sign for the VMAIP 

coefficient. These cases would be good examples to see what happens if the signs of IVR 

coefficients do not follow the ideal sign conventions. 

As a spoiler, one lesson from Chapter 6.3 is that the ideal sign conventions do not always 

generate reasonable trends. In other words, not only the IVR sign conventions, but also the 

numerical ratio of two coefficients can affect the performance prediction. In Figure 6.2 (b), the 
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North Carolina intermediate mixture showed opposite Sapp trend for the binder content sensitivity 

analysis. The Sapp value decreased, as the binder content increased even the Sapp IVR of this 

mixture followed the ideal sign conventions. This is because that the coefficient b value is 

significantly smaller than the coefficient a. The Sapp IVR coefficients of Maine, Ontario, and 

North Carolina surface showed that the numerical value of coefficient a is two to three times 

larger than the numerical value of coefficient b. However, the Sapp IVR coefficient of North 

Carolina intermediate showed that the numerical value of coefficient a is 32 times larger than the 

value of coefficient b by the absolute value comparison. For this case, the predicted performance 

can be almost solely determined by coefficient a. The increase of binder content causes the 

increase of both VMAIP and VFAIP, shown in Table 6.2. That is why the significantly higher 

coefficient a in negative sign, which is related to VMAIP, reduced the predicted Sapp value. For 

the Maryland case, although the VMAIP sign did not follow the ideal sign conventions, the ratio 

is even smaller than 1. Thus, the sensitivity analysis results showed reasonable trends for both 

binder content and in-place air void content. Table 6.6 summarizes the ratio of IVR coefficients 

for Sapp index. 

Table 6.6 Ratio of IVR Coefficient Values for Sapp Index 

Case 
Coefficient a / 

Coefficient b 

Maine 2.1 

Ontario 2.7 

North Carolina Surface 3.0 

North Carolina Intermediate 32.0 

Maryland 0.36 

 

As a conclusion, this study suggests the ideal sign conventions of Sapp, RSI, FI, and Rut 

Depth IVRs. However, the sign conventions do not always guarantee the reasonable trends of 

predicted performance with the binder content and in-place air void content. There is a 
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possibility if one coefficient is numerically much larger than the other coefficient, the 

performance prediction can be somehow distorted even they have proper signs. 

6.2.2. Sign conventions of performance-volumetrics relationship 

Like the IVRs, the ideal coefficient sign conventions also were investigated for the PVRs. 

Based on the same principle that was applied to the sign conventions for the IVRs, Table 6.7 and 

Table 6.8 present the ideal sign conventions for the PVRs for % damage and AC rut depth, 

respectively. 

Table 6.7 Ideal PVR Coefficient Signs for % damage 

Factor Increase/Decrease VMA IP VFA IP % damage 

Binder Content 

Increase Increase Increase Decrease 

Decrease Decrease Decrease Increase 

IVR Coefficient Sign 
Coefficient a Coefficient b 

N/A 
Negative Negative 

Factor Increase/Decrease VMA IP VFA IP % damage 

In-Place  

Air Void Content 

Increase Increase Decrease Increase 

Decrease Decrease Increase Decrease 

IVR Coefficient Sign 
Coefficient a Coefficient b 

N/A 
Positive Negative 

Ideal PVR Coefficient Sign Both Negative N/A 

 

Table 6.8 Ideal PVR Coefficient Signs for AC rut depth 

Factor Increase/Decrease VMA IP VFA IP 
AC rut 

depth 

Binder Content 

Increase Increase Increase Increase 

Decrease Decrease Decrease Decrease 

IVR Coefficient Sign 
Coefficient a Coefficient b 

N/A 
Positive Positive 

Factor Increase/Decrease VMA IP VFA IP 
AC rut 

depth 

In-Place  

Air Void Content 

Increase Increase Decrease Increase 

Decrease Decrease Increase Decrease 

IVR Coefficient Sign 
Coefficient a Coefficient b 

N/A 
Positive Negative 

Ideal PVR Coefficient Sign Positive Both N/A 
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Based on the investigated ideal coefficient sign conventions, Table 6.9 presents a 

summary of the evaluated PVR coefficient signs. Except for % damage for the North Carolina 

intermediate layer and the AC rut depth for the Maryland (ó33ô and ó47ô conditions), all the other 

cases had ideal PVR sign conventions. Note that Chapters 6.4.4 and 6.4.7 describe the issue 

regarding the % damage and AC rut depth outcomes for the North Carolina intermediate mixture 

and the Maryland mixture, respectively. 

Table 6.9 Evaluation of Developed PVR Coefficient Signs 

Case 
Mix  

Type 
% damage 

AC rut 

depth 

Maine PMLC Ideal Ideal 

Ontario PMLC Ideal Ideal 

NC Surface PMLC Ideal Ideal 

NC Intermediate PMLC Non-Ideal Ideal 

Maryland LMLC Ideal Non-Ideal 

 

6.3. Sensitivity Analysis of Prediction Functions 

The sensitivity of the air void and binder contents to performance predictions was 

evaluated using the developed functions. The sensitivity analysis was conducted by inputting 

VMA IP and VFAIP values to the developed IVRs. The volumetric parameters were calculated by 

fixing one parameter under a certain volume while changing the other parameters. Equations 

(1.3) and (1.5) were used to calculate the VFAIP and VFAIP volumetric parameters, respectively. 

Table 6.11 through Table 6.14 show the changes in the VMAIP and VFAIP when the in-place air 

void content or binder content was changed within the relevant mixture specifications, shown in 

Table 6.10, and show the resultant predicted performance index values and performance values. 

Note that the PVR of the ó33ô and ó47ô conditions of the Maryland for RSI and AC rut depth is 

used. The necessary values for the sensitivity analysis are obtained from the mix design or job 
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mix formula. Note also that the change of Gmm values with the binder content change was 

estimated using Equation (4.8). The Gse values to calculate Gmm values were obtained from 

Equation (4.9). The Gb value is assumed to be 1.03. 

mm
mm

s b

se b

P
G

P P

G G

=

+

    (4.8) 

Where 

Gmm = maximum specific gravity of paving mixture (no air voids), 

Pmm = percent by mass of total loose mixture = 100, 

Ps = aggregate content, 

Pb = asphalt content, 

Gse = effective specific gravity of aggregate  

Gb = specific gravity of asphalt. 

mm s
se

mm b

mm b

P P
G

P P

G G

-
=

-

     (4.9) 

Table 6.10 Sensitivity Analysis Range 

Factor Maine Ontario  
North  

Carolina 
Maryland  

Binder  

Content (%) 
Target ± 0.4% Target ± 0.4% JMF ± 0.4% Target ± 0.4% 

In-Place  

Air Void Content (%) 
5 ± 2.5% 2% to 7% Max 8% 3% to 8% 

Note: JMF is job mix formula. 
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Table 6.11 In-Place Air Void Content Sensitivity of IVRs to Predicted Performance 

Mixture  

In-Place 

Air Void 

Content 

(%)  

Binder 

Content 

(%)  

AV 

at 

Ndes 

(%)  

VMA IP 

(%)  

VFA IP 

(%)  

Predicted Performance 

Index 

Sapp 
RSI 

(%)  
FI  

Rut 

Depth 

(mm) 

Maine 

2.5 5.6 4.0 15.4 83.8 35.8 1.9 N/A N/A 

3.5 5.6 4.0 16.3 78.5 34.4 2.2 N/A N/A 

4.5 5.6 4.0 17.1 73.7 33.1 2.5 N/A N/A 

5.5 5.6 4.0 18.0 69.5 32.0 2.8 N/A N/A 

6.5 5.6 4.0 18.9 65.6 31.2 3.0 N/A N/A 

7.5 5.6 4.0 19.7 62.0 30.4 3.3 N/A N/A 

Ontario 

2.0 5.7 4.0 16.3 87.7 35.8 3.8 N/A 1.7 

3.0 5.7 4.0 17.2 82.5 32.8 4.6 N/A 2.1 

4.0 5.7 4.0 18.0 77.8 30.3 5.3 N/A 2.5 

5.0 5.7 4.0 18.9 73.5 28.2 5.9 N/A 2.9 

6.0 5.7 4.0 19.7 69.6 26.6 6.6 N/A 3.3 

7.0 5.7 4.0 20.6 66.0 25.2 7.1 N/A 3.8 

North 

Carolina 

Surface 

3.0 5.8 4.0 17.3 82.6 33.0 5.5 3.0 3.2 

4.0 5.8 4.0 18.1 77.9 31.1 8.0 3.5 4.1 

5.0 5.8 4.0 19.0 73.6 29.7 10.4 4.0 5.0 

6.0 5.8 4.0 19.8 69.7 28.6 12.7 4.4 6.0 

7.0 5.8 4.0 20.7 66.1 27.7 14.8 4.9 6.9 

8.0 5.8 4.0 21.5 62.8 27.1 16.9 5.4 7.8 

North 

Carolina 

Intermediate 

3.0 4.6 4.0 13.6 77.9 14.1 1.9 0.0 1.9 

4.0 4.6 4.0 14.5 72.4 12.5 2.2 1.0 2.3 

5.0 4.6 4.0 15.4 67.5 11.0 2.6 1.7 2.7 

6.0 4.6 4.0 16.3 63.1 9.5 3.0 2.3 3.2 

7.0 4.6 4.0 17.2 59.2 8.1 3.4 2.9 3.6 

8.0 4.6 4.0 18.0 55.7 6.6 3.8 3.4 4.1 

Maryland 

3.0 4.6 4.0 13.6 78.0 14.8 2.2 2.0 0.8 

4.0 4.6 4.0 14.5 72.4 14.1 2.4 17.0 1.2 

5.0 4.6 4.0 15.4 67.5 13.5 2.5 32.3 1.6 

6.0 4.6 4.0 16.3 63.2 13.0 2.6 47.6 1.9 

7.0 4.6 4.0 17.2 59.3 12.5 2.8 63.2 2.3 

8.0 4.6 4.0 18.1 55.7 12.1 2.9 78.8 2.7 

 

 

 



   

205 

 

Table 6.12 Binder Content Sensitivity of IVRs to Predicted Performance 

Mixture  

In-Place 

Air Void 

Content 

(%)  

Binder 

Content 

(%)  

AV 

at 

Ndes 

(%)  

VMA IP 

(%)  

VFA IP 

(%)  

Predicted Performance 

Index 

Sapp 
RSI 

(%)  
FI  

Rut 

Depth 

(mm) 

Maine 

5.0 5.2 4.0 16.7 70.1 31.1 2.5 N/A N/A 

5.0 5.4 4.0 17.1 70.8 31.9 2.6 N/A N/A 

5.0 5.6 4.0 17.6 71.5 32.5 2.6 N/A N/A 

5.0 5.8 4.0 18.0 72.2 33.2 2.7 N/A N/A 

5.0 6.0 4.0 18.4 72.8 33.9 2.7 N/A N/A 

Ontario 

5.0 5.3 4.0 17.7 71.7 23.1 5.7 N/A 2.0 

5.0 5.5 4.0 18.1 72.4 25.1 5.8 N/A 2.3 

5.0 5.7 4.0 18.6 73.1 27.0 5.9 N/A 2.7 

5.0 5.9 4.0 19.0 73.7 28.9 6.0 N/A 3.0 

5.0 6.1 4.0 19.5 74.3 30.8 6.1 N/A 3.4 

North 

Carolina 

Surface 

7.0 5.1 4.0 19.3 63.7 22.0 14.4 3.8 5.6 

7.0 5.4 4.0 19.9 64.8 24.5 14.5 4.3 6.2 

7.0 5.7 4.0 20.5 65.8 26.9 14.8 4.8 6.7 

7.0 6.0 4.0 21.1 66.8 29.3 15.0 5.2 7.3 

7.0 6.5 4.0 22.0 68.2 33.1 15.4 6.0 8.2 

North 

Carolina 

Intermediate 

7.0 3.9 4.0 16.5 57.6 8.9 3.0 3.1 3.1 

7.0 4.3 4.0 17.4 59.7 7.8 3.5 2.8 3.7 

7.0 4.7 4.0 18.2 61.5 6.7 4.0 2.5 4.4 

7.0 5.1 4.0 19.0 63.2 5.6 4.5 2.2 5.0 

7.0 5.5 4.0 19.8 64.7 4.5 5.0 2.0 5.5 

Maryland 

5.5 4.2 4.0 21.6 74.5 14.7 2.1 78.8 3.8 

5.5 4.4 4.0 22.0 75.0 14.8 2.1 150.8 4.0 

5.5 4.6 4.0 22.4 75.4 14.9 2.1 165.9 4.1 

5.5 4.8 4.0 22.8 75.9 15.0 2.0 173.3 4.3 

5.5 5.0 4.0 23.2 76.3 15.1 2.0 180.8 4.4 
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Table 6.13 In-Place Air Void Content Sensitivity of PVRs to Predicted Performance 

Mixture  

In -

Place 

Air 

Void 

Content 

(%)  

Binder 

Content 

(%)  

AV 

at 

Ndes 

(%)  

VMA IP 

(%)  

VFA IP 

(%)  

Predicted  

Performance  

% damage 

AC rut 

depth 

(mm) 

Maine 

2.5 5.6 4.0 15.4 83.8 10.3 1.0 

3.5 5.6 4.0 16.3 78.5 11.2 1.1 

4.5 5.6 4.0 17.1 73.7 12.0 1.3 

5.5 5.6 4.0 18.0 69.5 12.8 1.4 

6.5 5.6 4.0 18.9 65.6 13.5 1.6 

7.5 5.6 4.0 19.7 62.0 14.2 1.7 

Ontario 

2.0 5.7 4.0 16.3 87.7 14.6 0.8 

3.0 5.7 4.0 17.2 82.5 15.2 0.9 

4.0 5.7 4.0 18.0 77.8 15.7 1.1 

5.0 5.7 4.0 18.9 73.5 16.2 1.2 

6.0 5.7 4.0 19.7 69.6 16.6 1.3 

7.0 5.7 4.0 20.6 66.0 17.0 1.4 

North 

Carolina 

Surface 

3.0 5.8 4.0 17.3 82.6 0.0 1.3 

4.0 5.8 4.0 18.1 77.9 0.0 1.9 

5.0 5.8 4.0 19.0 73.6 0.2 2.4 

6.0 5.8 4.0 19.8 69.7 0.4 2.9 

7.0 5.8 4.0 20.7 66.1 0.5 3.3 

8.0 5.8 4.0 21.5 62.8 0.6 3.8 

North 

Carolina 

Intermediate 

3.0 4.6 4.0 13.6 77.9 21.7 1.5 

4.0 4.6 4.0 14.5 72.4 22.6 1.9 

5.0 4.6 4.0 15.4 67.5 23.8 2.2 

6.0 4.6 4.0 16.3 63.1 25.1 2.5 

7.0 4.6 4.0 17.2 59.2 26.6 2.8 

8.0 4.6 4.0 18.0 55.7 28.2 3.0 

Maryland 

3.0 4.6 4.0 13.6 78.0 12.7 1.1 

4.0 4.6 4.0 14.5 72.4 12.8 1.2 

5.0 4.6 4.0 15.4 67.5 12.7 1.3 

6.0 4.6 4.0 16.3 63.2 12.4 1.4 

7.0 4.6 4.0 17.2 59.3 12.1 1.5 

8.0 4.6 4.0 18.1 55.7 11.6 1.6 
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Table 6.14 Binder Content Sensitivity of PVRs to Predicted Performance 

Mixture  

In -

Place 

Air 

Void 

Content 

(%)  

Binder 

Content 

(%)  

AV 

at 

Ndes 

(%)  

VMA IP 

(%)  

VFA IP 

(%)  

Predicted  

Performance  

% damage 

AC rut 

depth 

(mm) 

Maine 

5.0 5.2 4.0 16.7 70.1 12.3 1.3 

5.0 5.4 4.0 17.1 70.8 12.4 1.3 

5.0 5.6 4.0 17.6 71.5 12.4 1.4 

5.0 5.8 4.0 18.0 72.2 12.5 1.4 

5.0 6.0 4.0 18.4 72.8 12.5 1.4 

Ontario 

5.0 5.3 4.0 17.7 71.7 16.2 1.1 

5.0 5.5 4.0 18.1 72.4 16.2 1.1 

5.0 5.7 4.0 18.6 73.1 16.2 1.2 

5.0 5.9 4.0 19.0 73.7 16.2 1.2 

5.0 6.1 4.0 19.5 74.3 16.1 1.3 

North 

Carolina 

Surface 

7.0 5.1 4.0 19.3 63.7 1.4 3.4 

7.0 5.4 4.0 19.9 64.8 1.0 3.3 

7.0 5.7 4.0 20.5 65.8 0.6 3.3 

7.0 6.0 4.0 21.1 66.8 0.2 3.3 

7.0 6.5 4.0 22.0 68.2 0.0 3.3 

North 

Carolina 

Intermediate 

7.0 3.9 4.0 16.5 57.6 24.2 2.6 

7.0 4.3 4.0 17.4 59.7 27.3 2.8 

7.0 4.7 4.0 18.2 61.5 30.4 3.0 

7.0 5.1 4.0 19.0 63.2 33.3 3.2 

7.0 5.5 4.0 19.8 64.7 36.2 3.3 

Maryland 

5.5 4.2 4.0 21.6 74.5 2.3 0.9 

5.5 4.4 4.0 22.0 75.0 1.7 0.8 

5.5 4.6 4.0 22.4 75.4 1.0 0.8 

5.5 4.8 4.0 22.8 75.9 0.4 0.8 

5.5 5.0 4.0 23.2 76.3 0.0 0.7 
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6.3.1. Sapp and % damage 

Figure 6.2 and Figure 6.3 show the in-place air void content and binder content 

sensitivity results to Sapp index and % damage, respectively. With regard to the sensitivity of the 

in-place air void content to the Sapp index, the five mixtures showed similar sensitivity. Note that 

the sensitiveness of the sensitivity analysis is determined by the difference between the 

maximum and minimum of the measured performance index values within the four corners. The 

in-place air void contents showed reasonable trends with the Sapp index. With regard to the 

sensitivity of the binder content to the Sapp index, the North Carolina surface and Ontario mixture 

showed relatively high sensitivity. However, the North Carolina intermediate mixture showed 

the opposite trend. This phenomenon is explained in Chapter 6.4. 

The % damage increases as the in-place air void content increases, except for the 

Maryland case. The Maryland is surprising because the Maryland Sapp showed reasonable trends 

for both in-place air void content and binder content. The reason for this outcome is thought to 

be the weighted coefficient a of the Maryland % damage PVR. This issue is dealt with in 

Chapter 6.4. With regard to the sensitivity of the binder content to % damage, the Maine and 

North Carolina intermediate mixtures showed incorrect trends compared to the others. These 

issues are also addressed in Chapter 6.4. 
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Figure 6.2 In-place air void content sensitivity and binder content sensitivity to Sapp index. 

 
Figure 6.3 In-place air void content sensitivity and binder content sensitivity to % damage. 

6.3.2. RSI, AC rut depth, and rut depth 

Figure 6.4 and Figure 6.5 present plots of the change in predicted rutting performance 

indices and AC rut depth as a function of in-place air void content and binder content, 

respectively. With regard to the two rutting indices, the North Carolina surface mixtures had 

higher in-place air void content sensitivity. Except Maryland RSI, all the rutting indices showed 

reasonable trends with the in-place air void content and binder content. 

For the AC rut depth, the North Carolina surface mixture had higher in-place air void 

content sensitivity, but showed incorrect trend with the binder content. The Maryland case also 
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showed counterintuitive trends with the binder content. These issues are addressed in Chapter 

6.4. 

 

Figure 6.4 In-place air void content sensitivity and binder content sensitivity: (a), (b) RSI 

and (c), (d) rut depth. 
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Figure 6.5 In-place air void content sensitivity and binder content sensitivity to AC rut 

depth. 

6.3.3. FI and CT INDEX  

Figure 6.6 shows the in-place air void content and binder content sensitivity results to FI 

and CTINDEX. The two North Carolina mixtures showed similar sensitivity to the FI index in 
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counterintuitive trends with the binder content. This phenomenon is addressed in Chapter 6.4. 
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Figure 6.6 In-place air void content sensitivity and binder content sensitivity: (a), (b) FI 

and (c), (d) CTINDEX . 
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Table 6.15 Sign Conventions of IVRs for PMLC Mixtures and Performance Prediction 

Trends 

Case Per. 

Accordance with  

Ideal Sign Conventions 
In-Place Air 

Void Content 

Trend 

Binder 

Content Trend Coefficient 

a 

Coefficient 

b 

Maine Sapp Yes Yes Reasonable Reasonable 

Ontario Sapp Yes Yes Reasonable Reasonable 

NC Sur. Sapp Yes Yes Reasonable Reasonable 

NC Inter. Sapp Yes Yes Reasonable Unreasonable 

Maryland Sapp Yes Yes Reasonable Reasonable 

NC Sur. FI Yes Yes Reasonable Reasonable 

NC Inter. FI No Yes Reasonable Unreasonable 

Maryland CTINDEX Yes Yes Reasonable Reasonable 

Maine RSI Yes Yes Reasonable Reasonable 

Ontario RSI Yes Yes Reasonable Reasonable 

NC Sur. RSI Yes Yes Reasonable Reasonable 

NC Inter. RSI Yes Yes Reasonable Reasonable 

Maryland RSI No Yes Reasonable Unreasonable 

Ontario Rut depth Yes Yes Reasonable Reasonable 

NC Sur. Rut depth Yes Yes Reasonable Reasonable 

NC Inter. Rut depth Yes Yes Reasonable Reasonable 

Maryland Rut depth Yes Yes Reasonable Reasonable 

Maine % damage Yes Yes Reasonable Unreasonable 

Ontario % damage Yes Yes Reasonable Reasonable 

NC Sur. % damage Yes Yes Reasonable Reasonable 

NC Inter. % damage Yes No Reasonable Unreasonable 

Maryland % damage Yes Yes Unreasonable Reasonable 

Maine AC-RD Yes Yes Reasonable Reasonable 

Ontario AC-RD Yes Yes Reasonable Reasonable 

NC Sur. AC-RD Yes Yes Reasonable Unreasonable 

NC Inter. AC-RD Yes Yes Reasonable Reasonable 

Maryland AC-RD No Yes Reasonable Unreasonable 
Note: Per. is performance; AC-RD is AC rut depth; NC Sur. and NC Inter. are North Carolina surface and 

intermediate mixtures, respectively. 

 

6.4.1. North Carolina surface AC rut depth PVR 

The AC rut depth PVR of the North Carolina surface mix showed opposite trends with 

the binder content, as shown in Figure 6.5 (b). Although the PVRôs coefficient signs followed 

ideal sign conventions, as summarized in Table 6.12, the developed PVR resulted in a decreasing 
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trend of AC rut depth values as the binder content increases. Table 4.30 shows that all the PMLC 

mixturesô AC rut depth PVRs have the same signs for both coefficients. However, for the North 

Carolina surface case, coefficient b is significantly lower compared to the other cases. Because 

the VFAIP increases as the binder content increases, the relatively low coefficient b could cause 

lower predicted AC rut depths as the binder content increases. The reason for this issue may stem 

from the reversed AC rut depth simulation results from two corners of the four corners at the 

same target air void content (7.5%). Table 4.12 shows that Sample 3 has 0.3% higher binder 

content than Sample 7. However, Table 4.15 shows that the simulated AC rut depth value (3.6 

mm) for Sample 3 is lower than that (3.7 mm) for Sample 7. Although the difference in AC rut 

depth is only 0.1 mm, this difference nonetheless can affect the PVRôs calibration because most 

of the numerical values of the simulated AC rut depth are relatively lower than for the simulated 

% damage. Note that Table 4.12 shows that the RSI values of the two samples exhibit correct 

trends with the binder content. As the FlexPAVETM simulations use not only performance index 

values but also several other factors, i.e., pavement structure, climate, and traffic, the reason for 

the reversed trend is not easy to pinpoint. Thus, this investigation was focused on ways to 

improve this problem rather than on the difference between the performance index values and 

simulation results. 

6.4.2. Maine % damage PVR 

The % damage for the Maine PVR has an opposite trend with the binder content, even 

though the coefficient signs of the PVR meet the ideal sign conventions. The reason for the 

opposite trend is that the absolute value of coefficient a is too much higher than coefficient b, 

even with the right sign conventions. Because both the VMAIP and VFAIP increase as the binder 

content increases, the numerically higher positive value of coefficient a than coefficient b makes 
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the resultant % damage increase. This result may stem from the reversed trend between % 

damage and binder content at the same target air void contents of the four corners. Table 4.12 

shows that Sample 159352-A has a lower measured Sapp value than Sample 159361, and Sample 

159352-B has a lower measured Sapp value than Sample 159360. These measurements make 

sense because Sample 159352-A and 159352-B have lower binder contents than Sample 159361 

and 159360 at similar target air void contents, which are 7.5% and 2.5%, respectively. Note that 

the measured air void contents for both 159352-B (2.9%) and 159360 (2.5%) are similar, as 

shown in Table 4.8, even they have different target air void contents. Because of these 

reasonable trends, the Sapp IVR could have an intuitive trend in terms of binder sensitivity, as 

presented in Figure 6.3. However, Table 4.15 shows the reverse trends between simulated % 

damage and binder content of 159352-B and 159360. The simulated % damage of Sample 

159360 is higher than Sample 159352-B even though Sample 159360 has a higher binder content 

at the similar target air void content. Thus, the associated problem in terms of % damage of the 

PVR is thought to stem from this reversed trend. 

6.4.3. North Carolina intermediate Sapp IVR  

With regard to the Sapp of the North Carolina Intermediate mixture, the case shows the 

opposite trend with the binder content sensitivity analysis results shown in Figure 6.2 The reason 

for this opposite trend is the significantly different numerical values of between coefficients a 

and b. Coefficient a is much higher than coefficient b. This issue may be related to the opposite 

trend between the measured Sapp value and binder content at the same target air void (7.5%), as 

shown in Figure 4.13. In Figure 4.13, only the North Carolina intermediate mixture case shows a 

decreasing trend for the Sapp value as the binder content increases. In fact, the difference in Sapp 

values between the two samples is significant. The reason for this opposite trend may stem from 
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the issue of mixture samples, not solely from the binder content. The gradation also could be 

associated with this issue because the gradations of two mixture samples (Sample 3 and Sample 

6-2) were measured differently, as shown in Figure 6.7. The ó% passingô of the two gradations is 

similar up to 9.5 mm, but then began to deviate. At ó% passingô 4.75 mm, Sample 6ôs gradation 

is located close to the maximum density line, which indicates that the mixture is denser than 

Sample 3. Figure 2.2 (a) shows that the Sapp value increases as the mixture becomes denser. 

Thus, the measured Sapp value of Sample 6-B could be higher than that of Sample 3, even though 

Sample 6 has a lower binder content than Sample 3. 

 

Figure 6.7 Two measured gradations of North Carolina intermediate mixture case for 

Sample 3 and Sample 6. 

6.4.4. North Carolina intermediate % damage PVR 

The binder content sensitivity analysis results shown in Figure 6.3 (b) indicate that the 

PVR for the North Carolina intermediate mixture in terms of % damage is unable to reasonably 

predict performance. The predicted % damage increased as the binder content increased. Above 

all, the North Carolina intermediate mixture % damage PVR did not follow the ideal sign 
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conventions, as presented in Table 6.12. The reason for this phenomenon may be the same as for 

the North Carolina intermediate Sapp IVR discussed in Chapter 6.4.3. That is, because the 

meanings of Sapp and % damage are opposites, the reason would be the opposite as well. Chapter 

6.4.3 explained that the two North Carolina intermediate layer mixture samples (Sample 3 and 

Sample 6-2) have the same target air void content. Sample 3 has a higher binder content, but the 

simulated % damage of Sample 3 is higher than Sample 6-2. The reason for this outcome may be 

due to the gradation difference, as shown in Figure 6.7. Because of the difference in gradations, 

the relationship between the simulated % damage and in-place VFA of the four corners is 

weaker than for the other project cases, as shown in Figure 4.34 (h). 

6.4.5. North Carolina intermediate FI  IVR  

The North Carolina intermediate mixture FI IVR showed the opposite FI trends of binder 

content sensitivity. The FI IVR did not follow the ideal sign conventions, as shown in Table 

6.12. The reason for this IVR issue is thought to be the irrational test results between two corners 

at high air void content of the four corners. Table 4.21 shows that Sample RI19.0C-2-B and 

RI19.0C-5-B have the same measured FI values, but Sample RI19.0C-2-B has 1.4% higher 

VMA IP than Sample RI19.0C-5-B. Specifically, Sample RI19.0C-2-B has both a higher binder 

content and average measured test specimen air void content than Sample RI19.0C-5-B. 

Considering the difference in binder content and test specimen air void content, RI19.0C-2-B 

should have a higher FI value. Because these two samples have higher FI values than the other 

two corners at low air void content, the IVR could work, but lacks accuracy in terms of binder 

content sensitivity. 
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6.4.6. Maryland % damage PVR 

The Maryland % damage PVR was refined to address the opposite trend of the % 

damage predicted from the PVR in terms of in-place air void content sensitivity. Figure 6.3 (a) 

shows that the predicted % damage decreases when the in-place air void content increases. The 

reason for this phenomenon is thought to be the relationship between the simulated % damage 

and the volumetric conditions. Note that the Maryland case used the LMLC mixture with 

different gradations, binder contents, and air void contents at Ndes for the four corners, so it is not 

reasonable to compare two samples in terms of one factor to find a reason for the unreasonable 

trend. Figure 6.8 shows the simulated % damage and in-place volumetric conditions. Compared 

to the other cases, as shown in Figure 4.34, the relationship shown in Figure 6.8 (a) between 

simulated % damage and in-place VMA is significantly weaker. The relationship became worse 

compared to the Sapp values shown in Figure 5.13 (a) because the simulated % damage for the 

CALUW 97-33 condition was significantly low due to its high measured Sapp value. So, although 

the correlation between high Sapp values and low % damage is reasonable, the reason the 

simulated % damage of CALUW 97-33 is relatively low is difficult to pinpoint because the 

FlexPAVETM simulations use many environmental factors to yield the resultant % damage. 
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Figure 6.8 Relationship between simulated % damage and volumetric conditions of 

Maryland mixture case. 

6.4.7. Maryland RSI IVR and AC rut depth PVR  

The Maryland mixture RSI IVR and AC rut depth PVR showed the opposite trends of 

binder content sensitivity. Most of all, the coefficient a (VMA IP) of both prediction functions did 

not fall into the ideal sign conventions in Table 6.12. Because the VMAIP and VFAIP increase as 

the binder content increases, both negative signs of coefficient a and b lead to the decrease of the 

RSI and AC rut depth. To understand the phenomenon well, the IVR index was compared to the 

rut depth index from the HWT test. Figure 6.9 presents both rutting indices of four corners with 

the VMAIP. While the measured rut depth values from HWT test have a good linearity for both 

gradations, the linearity of the measured RSI values is relatively weak. There was an attempt by 

manipulating the data to decrease the lower RSI value of CALUW 120B from 2.2% to 1.5% for 

the stronger linearity with VMAIP, as shown in Figure 6.10. The PVR is developed using the 

manipulated RSI value, as shown in Table 6.16, and could see the coefficient a falls into the 

ideal sign conventions. This addresses the issue of the AC rut depth PVR as well. Therefore, the 

issue of both prediction functions stem from the weak linearity of the four corners with the 

VMA IP. 
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Figure 6.9 Linearity comparison of four corners to VMA IP: (a) RSI and (b) rut depth. 

 

Figure 6.10 Manipulated RSI value for stronger linearity.  

Table 6.16 Developed PVRs with Manipulated RSI Value 
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6.4.8. Summary 

Table 6.17 summarizes the investigated reasons for the sensitivity analysis issues of the 

developed performance prediction functions in terms of the in-place air void content or the 

binder content. 

Table 6.17 Reasons for Sensitivity Analysis Issues 

Prediction 

Function 
Issue with Reason 

AC rut depth PVR 

of North Carolina 

surface 

Binder content 

Reversed AC rut depth simulation results 

from two corners of the four corners at the 

same target air void content. 

% damage PVR 

of Maine 
Binder content 

Reversed trend between % damage and 

binder content at the same target air void 

contents of the four corners. 

Sapp IVR of North 

Carolina 

intermediate 

Binder content 

Opposite trend between the measured Sapp 

value and binder content at the same target 

air void content. 

% damage PVR 

of North Carolina 

intermediate 

Binder content 

Opposite trend between the simulated % 

damage value and binder content at the 

same target air void content. 

FI IVR of North 

Carolina 

intermediate 

Binder content 
Irrational test results between two corners 

at high air void content of the four corners. 

% damage PVR 

of Maryland 
In-place air void content 

Significantly weak relationship between 

simulated % damage and VMAIP. 

RSI IVR and AC 

rut depth PVR of 

Maryland 

Binder content 
Weak linearity between RSI and AC rut 

depth to VMA IP. 
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CHAPTER 7. IMPROVEMENT OF PERFORMANCE PREDICTION FUNCTIONS  

7.1. Introduction  

In the previous chapter, one lesson is that the developed prediction functions in the ideal 

sign conventions do not always guarantee the reasonable performance prediction from the in-

place air void content and binder content sensitivity analysis. This is due to the significant 

difference between the VMAIP and VFAIP coefficients, stemming from the reasonableness of the 

performance of the four corners. Thus, this chapter introduces the methodology to improve the 

prediction functions that have issues with sensitivity analysis results in terms of the in-place air 

void content and binder content. Table 7.1 presents a list of these problematic prediction 

functions. Except for the Maryland % damage case, all the prediction functions have issues with 

the binder content. 

Table 7.1 List of IVRs and PVRs with Issues 

Case Mixture  Index / Performance Issue with 

NC Surface PMLC AC rut depth Binder content sensitivity 

Maine PMLC % damage Binder content sensitivity 

NC Intermediate PMLC Sapp Binder content sensitivity 

NC Intermediate PMLC % damage Binder content sensitivity 

NC Intermediate PMLC FI Binder content sensitivity 

Maryland LMLC % damage Air void content sensitivity 

Maryland LMLC RSI Binder content sensitivity 

Maryland LMLC AC rut depth Binder content sensitivity 

 

7.2. Improvement Method 

The initial prediction functions for all cases were developed using the regression function 

of Microsoft Excel with the measured performances and volumetric parameters of the four 

corners. Therefore, the reasonableness of the prediction functions is directly related to the 

precision and accuracy of the measured performance and volumetric properties. The volumetric 

properties and performance characteristics of mixtures at the four corners carry uncertainties due 



   

223 

 

to component material variability and experimental errors. If the difference in volumetric 

properties and performance characteristics are not large enough to overcome the uncertainties at 

the four corners, the resulting prediction functions can yield unreasonable trends in terms of 

mixture factors. In addition, the developed functions are in the format of the best regression 

results. Because the best regression results do not consider the reasonableness of the functionôs 

logic, the prediction functions may not always yield rational trends in terms of the factors, i.e., 

binder content and in-place air void content. This chapter describes attempts to refine the 

coefficients of the developed prediction functions using the Solver function of Microsoft Excel 

with several constraints to overcome these issues.  

The basic idea is to enforce the coefficients a, b, and intercept values of the developed 

prediction functions to make the functions have reasonable sensitivity analysis trends for both in-

place air void content and binder content using constraints in the Solver function. The objective 

of the Solver function is set as the average % Error between measured and predicted 

performance of four corners and minimizes the objective (average % Error) by changing the 

coefficient a, b, and intercept with the constraints. There are two different types of constraints 

that are used. The first constraint type is the slope values of the predicted performance and in-

place air void content and the predicted performance and binder contents, as shown in Chapter 

6.3. The second constraint type is the R2 value of each slope. 

From previous chapters, there are reasonable predicted performance trends in terms of the 

in-place air void content and binder content were investigated. For the Sapp index, the index 

values are expected to increase as the binder content increase or the in-place air void content 

decreases. For the % damage, the damage values are expected to increase as the binder content 

decreases or the in-place air void content increases. For the FI, CTINDEX, and rutting 
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performances, the values are expected to increase as the binder content increases or the in-place 

air void increases. Thus, the slope constraints between the predicted performance and the in-

place air void content or the binder content are forced to follow the corresponding reasonable 

trends. 

Next, the linearity of relationship between the performance and the binder content was 

investigated. Since the relationship between the performance and in-place air void content was 

found to be linear from the measured performances through Figure 4.11, Figure 4.12, Figure 

4.17, and Figure 4.18, the relationship between the performance and binder content should be 

investigated to see whether or not the relationship is linear. There was a study conducted by the 

FHWA (FHWA 2021) regarding the performance evaluation for the 21 volumetric conditions 

consisting of different gradations, binder contents, and target in-place air void contents. From the 

study, the linear relationships between the fatigue and rutting performances with the binder 

contents at the same gradation and in-place air void content were found, as shown in Figure 7.1.  

 

Figure 7.1 Linear relationships between performance and binder content: (a) % damage 

and binder content and (b) AC rut depth and binder content. 
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with reasonable sensitivity trends in terms of both in-place air void content and binder content 

will change slightly due to the slope constraints, the eight cases that are described in Chapter 6.4 

were employed to determine reasonable R2 values. Note that the Maryland RSI IVR and AC rut 

depth PVR were not included in this analysis due to the offset effect. R2 values ranging from 0.6 

to 0.95 were tried, and the prediction accuracy of both the four corners and verification samples 

were calculated. Because a strong linear relationship is preferred, the starting value of R2 was set 

as ó> = 0.6ô. Note that the North Carolina FI IVR case was not included because the R2 value of 

the issued sensitivity trend of the IVR became higher than 0.95 when the R2 constraint was set as 

ó> = 0.6ô. Thus, the prediction accuracy of the North Carolina FI IVR did not change when 

inputting different R2 values.  

Figure 7.2 presents the shapes of the curves for the sensitivity analysis results for the five 

cases when the R2 constraints are changed from 0.6 to 0.95. Table 7.2 presents a summary of the 

curve shapes and % Error for the four corners and verification samples for the five cases. The 

five cases have parabolic-shaped curves until R2 is ó> = 0.8ô. However, the parabolic-shaped 

curves become linear once the R2 value is ó> = 0.9ô. Given the validity of the performance 

prediction function, the parabolic-shaped curves in the sensitivity analysis results are hard to 

accept. Thus, 0.9 and 0.95 are considered as acceptable R2 values. However, when comparing the 

sums of the % Error values at R2 ó> = 0.9ô and ó> = 0.95ô, the sum of the % Error values when R2 

is ó> = 0.95ô is the same or less than R2 is ó> = 0.9ô. Thus, the R2 of ó> = 0.95ô is selected as the 

R2 constraint for the slopes of both the binder content and in-place air void content. 
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Figure 7.2 Curve shapes of sensitivity analysis results with different R2 constraints. 
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Table 7.2 Prediction Accuracy with Multiple R2 Values of Sensitivity Slopes 

Case R2 ó> = 0.6ô ó> = 0.7ô ó> = 0.8ô ó> = 0.9ô 
ó> =  

0.95ô 

Maine 

% damage 

Curve Shape Parabolic Parabolic Parabolic Linear Linear 

% Error,  

Four Corners 
2.0 2.0 2.0 2.0 2.1 

% Error,  

Verification 
9.2 9.2 9.2 9.2 9.1 

Sum of % Error 11.2 11.2 11.2 11.2 11.2 

NC Surface 

AC rut depth 

Curve Shape Parabolic Parabolic Parabolic Linear Linear 

% Error,  

Four Corners 
2.5 2.5 2.5 2.5 2.5 

% Error,  

Verification 
36.4 36.4 37.7 36.5 36.4 

Sum of % Error 38.9 38.9 40.2 39 38.9 

NC 

Intermediate 

Sapp 

Curve Shape Parabolic Parabolic Parabolic Linear Linear 

% Error,  

Four Corners 
10.8 8.8 8.8 8.8 9.0 

% Error,  

Verification 
14.8 13.5 18.2 18.8 18.6 

Sum of % Error 25.6 22.3 27 27.6 27.6 

NC 

Intermediate 

% damage 

Curve Shape Parabolic Parabolic Parabolic Linear Linear 

% Error,  

Four Corners 
9.1 9.2 9.3 8.9 9.2 

% Error,  

Verification 
6.9 6.7 6.9 10.5 9 

Sum of % Error 16 15.9 16.2 19.4 18.2 

Maryland 

% damage 

Curve Shape Parabolic Parabolic Parabolic Linear Linear 

% Error,  

Four Corners 
7.3 7.3 7.1 7.1 6.9 

% Error,  

Verification 
6.6 6.5 7 6 5.9 

Sum of % Error 13.9 13.8 14.1 13.1 12.8 

 

  Table 7.3 summarizes the constraints for the Solver function to improve the developed 

prediction functions. 
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Table 7.3 Four Constraints for Performance 

Performance Constraints 

Sapp 

Sensitivity slope with in-place air void content < = 0 

R2 of sensitivity slope with in-place air void content > = 0.95 

Sensitivity slope with binder content > =0 

R2 of sensitivity slope with binder content > = 0.95 

% damage 

Sensitivity slope with in-place air void content > =0 

R2 of sensitivity slope with in-place air void content > = 0.95 

Sensitivity slope with binder content < = 0 

R2 of sensitivity slope with binder content > = 0.95 

FI, CTINDEX, 

and Rutting 

Sensitivity slope with in-place air void content > =0 

R2 of sensitivity slope with in-place air void content > = 0.95 

Sensitivity slope with binder content > =0 

R2 of sensitivity slope with binder content > = 0.95 

 

7.3. Improv ed Performance Prediction Functions 

The initially developed prediction functions are improved using the constraints specified 

in Table 7.3. Table 7.4 summarizes the coefficients of the improved prediction functions in terms 

of the performance types. The coefficients a and b of all improved functions follow the ideal sign 

conventions. For the Sapp IVR, the ideal sign can be either positive or negative for the coefficient 

a (VMA IP coefficient) and positive for the coefficient b (VFA IP coefficient). For the rutting and 

FI (CTINDEX) IVR, the ideal sign is positive for the coefficient a and either positive and negative 

for the coefficient b. The initial prediction functions with reasonable sensitivity analysis trends 

for both in-place air void and binder contents slightly differ from the initial functions. Note that 

the ó47ô conditions of the Maryland case were used to develop RSI IVR and AC rut depth PVR. 
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Table 7.4 Coefficients of the Improved Prediction Functions 

Case Mixture  Performance a b d 

Maine PMLC Sapp 0.870 0.436 -14.072 

Ontario PMLC Sapp 2.797 1.031 -100.739 

NC Surface PMLC Sapp 2.738 0.823 -82.950 

NC Intermediate PMLC Sapp -0.418 0.337 -4.950 

Maryland LMLC Sapp 0.030 0.127 3.791 

Maine PMLC RSI 0.167 -0.028 1.740 

Ontario PMLC RSI 0.278 -0.078 6.024 

NC Surface PMLC RSI 0.968 -0.367 18.948 

NC Intermediate PMLC RSI 0.466 0.039 -7.320 

Maryland LMLC RSI 0.067 -0.012 2.216 

NC Surface PMLC FI 0.775 0.035 -13.255 

NC Intermediate PMLC FI 0.480 -0.027 -3.787 

Maryland LMLC CTINDEX 8.573 -0.076 -103.385 

Ontario PMLC Rut depth 0.718 0.044 -13.933 

NC Surface PMLC Rut depth 0.207 -0.084 4.715 

NC Intermediate PMLC Rut depth 0.619 0.039 -9.400 

Maryland LMLC Rut depth 0.377 -0.008 -3.621 

Maine PMLC % damage 0.126 -0.143 20.455 

Ontario PMLC % damage 0.080 -0.100 21.709 

NC Surface PMLC % damage -0.407 -0.133 17.674 

NC Intermediate PMLC % damage 0.406 -0.327 36.174 

Maryland LMLC % damage -0.764 -0.240 39.716 

Maine PMLC AC rut depth 0.061 -0.020 1.700 

Ontario PMLC AC rut depth 0.125 -0.004 -0.866 

NC Surface PMLC AC rut depth 0.942 -0.025 -10.874 

NC Intermediate PMLC AC rut depth 0.252 -0.015 -0.476 

Maryland LMLC AC rut depth 0.069 -0.014 1.052 

 

7.3.1. Sensitivity analysis of prediction functions 

The sensitivity analysis in terms of the in-place air void content the binder content was 

conducted using the improved prediction functions for all cases using the same method as 

described in Chapter 6.3. Figure 7.3 and Figure 7.4 present the predicted performance with the 

in-place air void content and binder content, respectively. The improved prediction functions 

have reasonable trends with both in-place air void content and binder content for all cases. Note 

that the increasing FI (CTINDEX) trend as the in-place air void content increases is considered to 
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be a reasonable trend because it is the actual trend of the FI (CTINDEX) index with respect to the 

air void content. Table 7.5 and Table 7.6 summarize the absolute number change of the slope for 

all cases from initial to improved prediction functions in terms of the in-place air void sensitivity 

and binder content sensitivity, respectively. Although it is hard to compare the slope change from 

initial and improved functions due to the different numerical scale for each individual 

performance index and simulated performance, the overall sensitivity for both factors did not 

significantly change except for the cases that the sign of slope is changed with improved 

prediction function. Most of the cases showed less than 0.4 of the absolute slope change except 

for the binder sensitivity of % damage PVR of Maryland. This is because the coefficients a of % 

damage PVR is somewhat changed due to the sign of slope of the air void sensitivity was 

changed. For the CTINDEX, the absolute slope changes are 7.39 for the in-place air void content 

and 20.77 for the binder content. However, these numbers are not significant if  the numerical 

scale of the CTINDEX values are considered, as shown in Table 5.21 and Table 5.22. 
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Figure 7.3 In-place air void content sensitivity of improved prediction functions: (a) Sapp, 

(b) RSI (c) FI/CT INDEX , (d) Rut depth, (e) % damage, and (f) AC rut depth. 
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Figure 7.4 Binder content sensitivity of improved prediction functions: (a) Sapp, (b) RSI (c) 

FI /CT INDEX , (d) Rut depth, (e) % damage, and (f) AC rut depth. 
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Table 7.5 Absolute Number of Slope Change of In-Place Air Void Content Sensitivity from 

Initial to Improved Prediction Functions 

Case Sapp RSI 
FI  

(CT INDEX ) 

Rut 

Depth 

% 

damage 

AC rut 

depth 

Maine 0.06 0.01 N/A N/A 0.06 0.00 

Ontario 0.02 0.08 N/A 0.00 0.01 0.00 

NC surface 0.24 0.01 0.04 0.03 0.01 0.02 

NC intermediate 0.38 0.13 0.02 0.04 0.51 0.01 

Maryland (CTINDEX) 0.01 0.02 7.39 0.00 0.61 0.05 

 

Table 7.6 Absolute Number of Slope Change of Binder Content Sensitivity from Initial to 

Improved Prediction Functions 

Case Sapp RSI 
FI  

(CT INDEX ) 

Rut 

Depth 

% 

damage 

AC rut 

depth 

Maine 0.07 0.00 N/A N/A 0.46 0.00 

Ontario 0.02 0.06 N/A 0.00 0.01 0.00 

NC surface 0.13 0.01 0.11 0.05 0.01 0.18 

NC intermediate 3.41 0.14 1.56 0.06 8.11 0.01 

Maryland (CTINDEX) 0.05 0.23 20.77 0.00 1.23 0.25 

 

7.3.2. Verification of improved prediction functions 

The prediction accuracy of the improved prediction functions is verified using the same 

methods applied for the initial prediction functions. Figure 7.5 through Figure 7.10 present the 

verification results of the improved prediction functions. Table 7.7 to Table 7.10 show the 

measured and predicted performance values with the percentage of error between the 

measurement and prediction. 
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Figure 7.5 Measured and predicted Sapp values from improved IVRs: (a) Maine, (b) 

Ontario, (c) North Carolina surface, (d) North Carolina intermediate, and (e) Maryland. 

0

10

20

30

40

50

60

0 10 20 30 40 50 60

P
re

d
ic

te
d

 S a
p
p
fr

o
m

 I
V

R

Measured Sapp

Four Corners

Verification

Line of Equality

(a)

0

10

20

30

40

50

60

0 10 20 30 40 50 60

P
re

d
ic

te
d

 S a
p
p
fr

o
m

 I
V

R

Measured Sapp

Four Corners

Verification

Line of Equality

(b)

0

10

20

30

40

50

0 10 20 30 40 50

P
re

d
ic

te
d

 S a
p
p
fr

o
m

 I
V

R

Measured Sapp

Four Corners

Verification

Line of Equality

(c)

0

5

10

15

20

25

0 5 10 15 20 25

P
re

d
ic

te
d

 S a
p
p
fr

o
m

 I
V

R

Measured Sapp

Four Corners

Verification

Line of Equality

(d)

5

10

15

20

5 10 15 20

P
re

d
ic

te
d

 S a
p
p
fr

o
m

 I
V

R

Measured Sapp

Four Corners
Verification
Line of Equality

(e)



   

235 

 

 

Figure 7.6 Measured and predicted RSI values from improved IVRs: (a) Maine, (b) 

Ontario, (c) North Carolina surface, (d) North Carolina intermediate, and (e) Maryland. 
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Figure 7.7 Measured and predicted FI (CTINDEX ) values from improved IVRs: (a) North 

Carolina surface, (b) North Carolina intermediate, and (c) Maryland. 
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Figure 7.8 Measured and predicted Rut depth values from improved IVRs: (a) Ontario, (b) 

North Carolina surface, (c) North Carolina intermediate, and (d) Maryland. 
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Figure 7.9 Simulated and predicted % damage values from improved PVRs: (a) Maine, (b) 

Ontario, (c) North Carolina surface, (d) North Carolina intermediate, and (e) Maryland.  

0

5

10

15

20

0 5 10 15 20

P
re

d
ic

te
d

 %
 d

a
m

a
g

ef
ro

m
 P

V
R

Simulated% damage

Four Corners

Verification

Line of Equality

(a)

10

12

14

16

18

20

10 12 14 16 18 20

P
re

d
ic

te
d

 %
 d

a
m

a
g

ef
ro

m
 P

V
R

Simulated% damage

Four Corners

Verification

Line of Equality

(b)

0

0.5

1

1.5

2

2.5

3

0 0.5 1 1.5 2 2.5 3

P
re

d
ic

te
d

 %
 d

a
m

a
g

ef
ro

m
 P

V
R

Simulated% damage

Four Corners

Verification

Line of Equality

(c)

10

15

20

25

30

10 15 20 25 30

P
re

d
ic

te
d

 %
 d

a
m

a
g

ef
ro

m
 P

V
R

Simulated% damage

Four Corners

Verification

Line of Equality

(d)

0

5

10

15

20

25

0 5 10 15 20 25

P
re

d
ic

te
d

 %
 d

a
m

a
g

ef
ro

m
 I
V

R

Simulated % damage

Four Corners
Verification
Line of Equality

(e)



   

239 

 

 
Figure 7.10 Simulated and predicted AC rut depth values from improved PVRs: (a) Maine, 

(b) Ontario, (c) North Carolina surface, (d) North Carolina intermediate, and (e) 

Maryland.  
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Table 7.7 Measured and Predicted Sapp and RSI values from Improved IVRs 

Case 
Sample 

ID 
Use 

Sapp RSI (%) 

Meas. Pred. 
% 

Error  
Meas. Pred. 

%  

Error  

ME 

52A FC 27.7 27.2 1.7 3.1 3.1 1.2 

52B FC 32.2 32.6 1.2 1.9 1.9 2.1 

60 FC 36.3 36.1 0.6 1.9 1.9 0.0 

61 FC 30.1 30.1 0.0 3.3 3.3 0.4 

Average 0.9 Average 0.9 

53 Ver. 33.7 32.0 5.0 2.3 2.2 6.1 

54A Ver. 22.7 32.8 44.1 2.5 2.7 5.9 

54B Ver. 30.2 31.5 4.4 2.9 2.9 0.4 

55 Ver. 28.6 34.8 21.6 1.8 1.7 6.2 

58 Ver. 42.1 31.5 25.2 2.4 2.3 2.8 

62 Ver. 36.8 31.5 14.4 2.8 2.9 3.1 

Average 19.1 Average 4.1 

ON 

5-2 FC 25.5 26.2 2.7 6.5 6.5 0.1 

5-6 FC 37.3 36.2 2.7 4.4 4.0 11.1 

5-7 FC 33.4 33.4 0.0 4.0 4.0 0.0 

5-10 FC 25.0 23.7 5.1 8.1 7.0 13.7 

Average 2.6 Average 6.2 

5-1A Ver. 34.4 31.3 8.9 5.3 4.8 9.1 

5-1B Ver. 36.6 32.8 10.4 N/A N/A N/A 

5-8 Ver. 33.3 29.5 11.4 4.3 5.2 21.2 

Average 10.2 Average 15.1 

NC 

Surf. 

1 FC 28.4 28.4 0.0 2.5 2.5 0.0 

3 FC 23.5 24.9 6.1 16.2 16.2 0.3 

7 FC 22.7 22.4 1.4 15.9 15.6 1.8 

10 FC 30.4 28.5 6.4 6.8 6.3 7.2 

Average 3.5 Average 2.3 

2 Ver. 21.3 20.1 5.4 24.6 17.1 30.6 

4 Ver. 28.8 24.2 16.1 7.5 10.9 45.5 

9 Ver. 26.6 25.7 3.3 6.1 9.3 51.1 

Average 8.3 Average 42.4 

NC 

Inter. 

 

2 FC 13.1 12.9 2.1 1.7 2.3 36.5 

3 FC 6.9 7.0 0.1 4.1 3.0 26.3 

6-A FC 16.5 16.5 0.0 1.0 1.0 0.0 

6-B FC 10.6 7.0 33.4 2.3 2.2 3.3 

Average 8.9 Average 16.5 

1 Ver. 10.9 14.2 30.7 1.2 1.9 60.0 

4 Ver. 9.4 8.6 8.8 2.1 2.6 19.0 

5 Ver. 11.3 9.1 19.1 2.7 2.2 19.0 

Average 19.6 Average 32.7 
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Table 7.7 (continued) 

MD 

97-33 FC 15.9 14.3 10.6 1.8 2.3 23.8 

97-57 (47) FC 11.9 11.9 0.0 2.8 2.7 3.1 

120B-33 FC 14.5 14.5 0.3 2.2 2.2 1.0 

120B-57 (47) FC 12.9 11.7 9.2 2.6 2.6 0.0 

Average 5.0 Average 7.0 

29 Ver. 14.5 13.0 10.5 4.8 2.6 45.0 

30 Ver. 12.5 12.9 3.0 4.9 2.6 46.1 

32 Ver. 13.9 13.1 6.2 2.9 2.6 9.7 

34 Ver. 11.7 12.4 6.8 4.0 2.6 34.4 

38 Ver. 13.0 12.9 1.2 3.4 2.6 24.6 

29B Ver. 13.4 12.7 5.3 3.4 2.5 26.6 

30B Ver. 11.5 11.1 3.5 6.8 2.9 57.1 

34B Ver. 12.3 11.6 5.1 4.1 2.7 35.2 

Average 5.2 Average 34.8 
Note: ME is Maine; ON is Ontario; NC Sur. is North Carolina surface; NC Inter. is North Carolina intermediate; FC 

is four corners; Veri. is verification; Meas. is measured performance index; Pred. is predicted from IVR. 
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Table 7.8 Measured and Predicted FI (CTINDEX ) values from Improved IVRs 

Case 
Sample 

ID 
Use 

FI (CT INDEX ) 

Meas. Pred. 
% 

Error  

NC 

Surf. 

1-A FC 1.4 1.4 0.0 

2-B FC 3.6 3.5 1.2 

9-B FC 4.2 4.4 5.2 

10-A FC 2.3 2.1 10.5 

Average 4.2 

1-B Ver. 2.8 4.0 43.0 

2-A Ver. 4.4 4.2 5.7 

4-A Ver. 3.3 3.6 7.7 

4-B Ver. 3.3 4.2 26.3 

9-A Ver. 3.1 3.2 2.3 

10-B Ver. 2.9 3.0 1.9 

Average 14.5 

NC 

Inter. 

 

1-A FC 0.9 0.9 0.0 

2-A FC 1.3 1.4 4.1 

2-B FC 3.1 3.1 0.0 

5-B FC 3.1 2.4 21.5 

Average 6.4 

1-B Ver. 2.4 2.5 3.9 

4-A Ver. 2.5 2.4 4.7 

4-B Ver. 2.6 2.7 6.6 

5-A Ver. 2.4 2.0 16.8 

6-A Ver. 2.3 1.6 31.7 

Average 12.7 

MD 

97-33 FC 27.2 28.1 3.2 

97-57 FC 87.1 40.1 54.0 

120B-33 FC 34.1 15.6 54.1 

120B-57 FC 33.4 33.4 0.0 

Average 27.8 

29 Ver. 109.6 30.3 72.4 

30 Ver. 225.7 59.8 73.5 

32 Ver. 71.5 36.1 49.5 

33 Ver. 219.4 58.1 73.5 

34 Ver. 181.9 40.2 77.9 

38 Ver. 217.1 62.0 71.4 

Average 69.7 
Note: ME is Maine; ON is Ontario; NC Sur. is North Carolina surface; NC Inter. is North Carolina intermediate; FC 

is four corners; Veri. is verification; Meas. is measured performance index; Pred. is predicted from IVR. 

 



   

243 

 

Table 7.9 Measured and Predicted Rut depth Values from Improved IVRs 

Case 
Sample 

ID 
Use 

Rut depth (mm) 

Meas. Pred. 
% 

Error  

ON 

5-2 FC 4.2 3.9 6.0 

5-6-B FC 1.8 1.8 0.0 

5-7 FC 3.6 3.8 2.8 

5-10-A FC 1.8 1.6 11.1 

Average 5.0 

5-1-A Ver. 4.2 3.8 8.9 

5-1-B Ver. 3.0 2.4 21.5 

5-6-A Ver. 4.0 3.8 6.1 

5-8-A Ver. 3.7 3.8 2.5 

5-8-B Ver. 2.5 2.6 4.4 

5-10-B Ver. 3.3 2.9 12.1 

Average 9.2 

NC 

Surf. 

1-A FC 1.4 1.4 0.0 

2-B FC 5.4 5.5 2.5 

3-A FC 7.0 6.9 1.3 

10-A FC 2.0 2.3 17.4 

Average 5.3 

1-B Ver. 4.3 6.0 40.7 

7-B Ver. 6.0 6.0 0.1 

9-A Ver. 4.6 4.1 11.2 

10-B Ver. 7.8 6.7 14.2 

10-C Ver. 3.4 3.6 6.0 

2-A (S) Ver. 17.8 6.7 62.4 

3-B (S) Ver. 12.8 6.5 49.0 

4-A (S) Ver. 10.6 4.7 55.6 

4-B (S) Ver. 12.2 5.8 52.7 

7-A (S) Ver. 12.5 6.4 49.0 

9-B (S) Ver. 12.5 6.5 48.0 

Average (with stripping) 35.3 

Average (without stripping) 14.4 

NC 

Inter. 

 

2-A FC 2.3 2.5 7.3 

2-B FC 3.8 3.7 5.0 

6-A FC 1.3 1.3 0.0 

6-B FC 2.5 2.5 2.7 

Average 3.8 

1-A Ver. 1.6 1.9 24.2 

1-B Ver. 2.8 3.1 11.7 

3-A Ver. 4.0 3.6 11.0 

3-B Ver. 4.4 3.4 22.3 

4-A Ver. 2.2 2.9 31.8 
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Table 7.9 (continued) 

NC 

Inter. 

4-B Ver. 3.2 3.3 3.3 

5-A Ver. 2.2 2.2 0.3 

5-B Ver. 3.3 2.8 15.7 

6-C Ver. 2.6 2.3 10.8 

Average 14.6 

MD 

97-33 FC 1.5 1.7 10.1 

97-57 FC 2.6 2.6 1.5 

120B-33 FC 1.0 1.0 0.0 

120B-57 FC 2.2 2.3 4.9 

Average 4.1 

29 Ver. 3.7 1.8 50.9 

30 Ver. 9.2 3.4 62.9 

32 Ver. 4.3 2.3 46.6 

33 Ver. 7.4 3.1 57.9 

34 Ver. 4.6 2.3 50.9 

38 Ver. 8.4 3.6 56.7 

Average 54.3 
Note: ME is Maine; ON is Ontario; NC Sur. is North Carolina surface; NC Inter. is North Carolina intermediate; FC 

is four corners; Veri. is verification; Meas. is measured performance index; Pred. is predicted from IVR. 
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Table 7.10 Simulated and Predicted % damage and AC rut depth Values from Improved 

PVRs 

Case 
Sample 

ID 
Use 

% damage AC rut depth (mm) 

Meas. Pred. 
% 

Error  
Meas. Pred. 

%  

Error  

ME 

52A FC 14.2 14.2 0.0 1.7 1.7 0.1 

52B FC 10.2 10.9 7.1 1.0 1.1 1.9 

60 FC 10.5 10.4 1.2 1.0 1.0 0.0 

61 FC 14.1 14.1 0.1 1.7 1.7 1.3 

Average 2.1 Average 0.8 

53 Ver. 12.6 12.0 4.3 1.3 1.2 10.3 

54A Ver. 14.0 12.1 13.1 1.2 1.4 12.0 

54B Ver. 11.3 13.0 14.5 1.5 1.5 1.9 

55 Ver. 10.8 10.1 5.8 0.9 0.9 2.1 

58 Ver. 11.0 12.3 11.5 1.3 1.2 7.0 

62 Ver. 12.2 13.0 6.8 1.6 1.5 6.6 

Average 9.3 Average 6.7 

ON 

5-2 FC 16.2 16.6 2.8 1.4 1.4 1.2 

5-6 FC 15.0 14.3 4.5 0.9 0.9 5.4 

5-7 FC 14.6 14.6 0.0 0.8 0.8 0.0 

5-10 FC 17.9 17.0 4.8 1.6 1.5 5.7 

Average 3.0 Average 3.1 

5-1A Ver. 15.1 15.2 0.7 1.0 1.0 2.3 

5-1B Ver. 16.1 14.9 7.3 N/A N/A N/A 

5-8 Ver. 15.2 15.6 2.3 0.9 1.1 22.8 

Average 3.5 Average 12.6 

NC 

Surf. 

1 FC 0.3 0.3 0.0 0.7 0.7 0.0 

3 FC 0.9 1.0 8.3 3.6 3.8 4.1 

7 FC 1.4 1.4 2.1 3.7 3.7 1.5 

10 FC 0.4 0.3 28.1 1.7 1.6 8.9 

Average 9.6 Average 3.6 

2 Ver. 1.1 1.8 66.6 5.4 4.0 26.2 

4 Ver. 0.6 1.0 81.6 1.9 2.6 37.0 

9 Ver. 0.7 0.8 15.9 1.6 2.2 43.5 

Average 54.7 Average 35.6 

NC 

Inter. 

 

2 FC 22.7 18.9 16.7 1.6 2.2 35.1 

3 FC 25.8 24.6 4.7 3.3 3.1 4.8 

6-A FC 15.3 15.3 0.0 1.1 1.1 0.0 

6-B FC 21.2 24.5 15.5 2.4 2.7 13.1 

Average 9.2 Average 13.3 

1 Ver. 20.3 17.6 13.5 1.2 1.9 56.5 

4 Ver. 22.2 23.1 3.8 2.1 2.7 29.9 

5 Ver. 20.6 22.5 9.5 2.3 2.4 2.9 

Average 9.0 Average 29.7 
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Table 7.10 (continued) 

MD 

97-33 FC 8.2 8.6 5.0 0.9 0.9 3.8 

97-57 (47) FC 11.8 11.7 0.5 1.4 1.4 0.0 

120B-33 FC 12.3 9.4 22.9 1.0 0.9 18.8 

120B-57 (47) FC 13.7 13.7 0.0 1.5 1.4 8.3 

Average 7.1 Average 7.7 

29 Ver. 11.3 11.4 1.2 2.2 1.4 37.5 

30 Ver. 12.2 11.4 6.5 2.3 1.4 41.8 

32 Ver. 10.8 10.9 0.8 1.6 1.3 14.3 

34 Ver. 12.2 12.4 2.0 2.0 1.3 32.6 

38 Ver. 12.0 11.7 2.4 1.8 1.3 30.7 

29B Ver. 12.1 11.6 3.7 1.6 1.2 24.0 

30B Ver. 15.1 12.2 18.8 3.1 1.7 46.0 

34B Ver. 14.4 12.9 10.5 2.1 1.4 34.1 

Average 5.7 Average 32.6 
Note: ME is Maine; ON is Ontario; NC Sur. is North Carolina surface; NC Inter. is North Carolina intermediate; FC 

is four corners; Veri. is verification; Meas. is measured performance index; Pred. is predicted from PVR. 

Overall, the prediction accuracy of the improved prediction functions does not differ 

from the initial functions as can be seen from Table 7.11. Table 7.11 compares the % Error 

between the initial and improved prediction functions for each case and shows the change of % 

Error of improved functions compared to the initial functions. The negative change of % Error 

means that the prediction accuracy is enhanced from initial to improved functions. The positive 

change of % Error means the prediction accuracy is decreased from initial to improved functions. 

The negative and positive changes of % Error are shaded with blue and red colors in Table 7.11 

to aid the visual comparison, respectively. By applying the improved functions, % Error is 

improved 15 out of 18 cases for four corners and 13 out of 18 cases for the verification samples. 
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Table 7.11 % Error Comparison of Initial and Improved Prediction Functions  

Case Performance 

% Error of  

Initial 

Functions 

% Error of  

Improved 

Functions 

Change of % Error  

FC Veri . FC Veri . FC Veri . 

Maine 

Sapp 0.9 19.1 0.9 19.1 0 0 

RSI 1 4.4 0.9 4.1 -0.1 -0.3 

FI N/A N/A N/A N/A N/A N/A 

Rut depth N/A N/A N/A N/A N/A N/A 

% damage 1.9 10 2.1 9.3 0.2 -0.7 

AC rut depth 0.9 6.9 0.8 6.7 -0.1 -0.2 

Ontario 

Sapp 2.7 9 2.6 10.2 -0.1 1.2 

RSI 6.6 16.5 6.2 15.1 -0.4 -1.4 

FI N/A N/A N/A N/A N/A N/A 

Rut depth 5 8.6 5 9.2 0 0.6 

% damage 3.1 4.1 3 3.5 -0.1 -0.6 

AC rut depth 3.2 13.2 3.1 12.6 -0.1 -0.6 

NC 

Surface 

Sapp 3.9 8.7 3.5 8.3 -0.4 -0.4 

RSI 3.7 44 2.3 42.4 -1.4 -1.6 

FI 5.4 13.6 4.2 14.5 -1.2 0.9 

Rut depth 6.4 14.2 5.3 14.4 -1.1 0.2 

% damage 13.1 55.7 9.6 54.7 -3.5 -1 

AC rut depth 6.1 36.9 3.6 35.6 -2.5 -1.3 

NC Inter. 

Sapp 6.8 12.3 8.9 19.6 2.1 7.3 

RSI 26.1 34.3 16.5 32.7 -9.6 -1.6 

FI 4.4 17.2 6.4 12.7 2 -4.5 

Rut depth 5.1 14.1 3.8 14.6 -1.3 0.5 

% damage 1.4 4.8 9.2 9 7.8 4.2 

AC rut depth 14.6 22.3 13.3 29.7 -1.3 7.4 

Maryland 

Sapp 5.3 4.4 5 5.2 -0.3 0.8 

RSI 5 53 7 34.8 2 -18.2 

CTINDEX 46 50 27.8 69.7 -18.2 19.7 

Rut depth 4.6 55.2 4.1 54.3 -0.5 -0.9 

% damage 8.1 9.3 7.1 5.7 -1 -3.6 

AC rut depth 2.8 26.4 7.7 32.6 4.9 6.2 
Note: NC Inter. is North Carolina intermediate; FC is four corners; Veri. is verification. 

For the North Carolina intermediate mixture, one of the four corners of Sapp and FI is 

slightly off from the line of equality. For the FI index, the % Error of the verification samples is 

decreased as compensation. However, the % Error of Sapp index verification samples is increased. 

This indicates that the initially developed Sapp IVR from the regression has the best prediction 
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accuracy. The effort enforcing the initial Sapp IVR to have reasonable sensitivity trends with the 

binder content and in-place air void content led to the 7.3% lowered prediction accuracy but it 

still could predict the verification samplesô performance reasonably well. Since the Solver 

function is used to polish the prediction functions to have reasonableness rather than increasing 

the prediction accuracy, the extra performance tests are recommended for this case to enhance 

the reasonableness of the four corners at the testing stage, as explained in Chapter 6.4.3. The 

prediction accuracy of the North Carolina intermediate % damage is also 4.2% decreased due to 

the same reason of the Sapp IVR case because the Sapp and the % damage are related. The 

verification samplesô prediction results are still acceptable, but the four cornersô calibration 

accuracy became worse. Note that the % damage is generated from the many integrated factors 

from FlexPAVETM simulation. For the Maryland mixture, one of the four corners of % damage 

is off from the line of equality. To compensate for it, one of the verification samples that was off 

from the line of equality from the initial function moved closer to the line of equality. Lastly, the 

improved functions could not increase the prediction accuracy for the RSI, CTINDEX, and Rut 

depth of the Maryland case. 

 

7.4. Summary 

The initial prediction functions exhibited the best regression results only between the 

volumetric parameters and the performance results of the four corners; the initial functions 

occasionally had opposite sensitivity analysis trends with the in-place air void content or the 

binder content due to the contradictory test results at the four corners, i.e., higher measured Sapp 

values of the mixture sample with less binder content at the sample air void content. However, 

the initial functions could be improved using the Solver function in Microsoft Excel with the 

constraints to induce the prediction function to have reasonable trends with both in-place air void 
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content and binder content. By doing so, 83% of % Error of the four corners and 72% of % Error 

of the verification samples are enhanced from the initial prediction functions and all the 

improved functions could have reasonable prediction ability for both factors.  

The improved % damage PVR for the North Carolina intermediate mixture case lost 

prediction accuracy due to counterintuitive test results generated from the Sapp index and 

integrated simulation results with many factors from FlexPAVETM within the four corners. For 

this case, extra performance tests are recommended to enhance the reasonableness within the 

four corners. The initial prediction functions that did not have good prediction accuracy due to 

the offset effect between in-place air void content and binder content at two different gradations 

described in Chapter 5.7.1 and fundamental difference between PMLC and LMLC could not be 

remarkedly improved by the Solver function. 

Lastly, the correlations between coefficient a and b obtained from both the initial and 

improved functions were compared. Figure 7.11 shows that no relationships were found for both 

coefficients for all the performance results. 
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Figure 7.11 Correlations between coefficients a and b for all performance results. 

7.5. Step-by-Step Procedure for IVR/PVR Development  

This Chapter 7.5 describes the step-by-step procedure used to develop the IVR/PVR 

functions using the Solver function. 

1. Develop the prediction functions (IVR and PVR) using the four corners in-place 

volumetric conditions and measured performance test results via linear regression. 

2. Obtain coefficients a and b and intercept values from the linear regression. 
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3. Calculate the % Error between the measured and predicted pavement performance 

(either performance index for IVR and simulated performance for PVR) of the four 

corners and average the % Error values. 

4. Conduct sensitivity analysis of the predicted pavement performance in terms of 

binder content and in-place air void content. The sensitivity analysis shows the 

change of predicted performance when binder content or in-place air void content 

change while the other factors are fixed. For example, the VMA IP and VFAIP values 

change (use Equations (1.4) and (1.5)) when in-place air void content changes, while 

the other factors for the calculation of VMAIP and VFAIP remain the same. Set the in-

place air void content range, i.e., 3% to 8% with a 1% interval. For the reasonable 

range of in-place air void content, the agencyôs quality management system is 

recommended to refer. Then, the changed VMA IP and VFAIP values with the 1% 

interval of the in-place air void content are input into the developed prediction 

function in Step 1 to predict the corresponding performances. Obtain the slope of the 

linear function between the predicted performance values and in-place air void 

contents using the Excel command, use ó=Slope(Column of Predicted performance, 

Column of Sensitivity factor)ô. Repeat the same analysis for the binder content to see 

the binder content sensitivity to the performance and obtain the slope of linear 

function between the predicted performance values and binder contents (use 

Equations (1.3), (1.5), (4.8), and (4.9)). 

5. Obtain the R2 values for in-place air void content and binder content from the 

sensitivity analysis conducted in Step 4. For the Excel command, use ó=RSQ(Column 
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of Predicted performance, Column of Sensitivity factor)ô. Now, two R2 values are 

obtained. 

6. Open the Solver function in Microsoft Excel and assign a cell of the average % Error 

calculated in Step 3 as the objective. The cell for the average % Error should be 

linked to coefficients a and b and the intercept obtained from the initial performance 

function developed in Step 2. 

7. Minimize the objective by clicking óMinô in the Solver function. 

8. Select the coefficients a and b and intercept values obtained in Step 2 for the óBy 

Changing Variable Cellsô in the Solver function. 

9. Add the two slopes obtained from Step 5 and select a reasonable equality sign for 

each slope. See Table 7.3 for the reasonable equality sign for each performance index 

and performance test result. 

10. Add the two R2 values of the two slopes obtained from Step 6 and select the equality 

sign as ó> = numerical numberô. For the numerical, 0.95 is recommended based on 

the information presented in Chapter 7.2. 
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CHAPTER 8. EVALUATION OF CONSTRUCTION VARIABILITY  

8.1. Int roduction 

This chapter discusses the performance predictions of field paving projects using the 

developed prediction functions. The in-place volumetric parameters were calculated from 

measured QA data by the relevant agency and then input to the developed functions to predict 

the field performance. 

8.2. In -place volumetric parameters 

The in-place volumetric parameters were calculated using Equations (1.4) and (1.5). 

Table 8.1 presents the QA measurements and calculated in-place volumetric parameters. 

Table 8.1 Calculated In-Place Volumetric Parameters 

Field 

Project 

Sample 

ID 

Binder 

Content 

(%)  

Air 

Void 

(%) 

at Ndes 

VMA 

(%) 

at Ndes 

In -Place 

Air 

Void 

(%)  

In -

Place 

VMA  

(%)  

In-

Place 

VFA 

(%)  

Maine 

159352 5.3 4.7 15.5 3.5 14.5 75.8 

159353 5.5 4.5 16.4 4.0 16.0 75.0 

159354 5.7 3.5 16.2 6.9 19.1 64.0 

159355 5.2 4.4 15.9 5.4 16.8 67.8 

159356 5.3 4.7 16.3 5.1 16.6 69.3 

159357 5.5 4.3 16.5 4.7 16.9 72.1 

159358 5.3 4.6 16.4 4.6 16.4 71.9 

159359 5.5 4.3 16.1 3.2 15.1 78.8 

159360 5.9 3.9 16.8 7.5 19.9 62.4 

159361 5.9 4.7 17.3 7.1 19.4 63.3 

159362 5.8 4.4 17.0 5.2 18.1 68.6 

Ontario 

5-1 5.9 1.6 16.2 3.9 18.1 78.4 

5-2 5.9 1.9 16.4 4.0 18.2 78.1 

5-3 6.2 2.1 17.4 3.8 18.9 80.1 

5-4 6.0 1.8 16.8 3.4 18.2 81.0 

5-5 5.6 1.9 16.0 3.1 17.0 82.1 

5-6 5.8 1.5 16.2 4.7 18.9 75.4 

5-7 5.7 2.2 16.5 4.3 18.3 76.2 

5-8 5.8 2.9 17.2 4.3 18.4 76.3 

5-9 5.8 3.9 17.8 4.9 18.8 73.6 

5-10 5.7 2.3 16.4 5.1 18.8 72.9 
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Table 8.1 (continued) 

North 

Carolina 

Surface 

RS9.5-1 5.8 2.6 15.5 6.8 19.2 64.5 

RS9.5-2 5.6 1.7 14.3 8.5 20.2 57.9 

RS9.5-3 6.1 2.3 15.9 6.5 19.5 66.7 

RS9.5-4 5.9 2.4 15.5 5.8 18.5 68.6 

RS9.5-5 6.0 2.7 16.1 5.7 18.6 69.4 

RS9.5-6 5.9 2.2 15.4 7.5 20.0 62.5 

RS9.5-7 5.8 2.9 15.8 8.8 20.9 57.9 

RS9.5-8 6.2 2.4 16.2 6.5 19.8 67.1 

RS9.5-9 6.0 2.6 15.9 4.9 17.9 72.7 

RS9.5-10 6.1 2.5 16.1 5.2 18.4 71.7 

North 

Carolina 

Intermediate 

RI19.0-1 4.6 3.9 13.9 3.8 13.8 72.5 

RI19.0-2 4.8 3.1 13.6 4.9 15.2 67.8 

RI19.0-3 4.7 2.7 13.0 4.3 14.4 70.2 

RI19.0-4 4.6 3.8 13.7 6.3 15.9 60.5 

RI19.0-5 4.5 3.5 13.2 5.7 15.2 62.4 

RI19.0-6 4.1 4.7 13.5 5.7 14.4 60.4 

RI19.0-7 4.6 3.4 13.3 7.7 17.2 55.2 

Maryland 

410027 4.6 4.8 15.7 7.3 17.9 59.3 

410028 4.4 5.3 15.3 6.6 16.5 60.0 

410029 4.6 4.5 15.1 5.2 15.7 67.0 

410030 4.5 5.1 15.8 9.1 19.4 52.7 

410031 4.6 3.8 14.6 7.1 17.5 59.5 

410032 4.7 3.9 15.1 6.2 17.1 63.7 

410033 4.6 3.6 14.6 9.8 20.1 51.1 

410034 4.5 4.3 14.4 7.2 17.0 57.5 

410037 4.6 4.0 14.2 8.0 17.8 54.8 

410038 4.5 4.2 14.7 10.8 20.6 47.3 

  

8.3. Field paving project performance predicted by IVR s 

The performance of field projects was predicted using the developed IVRs shown in 

Table 4.23, Table 5.24, and Table 5.29. Note that the ó47ô conditions were used for the RSI and 

AC rut depth of the Maryland case. Specifically, the pavement performance of the Maine, 

Ontario, and North Carolina field projects were predicted using the IVRs presented in Table 4.23 

and the Maryland project used the IVRs presented in Table 5.24 and Table 5.29. Table 8.2 is a 

summary of the predicted performance of all the projects with the binder contents and in-place 

air void contents.  
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Table 8.2 Predicted Performance of Field Projects Using IVRs 

Field 

Project 

Sample 

ID 

Binder 

Content 

(%)  

In-Place 

Air Void  

(%)  

Predicted Performance 

Sapp 
RSI 

(%)  

FI  

(Maryland:  

CTINDEX) 

Rut 

Depth 

(mm) 

Maine 

159352 5.3 3.5 31.6 2.0 N/A N/A 

159353 5.5 4.0 32.6 2.3 N/A N/A 

159354 5.7 6.9 30.5 3.1 N/A N/A 

159355 5.2 5.4 30.1 2.6 N/A N/A 

159356 5.3 5.1 30.7 2.5 N/A N/A 

159357 5.5 4.7 32.1 2.5 N/A N/A 

159358 5.3 4.6 31.5 2.4 N/A N/A 

159359 5.5 3.2 33.5 2.0 N/A N/A 

159360 5.9 7.5 30.5 3.3 N/A N/A 

159361 5.9 7.1 30.4 3.2 N/A N/A 

159362 5.8 5.2 31.6 2.8 N/A N/A 

Ontario 

 

5-1 5.9 3.9 30.8 4.9 N/A 2.5 

5-2 5.9 4.0 30.8 5.0 N/A 2.6 

5-3 6.2 3.8 34.7 5.0 N/A 3.1 

5-4 6.0 3.4 33.6 4.7 N/A 2.6 

5-5 5.6 3.1 31.5 4.3 N/A 1.8 

5-6 5.8 4.7 29.9 5.4 N/A 2.9 

5-7 5.7 4.3 29.0 5.1 N/A 2.5 

5-8 5.8 4.3 29.4 5.2 N/A 2.6 

5-9 5.8 4.9 27.6 5.5 N/A 2.7 

5-10 5.7 5.1 27.2 5.5 N/A 2.8 

North 

Carolina 

Surface 

RS9.5-1 5.8 6.8 22.6 13.8 3.9 5.5 

RS9.5-2 5.6 8.5 20.0 17.2 4.4 6.7 

RS9.5-3 6.1 6.5 25.4 13.3 4.2 5.8 

RS9.5-4 5.9 5.8 24.2 11.6 3.5 4.8 

RS9.5-5 6.0 5.7 25.2 11.5 3.6 4.9 

RS9.5-6 5.9 7.5 23.2 15.3 4.4 6.4 

RS9.5-7 5.8 8.8 22.0 17.9 5.0 7.4 

RS9.5-8 6.2 6.5 26.4 13.4 4.4 6.0 

RS9.5-9 6.0 4.9 26.0 9.6 3.2 4.2 

RS9.5-10 6.1 5.2 26.5 10.4 3.5 4.6 

North 

Carolina 

Intermediate 

RI19.0-1 4.6 3.8 13.7 1.9 0.9 2.0 

RI19.0-2 4.8 4.9 11.6 2.4 1.7 2.7 

RI19.0-3 4.7 4.3 12.7 2.1 1.3 2.3 

RI19.0-4 4.6 6.3 8.8 2.4 2.3 2.8 

RI19.0-5 4.5 5.7 9.8 2.2 1.8 2.4 

RI19.0-6 4.1 5.7 9.4 1.7 1.5 1.9 

RI19.0-7 4.6 7.7 6.5 2.8 3.0 3.4 



   

256 

 

Table 8.2 (continued) 

Maryland 

410027 4.6 7.3 11.9 2.7 45.5 2.6 

410028 4.4 6.6 13.5 2.6 33.1 2.1 

410029 4.6 5.2 12.3 2.5 26.4 1.7 

410030 4.5 9.1 10.5 2.9 58.6 3.2 

410031 4.6 7.1 11.4 2.7 42.2 2.5 

410032 4.7 6.2 11.9 2.6 38.6 2.3 

410033 4.6 9.8 10.3 2.9 64.6 3.5 

410034 4.5 7.2 11.1 2.7 37.8 2.3 

410037 4.6 8.0 10.8 2.7 45.0 2.6 

410038 4.5 10.8 9.8 3.0 69.4 3.7 

 

Figure 8.1 to Figure 8.8 plot the predicted performance indices with the in-place air void 

contents and in-place binder contents for each performance index. Note that the left y-axis is in-

place air void content or binder content and right y-axis presents the predicted performance index 

values.  

Generally, the predicted Sapp index values show opposite trends with the in-place air void 

contents. In other words, the pavement fatigue performance can be predicted better when the 

pavement has undergone a better compaction effort. These trends make sense and emphasize the 

importance of pavement compaction. The prediction trends of the two IVRs do not look 

significantly different. For the North Carolina intermediate mixture, the predicted Sapp values 

from the initial and improved IVRs are relatively different from the other cases. The improved 

IVR showed more reasonable prediction results at sample 19-6 because the improved IVR has a 

reasonable trend with the binder content. The predicted Sapp value slightly decreases at sample 6 

when the binder content is decreased from sample 19-5 to sample 19-6, as shown in Figure 8.5, 

at the same in-place air void content. In contrast, the initial IVR predicts that the Sapp value 

increases at sample 19-6 compared to sample 19-5. 
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Figure 8.1 Predicted Sapp values with in-place air void contents: (a) Maine, (b) Ontario, (c) 

North Carolina surface, (d) North Carolina intermediate, and (e) Maryland mixtures. 

Figure 8.2 presents plots of the predicted rutting performance in terms of the RSI values 

of all the fields with the in-place air void contents. The predicted field rutting performance shows 

the same trends with the air void contents. These trends are intuitive because mixtures with a 

higher in-place air void content are more susceptible to rutting; thus, the mixture samples with 

higher in-place air void contents show higher RSI values. This observation once again highlights 
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the importance of the compaction efforts, similar to the Sapp index results. The prediction trends 

of the two IVRs do not show a significant difference. 

 
Figure 8.2 Predicted RSI values with in-place air void contents: (a) Maine, (b) Ontario, (c) 

North Carolina surface, (d) North Carolina intermediate, and (e) Maryland mixtures. 

Figure 8.3 presents the predicted field fatigue performance in terms of FI values (CTINDEX 

for the Maryland mixture) with in-place air void contents. The predicted FI (CTINDEX) values 

correlate well with the in-place air void contents. This trend means that the pavementôs fatigue 
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resistance improves when the in-place air void content increases, which is opposite to the 

common understanding of the effect of air voids on pavement cracking. Therefore, it can be 

concluded that the IVR concept works well with the FI (CTINDEX), but a fundamental problem is 

evident when using the FI (CTINDEX) to capture the effect of in-place density on cracking. The 

prediction trends of the two IVRs are generally similar, but the North Carolina intermediate case 

shows the more reasonable prediction results from the improved IVR. The predicted FI value 

decreases at sample 6 due to a decrease of the binder content at sample 19-6, as shown in Figure 

8.7, while the initial IVR predicts an increase of FI at sample 19-6. 

 

Figure 8.3 Predicted FI (CTINDEX ) values with in-place air void contents: (a) North 

Carolina surface, (b) North Carolina intermediate, and (c) Maryland mixtures. 

Figure 8.4 shows the predicted pavement rutting performance in terms of rut depth index 

values with in-place air void contents. The general trends for the predicted pavement rutting 
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performance using the rut depth index values are similar to the RSI trends shown in Figure 8.2. 

The pavement rutting resistance improves when the in-place air void content decreases. This 

trend makes sense. The two IVRs do not show a significant difference in the predicted 

performance trends. 

 

Figure 8.4 Predicted Rut depth values with in-place air void contents: (a) Ontario, (b) 

North Carolina surface, (c) North Carolina intermediate, and (d) Maryland mixtures. 

To see the effect of the in-place binder content on field pavement performance, the 

predicted field performance in terms of the Sapp index values was plotted with the in-place binder 

contents, as shown in Figure 8.5. Generally, the predicted fatigue performance has a similar trend 

with the binder content. The predicted Sapp values increase and decrease as the binder content 
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that sample 159354 has a high in-place air void content, as shown in Figure 8.1. Because the 

range of the binder content throughout the mixture samples is notably narrower than the range of 

in-place air void contents for all field projects, as shown in Chapter 3.4, the predicted field 

fatigue performance is heavily driven by the in-place air void contents. As earlier mentioned, the 

improved IVR of the North Carolina intermediate case shows reasonable predicted Sapp values 

compared to the initial IVR. 
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Figure 8.5 Predicted Sapp values with in-place binder contents: (a) Maine, (b) Ontario, (c) 

North Carolina surface, (d) North Carolina intermediate, and (e) Maryland mixtures. 

Figure 8.6 presents the predicted rutting performance regarding RSI values with the in-

place binder contents. The predicted field rutting performance typically exhibits similar trends 

with the in-place binder content. The field rutting performance can be predicted better when the 

in-place binder contents are lower. For the North Carolina surface mixture project, some points 

have high predicted RSI values (samples 9.5-2, 9.5-7) even though these samples have low 
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binder contents. The reason for this outcome is that the in-place air void contents of these 

samples are significantly higher than for the other samples, as shown in Figure 8.2. Therefore, 

the effect of in-place air void content is stronger than the effect of in-place binder content on the 

pavementôs rutting performance due to the narrower range of the in-place binder contents 

compared to that of the in-place air void contents for all field projects. The two IVRs do not 

show a significant difference in the predicted performance trends. 



   

264 

 

 
Figure 8.6 Predicted RSI values with in-place binder contents: (a) Maine, (b) Ontario, (c) 

North Carolina surface, (d) North Carolina intermediate, and (e) Maryland mixtures. 

Figure 8.7 presents the predicted fatigue performance in terms of FI and CTINDEX values 

plotted with the in-place binder contents. Some mixture samples for each project show similar 

trends between the in-place binder contents and predicted FI values, but others did not because 

the predicted FI values are driven by the in-place air void content, as shown in Figure 8.3. Thus, 

the in-place binder contents somehow affect the predicted FI values, but most of the predicted FI 
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values were determined by the in-place air void contents. As described earlier for the predicted 

FI and CTINDEX values, the North Carolina intermediate case shows the more reasonable 

prediction results from the improved IVR at sample 19-6. 

 
Figure 8.7 Predicted FI (CTINDEX ) values with in-place binder contents: (a) North Carolina 

surface, (b) North Carolina intermediate, and (c) Maryland mixtures. 

Lastly, Figure 8.8 presents the field rutting performance in terms of AC rut depth values 

plotted with the in-place binder contents. The predicted RSI values show similar trends with the 

variation in in-place binder contents, except for the two samples of the North Carolina surface 

mixture project (9.5-2 and 9.5-7). As described earlier for the predicted RSI values, the in-place 

air void contents of these two samples are relatively higher than the others, which resulted in the 

higher RSI values of these two samples even though they have relatively low binder contents. 

The two IVRs do not show a significant difference in the predicted performance trends. 
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Figure 8.8 Predicted Rut depth values with in-place binder contents: (a) Ontario, (b) North 

Carolina surface, (c) North Carolina intermediate, and (d) Maryland mixtures. 

8.4. Field paving project performance predicted by PVRs 

Next, the performance of the field projects was predicted using the developed PVRs 

described in Table 4.30 and Table 5.30. Table 8.3 is a summary of the predicted pavement 

performance of all the projects with the binder contents and in-place air void contents. Note that 

the ó47ô conditions are used for the AC rut depth prediction of the Maryland project. 
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Table 8.3 Predicted Performance of Field Projects Using PVRs 

Field 

Project 

Sample 

ID 

Binder 

Content 

(%)  

In -Place 

Air Void  

(%)  

Predicted 

% damage 

AC  

rut depth 

(mm) 

Maine 

159352 5.3 3.5 11.4 1.1 

159353 5.5 4.0 11.7 1.2 

159354 5.7 6.9 13.7 1.6 

159355 5.2 5.4 12.9 1.4 

159356 5.3 5.1 12.6 1.4 

159357 5.5 4.7 12.2 1.3 

159358 5.3 4.6 12.2 1.3 

159359 5.5 3.2 11.1 1.1 

159360 5.9 7.5 14.0 1.7 

159361 5.9 7.1 13.8 1.6 

159362 5.8 5.2 12.9 1.5 

Ontario 

5-1 5.9 3.9 15.4 1.0 

5-2 5.9 4.0 15.4 1.1 

5-3 6.2 3.8 15.2 1.1 

5-4 6.0 3.4 15.1 1.0 

5-5 5.6 3.1 14.9 0.9 

5-6 5.8 4.7 15.7 1.2 

5-7 5.7 4.3 15.6 1.1 

5-8 5.8 4.3 15.6 1.1 

5-9 5.8 4.9 15.9 1.1 

5-10 5.7 5.1 16.0 1.2 

North 

Carolina 

Surface 

 

RS9.5-1 5.8 6.8 1.3 3.2 

RS9.5-2 5.6 8.5 1.8 4.0 

RS9.5-3 6.1 6.5 0.9 3.1 

RS9.5-4 5.9 5.8 1.0 2.8 

RS9.5-5 6.0 5.7 0.9 2.7 

RS9.5-6 5.9 7.5 1.3 3.6 

RS9.5-7 5.8 8.8 1.5 4.2 

RS9.5-8 6.2 6.5 0.7 3.2 

RS9.5-9 6.0 4.9 0.7 2.3 

RS9.5-10 6.1 5.2 0.7 2.5 

North 

Carolina 

Intermediate 

RI19.0-1 4.6 3.8 18.0 1.9 

RI19.0-2 4.8 4.9 20.2 2.3 

RI19.0-3 4.7 4.3 19.0 2.1 

RI19.0-4 4.6 6.3 22.8 2.6 

RI19.0-5 4.5 5.7 21.9 2.4 

RI19.0-6 4.1 5.7 22.2 2.2 

RI19.0-7 4.6 7.7 25.1 3.0 
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Table 8.3 (continued) 

Maryland 

410027 4.6 7.3 11.8 1.4 

410028 4.4 6.6 12.7 1.3 

410029 4.6 5.2 11.6 1.2 

410030 4.5 9.1 12.2 1.6 

410031 4.6 7.1 12.0 1.4 

410032 4.7 6.2 11.3 1.3 

410033 4.6 9.8 12.1 1.7 

410034 4.5 7.2 12.9 1.4 

410037 4.6 8.0 12.9 1.5 

410038 4.5 10.8 12.6 1.8 

 

Figure 8.9 shows the predicted % damage with the in-place air void contents for each 

field paving project. The general trends of % damage follow the changes in in-place air void 

content. The two PVRs do not show significant differences in the predicted performance trends, 

except for the Maryland case. The improved PVR of the Maryland case shows a more reasonable 

trend with the in-place air void content compared to the initial PVR. Since the improved PVR 

has an intuitive trend with the in-place air void content sensitivity, the predicted % damage at 

sample 410030 is increased with the increase of the in-place air void content. The predicted % 

damage at 410034 increases as the in-place air void content decreases due to the significant 

decrease of binder content at sample 410034. 
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Figure 8.9 Predicted % damage values with in-place air void contents: (a) Maine, (b) 

Ontario, (c) North Carolina surface, (d) North Carolina intermediate, and (e) Maryland 

mixtures. 

Figure 8.10 presents the predicted AC rut depth values with the in-place air void 

contents; all cases show reasonable trends with the in-place air void contents. The two PVRs did 

not show a significant difference in performance trends. 
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Figure 8.10 Predicted AC rut depth (mm) values with in-place air void contents: (a) Maine, 

(b) Ontario, (c) North Carolina surface, (d) North Carolina intermediate, and (e) Maryland 

mixtures. 

8.5. Summary 

Overall, the predicted performance from improved prediction functions with air void 

contents is reasonable for all cases. As the in-place air void content increases, the predicted field 

performance becomes worse for both fatigue and rutting, except in the case of the FI and 
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CTINDEX due to its inherent problem of representing the effect of the air void content on cracking. 

The IVRs are not inferior to the PVR in terms of their ability to predict performance. However, 

the field predicted performance has a relatively weaker correlation with in-place binder content 

because the in-place air void content has a significantly greater impact on performance 

prediction. One lesson learned from these results is that pavement should be rigorously 

compacted to produce better performance. 

With this context, because all the predicted field performance results showed reasonable 

trends with the in-place air void contents, Table 8.4 shows the minimum and maximum values of 

the in-place air void contents and the percentage difference of the corresponding predicted 

performance to see the construction-level variability and its impact on pavement performance. 

Note that the RSI, CTINDEX, rut depth, and AC rut depth of the Maryland case are excluded 

because the functions were not verified due to the offset effect and fundamental difference 

between the LMLC and PMLC. The percentage difference between the minimum and maximum 

in-place air void contents for all the projects is greater than 45%, indicating significantly high 

construction-level variability. Since the Ontario case shows the least percentage difference for 

the in-place air void content, it shows the minimum percentage difference for all performances, 

except for the Sapp index. For the Sapp index, the minimum percentage difference is found at the 

Maine case because the Maine Sapp IVR is not sensitive to the volumetric parameters due to the 

use of modified binder, as explained in Chapter 4.7.3. The average percentage differences of all 

predicted performances are higher than 30% due to the in-place air void difference in a same 

project. 
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Table 8.4 Minimum and Maxmimum Air Void Content s and Predicted Performance 

Field  

Project 

Materials 

for four 

corners 

In-Place  

Air Void Content 
% Difference of Predicted Performance 

Min. Max. 
% 

Diff . 
Sapp FI 

RSI 

(%) 

Rut 

depth 

% 

dam. 

AC 

RD 

Maine PMLC 3.2 7.5 80.4 10.5 N/A 49.0 N/A 23.6 44.5 

Ontario PMLC 3.1 5.1 48.8 24.1 N/A 24.9 50.6 6.8 26.4 

NC Sur. PMLC 4.9 8.8 56.9 27.8 44.0 60.4 55.4 89.9 57.5 

NC Inter. PMLC 3.8 7.7 67.8 71.6 107.0 48.3 57.6 32.6 45.8 

Maryland LMLC 5.2 10.8 70.0 31.8 N/A N/A N/A 13.4 N/A 

Average 64.8 33.2 75.5 45.7 54.5 33.3 43.6 
Note: NC Sur. is North Carolina Surface; NC Inter. is North Carolina intermediate; Min. is minimum; Max. is 

maximum; % Diff. is percentage difference; % dam. is percentage of damage, and AC RD is AC rut depth. 

Overall, the predicted field performance was directly affected by the variability of 

construction-level efforts. The binder content effect was relatively less than the in-place air void 

content effect due to the small range of change. This outcome indicates that plant producers 

control the binder content of mixtures reasonably well, but the agency should pay attention to in-

place density. 
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CHAPTER 9. SUMMARY AND CONCLUSIONS  

This dissertation mainly focuses on the investigation of variability that occurred during 

the field paving projects and describes methods to predict the pavement performances using 

functions so-called index-volumetrics relationship (IVR) and performance-volumetrics 

relationship (PVR) using plant-mixed and lab-compacted (PMLC) and lab-mixed and lab-

compacted (LMLC) mixtures. 

Several field paving projects (Maine, Ontario, North Carolina, and Maryland) were 

employed for this study. The mixture-level and construction-level variability were found in 

actual field paving projects, and the two types of mixtures (PMLC for Maine, Ontario, and North 

Carolina, and both LMLC and PMLC for Maryland) were acquired from the projects. For the 

mixture-level variability, three components i.e., air void at Ndes, binder content, and gradation 

were closely correlated. The construction-level variability (in-place air void content) showed the 

highest COV for most cases compared to the mixture-level variability.  

The IVRs were developed for BMD+ testing (cyclic fatigue test and stress sweep rutting 

test) and BMD testing (I-FIT, IDEAL-CT, and HWT) and PVRs were developed for BMD+ 

testing for both PMLC and LMLC mixtures. Most PMLC IVRs and PVRs could predict the 

pavement performance well, but LMLC IDEAL-CT IVR, both RSI and HWT rut depth IVRs, 

and AC rut depth PVR could not predict the reasonable pavement performances due to the offset 

effect within the four corners and fundamental difference between LMLC and PMLC. The 

initially predicted functions developed from the regression showed reasonable trends with the in-

place air void content rather than the binder content because the performance of the mixture 

samples was not sometimes reasonable with the different binder content at the same target air 

void within the four corners. Therefore, the initial prediction functions are improved by the 
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Solver function with four constraints. By doing so, all the improved functions could have 

reasonable sensitivity trends with both factors and maintained prediction accuracy, except for the 

Sapp and % damage of the North Carolina Intermediate case due to the counterintuitive trend 

within the four corners. Although the extra performance tests may improve the counterintuitive 

trend within the four corners for better prediction accuracy, it was not executed because the 

mixtures have been stored almost three years. 

Finally, the pavement performance of field projects was predicted using both initial and 

improved prediction functions. The predicted performances from improved functions showed 

reasonable trends with the in-place air void content and binder content, but obviously, the impact 

of the in-place air void content seemed higher. 

Based on the verified IVRs and PVRs, the importance of the construction-level 

variability is emphasized to the pavement performance. Compared to the mixture-level 

variability, the relatively higher construction-level variability can cause significantly inconsistent 

pavement performance more than 30% difference in the same project. The agency is 

recommended to pay more attention to the pavement density when paving to enhance the 

pavement performance. 

The following summarizes the conclusions of this dissertation: 

¶ From QA measurements by the relevant agencies, the air void content at the Ndes is 

closely related to the binder content and gradation. The consistency of the binder content 

and gradation of a mix seems to be key factors to minimize mixture-level variability. 

¶ The in-place air void content has the highest COV compared to the mixture-level 

variability for all cases except the Ontario case. This indicates that the construction-level 

variability is more varied than the mixture-level variability in most cases. 



   

275 

 

¶ The Sapp, RSI, and HWT Rut depth index showed reasonable air void and binder content 

trends. However, FI (CTINDEX) index showed counterintuitive trend with air void content. 

¶ At the same air void content, the comparison between Sapp and FI (CTINDEX) indices 

showed opposite trends at the same air void content. However, the comparison between 

RSI and Rut depth showed the same trends. 

¶ The volumetric parameters (VMA and VFA) are important to pavement performance 

because they serve to integrate the primary factors that are generated at both the mixture 

and construction levels. 

¶ The binder content and air void content are the factors affecting the calculation of in-

place volumetric parameters (VMA IP and VFAIP) due to the unchangeable Gsb in the 

same target mass of QA test samples. 

¶ In-place volumetric parameters (VMAIP and VFAIP) have a stronger relationship with the 

in-place air void content because the range of binder content is smaller than the range of 

in-place air void content within the collected mixture samples. 

¶ The PMLC IVRs were developed for both BMD+ and BMD performance test indices. 

The developed PMLC IVRs could reasonably predict the performance indices. The % 

Error between the measured and predicted performance index values for the four corners 

did not exceed 10% for both BMD+ and BMD performance test results, except for the 

North Carolina intermediate mixture RSI case. For the fatigue indices (Sapp and FI), the 

average % Error-values for all the verification samples are less than 20 percent. For the 

rutting indices (RSI and Rut depth index), the average % Error for all the verification 

samples did not exceed 25 percent. 
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¶ Maine mixture used a polymer modified binder and has a 20% RAP; the dynamic 

modulus values were not sensitive to the temperature. Since the dynamic modulus value 

is the only denominator to calculate the Sapp, the Sapp values were less sensitive to the 

volumetric parameters than other mixtures. Due to this reason, the PMLC IVR accuracy 

of the Maine case was not as good as the other cases. 

¶ The PMLC PVRs were developed for BMD+ performance tests. Overall verification 

between simulated (measured) and predicted performance from the PVR function was not 

excessively different from the IVR function. The % damage PVR of Maine case showed 

better verification results than the Sapp IVR of Maine case. Thus, PVR may provide a 

better prediction accuracy than IVR for the polymer-modified mixture. 

¶ The Maryland materials allowed the development of the IVRs and PVRs using the 

LMLC mixtures at four corners. The Maryland PMLC mixture samples were used to 

verify the developed IVRs and PVRs from the LMLC mixture. The Sapp index was 

verified well. However, the RSI, CTINDEX, and Rut depth index did not verify due to the 

offset effect between in-place air void content and binder content at two different 

gradations. 

¶ For the Maryland case, the modified LMLC four corners by replacing ó57ô condition to 

ó47ô condition were tried to increase RSI index values to make a reasonable IVR. 

However, the IVR developed from the modified LMLC four corners generated only 

slightly better prediction results. 

¶ For the Maryland case, the extra SSR test was conducted using the imitated LMLC 

mixture to one PMLC mixture sample to see the fundamental difference between LMLC 

and PMLC mixtures. The imitated LMLC mixture showed significantly better rutting 
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resistance than the PMLC mixture sample. Similar results were found from the NCHRP 

818 report. 

¶ The ideal sign conventions for the IVRs and PVRs were determined. Most developed 

functions followed the ideal sign conventions except for the North Carolina intermediate 

FI index and Maryland RSI index. 

¶ Some initially developed IVRs and PVRs showed counterintuitive trends with the in-

place air void or binder contents due to the reasonableness of the four corners, such as a 

reversed measured performance trend in different binder contents at the same target air 

void content. 

¶ Since the initial prediction functions are the outcomes of the best regression, the 

prediction functions were refined using the Microsoft Excel Solver function by adding 

four constraints. The improved functions eventually showed reasonable trends with both 

in-place air void content and binder content for all cases. By using the improved 

functions, 83% of four corners and 72% of verification samples showed the increased 

prediction accuracy in terms of % Error.  

¶ The pavement performances for the field paving projects were predicted using the 

improved IVRs and PVRs for all cases. All predicted field pavement performances have 

reasonable trends with the in-place air void contents. 

¶ Predicted field pavement performances have weaker correlations with the in-place binder 

contents. This is due to the smaller range of the in-place binder contents than that of the 

in-place air void content for all field projects. 
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¶ The in-place air void content is demonstrated as an important factor in the pavement 

performances. The pavement performance could be different more than 30% in a single 

project due to the in-place air void content difference. 

¶ The IVRs and PVRs could predict the performance well if the four corners have 

reasonable relationships with each other. Also, the IVR could predict the performance as 

good as the PVR could. 

¶ Both IVR and PVR require performance tests. However, the two functions can be used 

for different purposes. Since the IVR uses a mixture performance index and does not 

require the FlexPAVETM simulation, the function is simplified to be developed and 

focuses on the mixture level performance itself. On the other hand, the PVR uses 

pavement life simulated from FlexPAVETM with the project-specific conditions, i.e., 

structure, traffic, climate, traffic speed etc. Therefore, the PVR can be used for the PRS, 

and pay factors become more reliable when the pavement life is predicted rather than the 

mixture performance index. 
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CHAPTER 10. FUTURE WORK  

This study found issues concerning performance prediction functions when using LMLC 

mixtures verified by PMLC mixtures. Due to the offset effect within the LMLC four corners and 

the fundamental difference between LMLC and PMLC mixtures, the prediction accuracy of the 

IVRs for the CTINDEX, RSI, and Rut depth, and PVRs for AC rut depth was not good. In order to 

address the issues found in this study, the following topics for future work are suggested. 

¶ The conditions for the LMLC four corners should be modified. The ó33ô and ó57ô 

conditions work reasonably well for Sapp and % damage, but these two conditions have an 

offset effect between the binder content and in-place air void content for CTINDEX, RSI, 

rut depth, and AC rut depth. Thus, for fatigue evaluations, the ó33ô and ó57ô conditions 

can be kept, but rutting evaluations will require different conditions to develop accurate 

prediction functions. 

¶ The fundamental difference in the rutting performance between LMLC and PMLC 

mixtures needs to be investigated using other mixtures. For the Maryland case, the 

mixture was a coarse-graded mixture. Thus, the difference between the LMLC and 

PMLC mixtures needs to be investigated using a fine-graded mixture. Also, mixtures 

with different RAP contents or no RAP would be worth exploring to seek improved 

results. 
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APPENDIX 

Performance Test Results 

Table A.1 Dynamic Modulus Test Results 

Case Sample Specimen 
Frequency 

(Hz) 

Temp  

(°C) 

Dynamic 

Modulus 

(MPa) 

Phase 

Angle 

(Degrees) 

Maine 159352 1 25 4 11,937 12.0 

Maine 159352 1 10 4 10,601 13.3 

Maine 159352 1 1 4 7,344 17.7 

Maine 159352 1 0.1 4 4,530 23.5 

Maine 159352 1 25 20 5,183 24.0 

Maine 159352 1 10 20 4,116 26.2 

Maine 159352 1 1 20 2,058 32.1 

Maine 159352 1 0.1 20 920 35.6 

Maine 159352 1 25 40 1,286 35.3 

Maine 159352 1 10 40 834 36.9 

Maine 159352 1 1 40 333 34.5 

Maine 159352 1 0.1 40 159 29.8 

Maine 159352 2 25 4 12,109 11.4 

Maine 159352 2 10 4 10,791 12.6 

Maine 159352 2 1 4 7,550 16.9 

Maine 159352 2 0.1 4 4,708 22.6 

Maine 159352 2 25 20 5,222 23.7 

Maine 159352 2 10 20 4,147 26.2 

Maine 159352 2 1 20 2,073 32.5 

Maine 159352 2 0.1 20 928 36.3 

Maine 159352 2 25 40 1,252 37.1 

Maine 159352 2 10 40 805 38.9 

Maine 159352 2 1 40 315 36.9 

Maine 159352 2 0.1 40 148 30.8 

Maine 159352 3 25 4 12,490 11.9 

Maine 159352 3 10 4 11,076 13.2 

Maine 159352 3 1 4 7,638 18.0 

Maine 159352 3 0.1 4 4,669 24.0 

Maine 159352 3 25 20 5,345 24.4 

Maine 159352 3 10 20 4,222 26.7 

Maine 159352 3 1 20 2,067 32.7 

Maine 159352 3 0.1 20 890 36.3 

Maine 159352 3 25 40 1,081 38.8 
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Table A.1 (continued) 

Maine 159352 3 10 40 686 39.8 

Maine 159352 3 1 40 274 36.1 

Maine 159352 3 0.1 40 141 30.1 

Maine 159352B 1 25 4 15,240 11.2 

Maine 159352B 1 10 4 13,612 12.4 

Maine 159352B 1 1 4 9,556 16.7 

Maine 159352B 1 0.1 4 6,057 22.2 

Maine 159352B 1 25 20 6,867 22.8 

Maine 159352B 1 10 20 5,548 24.8 

Maine 159352B 1 1 20 2,882 30.4 

Maine 159352B 1 0.1 20 1,340 33.7 

Maine 159352B 1 25 40 1,819 34.5 

Maine 159352B 1 10 40 1,297 33.8 

Maine 159352B 1 1 40 577 29.7 

Maine 159352B 1 0.1 40 320 23.4 

Maine 159352B 2 25 4 14,921 11.4 

Maine 159352B 2 10 4 13,340 12.7 

Maine 159352B 2 1 4 9,437 17.0 

Maine 159352B 2 0.1 4 5,957 22.7 

Maine 159352B 2 25 20 6,804 23.0 

Maine 159352B 2 10 20 5,456 25.4 

Maine 159352B 2 1 20 2,798 31.5 

Maine 159352B 2 0.1 20 1,265 35.0 

Maine 159352B 2 25 40 1,762 35.1 

Maine 159352B 2 10 40 1,247 34.3 

Maine 159352B 2 1 40 533 30.2 

Maine 159352B 2 0.1 40 294 22.8 

Maine 159352B 3 25 4 15,687 11.2 

Maine 159352B 3 10 4 14,024 12.4 

Maine 159352B 3 1 4 9,914 16.7 

Maine 159352B 3 0.1 4 6,300 22.4 

Maine 159352B 3 25 20 7,119 22.9 

Maine 159352B 3 10 20 5,719 25.2 

Maine 159352B 3 1 20 2,957 31.2 

Maine 159352B 3 0.1 20 1,348 34.8 

Maine 159352B 3 25 40 1,897 34.7 

Maine 159352B 3 10 40 1,344 34.1 

Maine 159352B 3 1 40 583 30.4 

Maine 159352B 3 0.1 40 310 24.2 

Maine 159353 1 10 20 6,935 23.9 
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Table A.1 (continued) 

Maine 159353 1 1 20 3,567 30.5 

Maine 159353 1 0.1 20 1,629 34.0 

Maine 159353 1 10 40 1,531 34.3 

Maine 159353 1 1 40 600 33.2 

Maine 159353 1 0.1 40 262 29.7 

Maine 159353 1 10 4 15,638 11.8 

Maine 159353 1 1 4 11,076 16.2 

Maine 159353 1 0.1 4 7,157 21.5 

Maine 159353 2 10 20 6,370 23.8 

Maine 159353 2 1 20 3,282 30.4 

Maine 159353 2 0.1 20 1,516 34.0 

Maine 159353 2 10 40 1,368 34.2 

Maine 159353 2 1 40 536 33.6 

Maine 159353 2 0.1 40 244 30.0 

Maine 159353 2 10 4 15,226 11.4 

Maine 159353 2 1 4 10,973 15.4 

Maine 159353 2 0.1 4 7,137 20.7 

Maine 159353 3 10 20 5,919 23.8 

Maine 159353 3 1 20 2,992 30.7 

Maine 159353 3 0.1 20 1,347 34.7 

Maine 159353 3 10 40 1,251 34.6 

Maine 159353 3 1 40 461 34.5 

Maine 159353 3 0.1 40 192 31.3 

Maine 159353 3 10 4 14,621 11.4 

Maine 159353 3 1 4 10,438 15.5 

Maine 159353 3 0.1 4 6,726 21.0 

Maine 159354 1 25 4 13,621 11.6 

Maine 159354 1 10 4 12,137 12.7 

Maine 159354 1 1 4 8,516 17.1 

Maine 159354 1 0.1 4 5,338 22.9 

Maine 159354 1 25 20 6,105 22.7 

Maine 159354 1 10 20 4,919 25.0 

Maine 159354 1 1 20 2,524 31.1 

Maine 159354 1 0.1 20 1,143 35.1 

Maine 159354 1 25 40 1,632 35.3 

Maine 159354 1 10 40 1,152 34.9 

Maine 159354 1 1 40 478 31.9 

Maine 159354 1 0.1 40 241 25.7 

Maine 159354 2 25 4 14,333 11.3 

Maine 159354 2 10 4 12,786 12.4 
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Table A.1 (continued) 

Maine 159354 2 1 4 9,032 16.7 

Maine 159354 2 0.1 4 5,729 22.5 

Maine 159354 2 25 20 6,547 22.5 

Maine 159354 2 10 20 5,275 24.7 

Maine 159354 2 1 20 2,747 30.8 

Maine 159354 2 0.1 20 1,263 34.8 

Maine 159354 2 25 40 1,767 34.2 

Maine 159354 2 10 40 1,251 33.7 

Maine 159354 2 1 40 527 30.7 

Maine 159354 2 0.1 40 261 25.3 

Maine 159354 3 25 4 14,136 11.7 

Maine 159354 3 10 4 12,555 13.0 

Maine 159354 3 1 4 8,694 17.8 

Maine 159354 3 0.1 4 5,344 24.1 

Maine 159354 3 25 20 6,192 24.0 

Maine 159354 3 10 20 4,926 26.4 

Maine 159354 3 1 20 2,458 32.8 

Maine 159354 3 0.1 20 1,082 36.5 

Maine 159354 3 25 40 1,624 35.4 

Maine 159354 3 10 40 1,153 34.4 

Maine 159354 3 1 40 499 29.8 

Maine 159354 3 0.1 40 277 23.5 

Maine 159354B 1 25 4 12,701 11.7 

Maine 159354B 1 10 4 11,317 13.0 

Maine 159354B 1 1 4 7,840 17.5 

Maine 159354B 1 0.1 4 4,848 23.4 

Maine 159354B 1 25 20 5,653 23.3 

Maine 159354B 1 10 20 4,514 25.6 

Maine 159354B 1 1 20 2,283 31.7 

Maine 159354B 1 0.1 20 1,028 34.6 

Maine 159354B 1 25 40 1,339 35.9 

Maine 159354B 1 10 40 935 35.0 

Maine 159354B 1 1 40 397 30.6 

Maine 159354B 1 0.1 40 217 23.4 

Maine 159354B 2 25 4 12,340 12.0 

Maine 159354B 2 10 4 10,937 13.3 

Maine 159354B 2 1 4 7,539 17.9 

Maine 159354B 2 0.1 4 4,619 24.0 

Maine 159354B 2 25 20 5,418 23.7 

Maine 159354B 2 10 20 4,312 26.0 
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Table A.1 (continued) 

Maine 159354B 2 1 20 2,161 32.1 

Maine 159354B 2 0.1 20 944 35.8 

Maine 159354B 2 25 40 1,352 35.5 

Maine 159354B 2 10 40 936 34.6 

Maine 159354B 2 1 40 394 30.0 

Maine 159354B 2 0.1 40 216 23.0 

Maine 159354B 3 25 4 13,762 10.9 

Maine 159354B 3 10 4 12,322 12.1 

Maine 159354B 3 1 4 8,721 16.5 

Maine 159354B 3 0.1 4 5,483 22.5 

Maine 159354B 3 25 20 6,072 23.3 

Maine 159354B 3 10 20 4,852 25.7 

Maine 159354B 3 1 20 2,459 31.9 

Maine 159354B 3 0.1 20 1,110 35.4 

Maine 159354B 3 25 40 1,548 35.0 

Maine 159354B 3 10 40 1,098 34.1 

Maine 159354B 3 1 40 467 29.9 

Maine 159354B 3 0.1 40 256 23.0 

Maine 159355 1 25 4 16,658 10.6 

Maine 159355 1 10 4 14,971 11.8 

Maine 159355 1 1 4 10,779 16.0 

Maine 159355 1 0.1 4 6,992 21.3 

Maine 159355 1 25 20 7,944 21.6 

Maine 159355 1 10 20 6,473 23.6 

Maine 159355 1 1 20 3,474 28.8 

Maine 159355 1 0.1 20 1,670 31.5 

Maine 159355 1 25 40 2,160 34.0 

Maine 159355 1 10 40 1,525 34.1 

Maine 159355 1 1 40 654 31.9 

Maine 159355 1 0.1 40 321 27.7 

Maine 159355 2 25 4 16,622 10.9 

Maine 159355 2 10 4 14,926 12.0 

Maine 159355 2 1 4 10,691 16.2 

Maine 159355 2 0.1 4 6,911 21.5 

Maine 159355 2 25 20 7,914 21.8 

Maine 159355 2 10 20 6,411 23.9 

Maine 159355 2 1 20 3,411 29.5 

Maine 159355 2 0.1 20 1,615 32.3 

Maine 159355 2 25 40 2,085 34.4 

Maine 159355 2 10 40 1,464 34.4 
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Table A.1 (continued) 

Maine 159355 2 1 40 620 31.7 

Maine 159355 2 0.1 40 305 27.3 

Maine 159355 3 25 4 16,123 11.2 

Maine 159355 3 10 4 14,439 12.4 

Maine 159355 3 1 4 10,217 16.6 

Maine 159355 3 0.1 4 6,523 21.9 

Maine 159355 3 25 20 7,426 22.4 

Maine 159355 3 10 20 5,998 24.3 

Maine 159355 3 1 20 3,161 29.3 

Maine 159355 3 0.1 20 1,513 31.5 

Maine 159355 3 25 40 1,938 34.8 

Maine 159355 3 10 40 1,362 34.8 

Maine 159355 3 1 40 580 32.3 

Maine 159355 3 0.1 40 303 26.5 

Maine 159358 1 10 20 7,039 20.8 

Maine 159358 1 1 20 3,937 27.0 

Maine 159358 1 0.1 20 1,964 31.5 

Maine 159358 1 10 40 1,724 32.5 

Maine 159358 1 1 40 703 33.2 

Maine 159358 1 0.1 40 316 30.4 

Maine 159358 1 10 4 14,772 10.5 

Maine 159358 1 1 4 10,947 13.9 

Maine 159358 1 0.1 4 7,510 18.1 

Maine 159358 2 10 20 6,784 22.0 

Maine 159358 2 1 20 3,665 28.5 

Maine 159358 2 0.1 20 1,768 32.5 

Maine 159358 2 10 40 1,524 34.5 

Maine 159358 2 1 40 601 35.0 

Maine 159358 2 0.1 40 266 31.4 

Maine 159358 2 10 4 15,183 10.6 

Maine 159358 2 1 4 11,232 14.1 

Maine 159358 2 0.1 4 7,652 18.8 

Maine 159358 3 10 20 6,543 21.6 

Maine 159358 3 1 20 3,588 27.7 

Maine 159358 3 0.1 20 1,764 31.9 

Maine 159358 3 10 40 1,469 33.7 

Maine 159358 3 1 40 576 34.6 

Maine 159358 3 0.1 40 255 31.6 

Maine 159358 3 10 4 14,312 10.7 

Maine 159358 3 1 4 10,584 14.1 
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Table A.1 (continued) 

Maine 159358 3 0.1 4 7,245 18.6 

Maine 159360 1 25 4 16,532 10.7 

Maine 159360 1 10 4 14,878 11.9 

Maine 159360 1 1 4 10,668 16.1 

Maine 159360 1 0.1 4 6,878 21.4 

Maine 159360 1 25 20 7,808 21.7 

Maine 159360 1 10 20 6,331 23.8 

Maine 159360 1 1 20 3,383 29.1 

Maine 159360 1 0.1 20 1,602 32.0 

Maine 159360 1 25 40 1,988 35.2 

Maine 159360 1 10 40 1,382 35.5 

Maine 159360 1 1 40 565 32.8 

Maine 159360 1 0.1 40 269 28.3 

Maine 159360 2 25 4 14,580 11.7 

Maine 159360 2 10 4 12,977 13.0 

Maine 159360 2 1 4 9,035 17.5 

Maine 159360 2 0.1 4 5,640 23.4 

Maine 159360 2 25 20 6,516 23.6 

Maine 159360 2 10 20 5,197 26.0 

Maine 159360 2 1 20 2,619 32.1 

Maine 159360 2 0.1 20 1,166 35.7 

Maine 159360 2 25 40 1,602 36.2 

Maine 159360 2 10 40 1,089 36.8 

Maine 159360 2 1 40 440 33.9 

Maine 159360 2 0.1 40 219 28.5 

Maine 159360 3 25 4 15,446 11.3 

Maine 159360 3 10 4 13,803 12.6 

Maine 159360 3 1 4 9,707 16.9 

Maine 159360 3 0.1 4 6,146 22.4 

Maine 159360 3 25 20 7,102 22.4 

Maine 159360 3 10 20 5,723 24.4 

Maine 159360 3 1 20 3,005 29.6 

Maine 159360 3 0.1 20 1,414 32.2 

Maine 159360 3 25 40 1,767 35.4 

Maine 159360 3 10 40 1,227 35.6 

Maine 159360 3 1 40 511 33.0 

Maine 159360 3 0.1 40 260 27.5 

Maine 159361 1 25 4 12,039 11.3 

Maine 159361 1 10 4 10,763 12.5 

Maine 159361 1 1 4 7,572 16.9 
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Table A.1 (continued) 

Maine 159361 1 0.1 4 4,794 22.3 

Maine 159361 1 25 20 5,371 23.1 

Maine 159361 1 10 20 4,298 25.3 

Maine 159361 1 1 20 2,205 31.0 

Maine 159361 1 0.1 20 1,014 34.6 

Maine 159361 1 25 40 1,279 36.2 

Maine 159361 1 10 40 867 36.6 

Maine 159361 1 1 40 344 34.8 

Maine 159361 1 0.1 40 156 28.5 

Maine 159361 2 25 4 13,237 10.5 

Maine 159361 2 10 4 11,870 11.7 

Maine 159361 2 1 4 8,532 15.7 

Maine 159361 2 0.1 4 5,512 21.1 

Maine 159361 2 25 20 5,904 22.2 

Maine 159361 2 10 20 4,748 24.5 

Maine 159361 2 1 20 2,477 30.5 

Maine 159361 2 0.1 20 1,158 34.0 

Maine 159361 2 25 40 1,458 35.3 

Maine 159361 2 10 40 986 36.0 

Maine 159361 2 1 40 381 34.7 

Maine 159361 2 0.1 40 165 31.3 

Maine 159361 3 25 4 12,551 11.0 

Maine 159361 3 10 4 11,243 12.1 

Maine 159361 3 1 4 7,992 16.2 

Maine 159361 3 0.1 4 5,114 21.5 

Maine 159361 3 25 20 5,534 22.5 

Maine 159361 3 10 20 4,450 24.6 

Maine 159361 3 1 20 2,310 30.2 

Maine 159361 3 0.1 20 1,069 33.7 

Maine 159361 3 25 40 1,332 35.7 

Maine 159361 3 10 40 903 36.6 

Maine 159361 3 1 40 360 34.8 

Maine 159361 3 0.1 40 164 30.7 

Maine 159362 1 10 40 1,261 31.9 

Maine 159362 1 1 40 486 31.5 

Maine 159362 1 0.1 40 226 27.2 

Maine 159362 1 10 20 5,965 23.3 

Maine 159362 1 1 20 3,105 29.9 

Maine 159362 1 0.1 20 1,464 33.8 

Maine 159362 1 10 4 13,723 11.8 
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Table A.1 (continued) 

Maine 159362 1 1 4 9,842 15.8 

Maine 159362 1 0.1 4 6,375 21.1 

Maine 159362 2 10 40 1,272 31.9 

Maine 159362 2 1 40 483 31.8 

Maine 159362 2 0.1 40 207 28.8 

Maine 159362 2 10 20 5,635 23.3 

Maine 159362 2 1 20 2,901 30.1 

Maine 159362 2 0.1 20 1,343 34.4 

Maine 159362 2 10 4 13,359 11.7 

Maine 159362 2 1 4 9,522 15.7 

Maine 159362 2 0.1 4 6,176 20.9 

Maine 159362 3 10 40 1,346 32.4 

Maine 159362 3 1 40 521 32.5 

Maine 159362 3 0.1 40 221 30.3 

Maine 159362 3 10 20 5,774 23.9 

Maine 159362 3 1 20 2,920 30.9 

Maine 159362 3 0.1 20 1,319 35.3 

Maine 159362 3 10 4 14,088 11.5 

Maine 159362 3 1 4 10,080 15.7 

Maine 159362 3 0.1 4 6,503 21.1 

Ontario 5-1 1 10 20 5,359 26.1 

Ontario 5-1 1 1 20 2,671 31.1 

Ontario 5-1 1 0.1 20 1,162 33.2 

Ontario 5-1 1 10 40 1,165 34.0 

Ontario 5-1 1 1 40 425 33.4 

Ontario 5-1 1 0.1 40 175 32.4 

Ontario 5-1 1 10 4 13,612 13.5 

Ontario 5-1 1 1 4 9,282 17.9 

Ontario 5-1 1 0.1 4 5,718 22.9 

Ontario 5-1 2 10 20 5,222 26.9 

Ontario 5-1 2 1 20 2,557 32.0 

Ontario 5-1 2 0.1 20 1,090 34.3 

Ontario 5-1 2 10 40 1,066 33.6 

Ontario 5-1 2 1 40 383 32.9 

Ontario 5-1 2 0.1 40 164 31.4 

Ontario 5-1 2 10 4 13,932 13.7 

Ontario 5-1 2 1 4 9,439 18.4 

Ontario 5-1 2 0.1 4 5,740 23.7 

Ontario 5-1 3 10 20 5,405 26.4 

Ontario 5-1 3 1 20 2,658 31.2 
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Table A.1 (continued) 

Ontario 5-1 3 0.1 20 1,151 33.3 

Ontario 5-1 3 10 40 1,119 33.0 

Ontario 5-1 3 1 40 398 32.8 

Ontario 5-1 3 0.1 40 170 30.7 

Ontario 5-1 3 10 4 14,325 13.8 

Ontario 5-1 3 1 4 9,745 18.2 

Ontario 5-1 3 0.1 4 5,987 23.1 

Ontario 5-1B 1 10 40 1,348 34.9 

Ontario 5-1B 1 1 40 473 35.2 

Ontario 5-1B 1 0.1 40 183 34.1 

Ontario 5-1B 1 10 4 15,274 12.6 

Ontario 5-1B 1 1 4 10,623 17.2 

Ontario 5-1B 1 0.1 4 6,663 22.0 

Ontario 5-1B 1 10 20 6,473 24.5 

Ontario 5-1B 1 1 20 3,352 30.1 

Ontario 5-1B 1 0.1 20 1,522 32.8 

Ontario 5-1B 2 10 20 5,769 25.4 

Ontario 5-1B 2 1 20 2,933 30.1 

Ontario 5-1B 2 0.1 20 1,326 32.1 

Ontario 5-1B 2 10 40 1,222 34.6 

Ontario 5-1B 2 1 40 436 35.0 

Ontario 5-1B 2 0.1 40 180 33.8 

Ontario 5-1B 2 10 4 14,404 13.7 

Ontario 5-1B 2 1 4 9,900 17.7 

Ontario 5-1B 2 0.1 4 6,228 22.1 

Ontario 5-1B 3 10 20 5,912 25.3 

Ontario 5-1B 3 1 20 3,026 30.1 

Ontario 5-1B 3 0.1 20 1,356 32.3 

Ontario 5-1B 3 10 40 1,294 33.5 

Ontario 5-1B 3 1 40 455 33.2 

Ontario 5-1B 3 0.1 40 172 32.3 

Ontario 5-1B 3 10 4 15,137 13.1 

Ontario 5-1B 3 1 4 10,507 17.0 

Ontario 5-1B 3 0.1 4 6,711 21.5 

Ontario 5-2 1 10 20 4,431 27.3 

Ontario 5-2 1 1 20 2,121 32.7 

Ontario 5-2 1 0.1 20 876 35.4 

Ontario 5-2 1 10 40 920 35.2 

Ontario 5-2 1 1 40 322 34.5 

Ontario 5-2 1 0.1 40 150 30.8 
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Table A.1 (continued) 

Ontario 5-2 1 10 4 11,270 14.8 

Ontario 5-2 1 1 4 7,458 19.8 

Ontario 5-2 1 0.1 4 4,461 25.3 

Ontario 5-2 2 10 20 4,363 27.1 

Ontario 5-2 2 1 20 2,108 32.6 

Ontario 5-2 2 0.1 20 873 36.0 

Ontario 5-2 2 10 40 983 32.4 

Ontario 5-2 2 1 40 339 32.7 

Ontario 5-2 2 0.1 40 148 29.8 

Ontario 5-2 2 10 4 11,333 14.3 

Ontario 5-2 2 1 4 7,603 19.1 

Ontario 5-2 2 0.1 4 4,546 24.9 

Ontario 5-2 3 10 20 4,401 27.2 

Ontario 5-2 3 1 20 2,095 32.7 

Ontario 5-2 3 0.1 20 848 35.3 

Ontario 5-2 3 10 40 901 33.1 

Ontario 5-2 3 1 40 291 33.4 

Ontario 5-2 3 0.1 40 106 33.0 

Ontario 5-2 3 10 4 11,825 14.0 

Ontario 5-2 3 1 4 7,971 18.7 

Ontario 5-2 3 0.1 4 4,791 24.3 

Ontario 5-6 1 10 20 5,828 25.8 

Ontario 5-6 1 1 20 2,910 31.5 

Ontario 5-6 1 0.1 20 1,253 34.4 

Ontario 5-6 1 10 40 1,217 34.6 

Ontario 5-6 1 1 40 443 33.8 

Ontario 5-6 1 0.1 40 187 31.1 

Ontario 5-6 1 10 4 13,738 14.2 

Ontario 5-6 1 1 4 9,172 18.9 

Ontario 5-6 1 0.1 4 5,602 24.1 

Ontario 5-6 2 10 20 5,664 26.7 

Ontario 5-6 2 1 20 2,773 32.7 

Ontario 5-6 2 0.1 20 1,164 35.8 

Ontario 5-6 2 10 40 1,210 34.9 

Ontario 5-6 2 1 40 426 34.4 

Ontario 5-6 2 0.1 40 175 32.3 

Ontario 5-6 2 10 4 14,496 13.8 

Ontario 5-6 2 1 4 9,895 18.4 

Ontario 5-6 2 0.1 4 6,004 23.9 

Ontario 5-6 3 10 20 5,908 26.1 



   

295 

 

Table A.1 (continued) 

Ontario 5-6 3 1 20 2,948 31.4 

Ontario 5-6 3 0.1 20 1,295 34.0 

Ontario 5-6 3 10 40 1,284 33.5 

Ontario 5-6 3 1 40 476 32.3 

Ontario 5-6 3 0.1 40 208 30.2 

Ontario 5-6 3 10 4 15,098 13.5 

Ontario 5-6 3 1 4 10,394 18.0 

Ontario 5-6 3 0.1 4 6,392 23.3 

Ontario 5-7 1 10 20 6,605 24.7 

Ontario 5-7 1 1 20 3,429 29.9 

Ontario 5-7 1 0.1 20 1,563 32.2 

Ontario 5-7 1 10 40 1,503 33.1 

Ontario 5-7 1 1 40 607 31.2 

Ontario 5-7 1 0.1 40 288 26.9 

Ontario 5-7 1 10 4 14,766 13.7 

Ontario 5-7 1 1 4 10,258 18.0 

Ontario 5-7 1 0.1 4 6,533 22.7 

Ontario 5-7 2 10 20 6,303 25.4 

Ontario 5-7 2 1 20 3,191 30.3 

Ontario 5-7 2 0.1 20 1,433 32.3 

Ontario 5-7 2 10 40 1,272 34.2 

Ontario 5-7 2 1 40 478 32.4 

Ontario 5-7 2 0.1 40 207 30.9 

Ontario 5-7 2 10 4 15,086 13.7 

Ontario 5-7 2 1 4 10,398 18.0 

Ontario 5-7 2 0.1 4 6,478 23.0 

Ontario 5-7 3 10 20 5,689 25.9 

Ontario 5-7 3 1 20 2,839 31.3 

Ontario 5-7 3 0.1 20 1,253 33.4 

Ontario 5-7 3 10 40 1,206 33.9 

Ontario 5-7 3 1 40 464 32.7 

Ontario 5-7 3 0.1 40 204 29.9 

Ontario 5-7 3 10 4 14,578 13.5 

Ontario 5-7 3 1 4 10,090 17.7 

Ontario 5-7 3 0.1 4 6,312 22.5 

Ontario 5-8 1 10 20 5,819 24.8 

Ontario 5-8 1 1 20 3,000 30.3 

Ontario 5-8 1 0.1 20 1,344 33.5 

Ontario 5-8 1 10 40 1,345 31.6 

Ontario 5-8 1 1 40 519 29.8 
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Table A.1 (continued) 

Ontario 5-8 1 0.1 40 210 29.6 

Ontario 5-8 1 10 4 13,708 13.3 

Ontario 5-8 1 1 4 9,461 17.5 

Ontario 5-8 1 0.1 4 5,955 22.2 

Ontario 5-8 2 10 20 5,953 25.0 

Ontario 5-8 2 1 20 3,076 30.3 

Ontario 5-8 2 0.1 20 1,375 33.2 

Ontario 5-8 2 10 40 1,416 31.8 

Ontario 5-8 2 1 40 545 30.2 

Ontario 5-8 2 0.1 40 226 28.4 

Ontario 5-8 2 10 4 14,700 12.8 

Ontario 5-8 2 1 4 10,269 16.8 

Ontario 5-8 2 0.1 4 6,541 21.7 

Ontario 5-8 3 10 20 6,055 25.9 

Ontario 5-8 3 1 20 3,045 31.3 

Ontario 5-8 3 0.1 20 1,344 34.1 

Ontario 5-8 3 10 40 1,374 33.2 

Ontario 5-8 3 1 40 537 31.5 

Ontario 5-8 3 0.1 40 232 28.6 

Ontario 5-8 3 10 4 15,364 13.1 

Ontario 5-8 3 1 4 10,707 17.4 

Ontario 5-8 3 0.1 4 6,684 22.8 

Ontario 5-10 1 10 40 986 31.7 

Ontario 5-10 1 1 40 328 31.9 

Ontario 5-10 1 0.1 40 130 29.8 

Ontario 5-10 1 10 4 10,688 14.6 

Ontario 5-10 1 1 4 7,162 19.6 

Ontario 5-10 1 0.1 4 4,276 25.2 

Ontario 5-10 1 10 20 4,297 26.4 

Ontario 5-10 1 1 20 2,124 31.0 

Ontario 5-10 1 0.1 20 905 32.8 

Ontario 5-10 2 10 40 1,090 33.2 

Ontario 5-10 2 1 40 353 33.7 

Ontario 5-10 2 0.1 40 123 33.3 

Ontario 5-10 2 10 4 13,207 13.4 

Ontario 5-10 2 1 4 9,060 18.0 

Ontario 5-10 2 0.1 4 5,566 23.7 

Ontario 5-10 2 10 20 4,482 27.3 

Ontario 5-10 2 1 20 2,159 31.6 

Ontario 5-10 2 0.1 20 929 33.0 
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Table A.1 (continued) 

Ontario 5-10 3 10 20 4,621 27.2 

Ontario 5-10 3 1 20 2,213 33.2 

Ontario 5-10 3 0.1 20 908 36.7 

Ontario 5-10 3 10 4 12,596 13.7 

Ontario 5-10 3 1 4 8,529 18.5 

Ontario 5-10 3 0.1 4 5,115 24.4 

Ontario 5-10 3 10 40 993 33.5 

Ontario 5-10 3 1 40 324 34.4 

Ontario 5-10 3 0.1 40 131 32.5 

NC Surface 1 1 10 20 8,222 17.1 

NC Surface 1 1 1 20 5,191 21.7 

NC Surface 1 1 0.1 20 2,980 26.7 

NC Surface 1 1 10 40 2,405 31.1 

NC Surface 1 1 1 40 1,099 34.5 

NC Surface 1 1 0.1 40 474 34.8 

NC Surface 1 1 10 4 15,713 8.9 

NC Surface 1 1 1 4 12,305 11.0 

NC Surface 1 1 0.1 4 9,217 13.8 

NC Surface 1 2 10 20 7,952 17.7 

NC Surface 1 2 1 20 4,916 22.7 

NC Surface 1 2 0.1 20 2,764 27.8 

NC Surface 1 2 10 40 2,091 32.7 

NC Surface 1 2 1 40 899 36.0 

NC Surface 1 2 0.1 40 353 36.8 

NC Surface 1 2 10 4 15,603 9.4 

NC Surface 1 2 1 4 12,186 11.4 

NC Surface 1 2 0.1 4 9,095 14.0 

NC Surface 1 3 10 20 7,581 17.9 

NC Surface 1 3 1 20 4,693 23.0 

NC Surface 1 3 0.1 20 2,625 28.2 

NC Surface 1 3 10 40 1,997 32.6 

NC Surface 1 3 1 40 868 35.4 

NC Surface 1 3 0.1 40 360 35.2 

NC Surface 1 3 10 4 15,399 9.2 

NC Surface 1 3 1 4 12,035 11.0 

NC Surface 1 3 0.1 4 9,025 13.6 

NC Surface 2 1 10 20 5,082 19.4 

NC Surface 2 1 1 20 3,003 24.5 

NC Surface 2 1 0.1 20 1,603 29.3 

NC Surface 2 1 10 40 1,123 33.3 
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Table A.1 (continued) 

NC Surface 2 1 1 40 449 35.2 

NC Surface 2 1 0.1 40 182 34.2 

NC Surface 2 1 10 4 10,487 10.8 

NC Surface 2 1 1 4 7,851 13.3 

NC Surface 2 1 0.1 4 5,531 16.5 

NC Surface 2 2 10 20 4,867 20.0 

NC Surface 2 2 1 20 2,835 24.9 

NC Surface 2 2 0.1 20 1,516 29.6 

NC Surface 2 2 10 40 1,138 33.3 

NC Surface 2 2 1 40 448 35.5 

NC Surface 2 2 0.1 40 174 35.5 

NC Surface 2 2 10 4 10,447 10.6 

NC Surface 2 2 1 4 7,812 12.9 

NC Surface 2 2 0.1 4 5,524 16.3 

NC Surface 2 3 10 20 4,603 20.5 

NC Surface 2 3 1 20 2,652 25.6 

NC Surface 2 3 0.1 20 1,389 30.2 

NC Surface 2 3 10 40 1,056 33.3 

NC Surface 2 3 1 40 412 35.9 

NC Surface 2 3 0.1 40 165 35.4 

NC Surface 2 3 10 4 10,231 10.8 

NC Surface 2 3 1 4 7,638 13.2 

NC Surface 2 3 0.1 4 5,394 16.5 

NC Surface 3 1 10 20 4,789 20.2 

NC Surface 3 1 1 20 2,794 25.0 

NC Surface 3 1 0.1 20 1,482 29.5 

NC Surface 3 1 10 40 1,183 33.1 

NC Surface 3 1 1 40 459 36.0 

NC Surface 3 1 0.1 40 179 35.8 

NC Surface 3 1 10 4 10,820 10.0 

NC Surface 3 1 1 4 8,181 12.1 

NC Surface 3 1 0.1 4 5,847 15.3 

NC Surface 3 2 10 20 4,797 20.0 

NC Surface 3 2 1 20 2,779 25.2 

NC Surface 3 2 0.1 20 1,464 30.1 

NC Surface 3 2 10 40 1,144 33.1 

NC Surface 3 2 1 40 443 35.7 

NC Surface 3 2 0.1 40 170 35.7 

NC Surface 3 2 10 4 10,384 10.9 

NC Surface 3 2 1 4 7,783 13.0 
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Table A.1 (continued) 

NC Surface 3 2 0.1 4 5,528 16.1 

NC Surface 3 3 10 40 1,200 33.2 

NC Surface 3 3 1 40 482 35.6 

NC Surface 3 3 0.1 40 203 34.8 

NC Surface 3 3 10 4 10,756 10.4 

NC Surface 3 3 1 4 8,124 12.6 

NC Surface 3 3 0.1 4 5,793 15.8 

NC Surface 4 1 10 20 5,642 20.2 

NC Surface 4 1 1 20 3,320 24.9 

NC Surface 4 1 0.1 20 1,787 29.5 

NC Surface 4 1 10 40 1,612 32.9 

NC Surface 4 1 1 40 686 35.9 

NC Surface 4 1 0.1 40 276 36.2 

NC Surface 4 1 10 4 11,965 10.2 

NC Surface 4 1 1 4 9,026 12.6 

NC Surface 4 1 0.1 4 6,486 15.8 

NC Surface 4 2 10 20 5,455 19.8 

NC Surface 4 2 1 20 3,192 25.0 

NC Surface 4 2 0.1 20 1,703 29.9 

NC Surface 4 2 10 40 1,422 33.6 

NC Surface 4 2 1 40 576 36.4 

NC Surface 4 2 0.1 40 223 36.7 

NC Surface 4 2 10 4 11,790 10.4 

NC Surface 4 2 1 4 8,937 12.6 

NC Surface 4 2 0.1 4 6,453 15.7 

NC Surface 4 3 10 20 5,383 19.8 

NC Surface 4 3 1 20 3,156 24.9 

NC Surface 4 3 0.1 20 1,690 29.8 

NC Surface 4 3 10 40 1,337 33.0 

NC Surface 4 3 1 40 543 35.7 

NC Surface 4 3 0.1 40 218 35.7 

NC Surface 4 3 10 4 11,555 10.4 

NC Surface 4 3 1 4 8,706 12.7 

NC Surface 4 3 0.1 4 6,294 15.8 

NC Surface 7 1 10 20 4,942 19.9 

NC Surface 7 1 1 20 2,931 23.6 

NC Surface 7 1 0.1 20 1,576 26.9 

NC Surface 7 1 10 40 1,254 31.6 

NC Surface 7 1 1 40 519 33.5 

NC Surface 7 1 0.1 40 212 33.2 
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Table A.1 (continued) 

NC Surface 7 1 10 4 10,814 10.7 

NC Surface 7 1 1 4 8,161 13.1 

NC Surface 7 1 0.1 4 5,825 16.1 

NC Surface 7 2 10 40 1,155 32.4 

NC Surface 7 2 1 40 449 34.8 

NC Surface 7 2 0.1 40 172 35.2 

NC Surface 7 2 10 4 10,945 10.5 

NC Surface 7 2 1 4 8,175 13.0 

NC Surface 7 2 0.1 4 5,760 16.4 

NC Surface 7 2 10 20 4,698 21.2 

NC Surface 7 2 1 20 2,693 26.2 

NC Surface 7 2 0.1 20 1,429 30.3 

NC Surface 7 3 10 40 1,151 32.4 

NC Surface 7 3 1 40 457 35.0 

NC Surface 7 3 0.1 40 175 35.5 

NC Surface 7 3 10 4 10,492 10.8 

NC Surface 7 3 1 4 7,863 13.2 

NC Surface 7 3 0.1 4 5,525 16.5 

NC Surface 7 3 10 20 4,614 21.0 

NC Surface 7 3 1 20 2,636 26.1 

NC Surface 7 3 0.1 20 1,379 30.5 

NC Surface 9 1 10 20 5,951 19.4 

NC Surface 9 1 1 20 3,480 24.8 

NC Surface 9 1 0.1 20 1,851 29.9 

NC Surface 9 1 10 40 1,441 33.5 

NC Surface 9 1 1 40 574 36.3 

NC Surface 9 1 0.1 40 220 36.4 

NC Surface 9 1 10 4 12,613 10.2 

NC Surface 9 1 1 4 9,552 12.6 

NC Surface 9 1 0.1 4 6,880 15.7 

NC Surface 9 2 10 20 5,873 19.7 

NC Surface 9 2 1 20 3,429 25.2 

NC Surface 9 2 0.1 20 1,809 30.4 

NC Surface 9 2 10 40 1,463 33.3 

NC Surface 9 2 1 40 595 35.6 

NC Surface 9 2 0.1 40 240 34.6 

NC Surface 9 2 10 4 12,413 10.3 

NC Surface 9 2 1 4 9,360 12.6 

NC Surface 9 2 0.1 4 6,694 15.9 

NC Surface 9 3 10 20 6,036 19.2 
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Table A.1 (continued) 

NC Surface 9 3 1 20 3,574 24.5 

NC Surface 9 3 0.1 20 1,908 29.6 

NC Surface 9 3 10 40 1,464 34.1 

NC Surface 9 3 1 40 581 37.1 

NC Surface 9 3 0.1 40 220 37.2 

NC Surface 9 3 10 4 12,504 10.3 

NC Surface 9 3 1 4 9,499 12.5 

NC Surface 9 3 0.1 4 6,908 15.6 

NC Surface 10 1 10 20 7,357 17.7 

NC Surface 10 1 1 20 4,488 22.8 

NC Surface 10 1 0.1 20 2,500 28.1 

NC Surface 10 1 10 40 2,106 31.9 

NC Surface 10 1 1 40 925 35.3 

NC Surface 10 1 0.1 40 361 36.4 

NC Surface 10 1 10 4 14,530 9.7 

NC Surface 10 1 1 4 11,117 11.7 

NC Surface 10 1 0.1 4 8,142 14.3 

NC Surface 10 2 10 20 7,155 18.3 

NC Surface 10 2 1 20 4,353 23.4 

NC Surface 10 2 0.1 20 2,423 28.5 

NC Surface 10 2 10 40 1,947 32.3 

NC Surface 10 2 1 40 839 35.5 

NC Surface 10 2 0.1 40 338 35.6 

NC Surface 10 2 10 4 14,264 9.8 

NC Surface 10 2 1 4 10,997 11.8 

NC Surface 10 2 0.1 4 8,148 14.7 

NC Surface 10 3 10 20 7,059 18.1 

NC Surface 10 3 1 20 4,276 23.4 

NC Surface 10 3 0.1 20 2,353 28.7 

NC Surface 10 3 10 40 1,869 32.6 

NC Surface 10 3 1 40 795 35.4 

NC Surface 10 3 0.1 40 316 35.1 

NC Surface 10 3 10 4 14,302 9.4 

NC Surface 10 3 1 4 10,997 11.6 

NC Surface 10 3 0.1 4 8,127 14.4 

NC Intermediate 1 1 10 40 2,827 33.3 

NC Intermediate 1 1 1 40 1,167 36.7 

NC Intermediate 1 1 0.1 40 436 35.5 

NC Intermediate 1 1 10 4 18,260 8.4 

NC Intermediate 1 1 1 4 14,489 10.9 
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Table A.1 (continued) 

NC Intermediate 1 1 0.1 4 10,799 14.7 

NC Intermediate 1 1 10 20 9,989 16.7 

NC Intermediate 1 1 1 20 6,267 23.0 

NC Intermediate 1 1 0.1 20 3,425 29.6 

NC Intermediate 1 2 10 40 2,926 32.4 

NC Intermediate 1 2 1 40 1,202 35.4 

NC Intermediate 1 2 0.1 40 424 34.9 

NC Intermediate 1 2 10 4 18,562 7.8 

NC Intermediate 1 2 1 4 14,886 10.2 

NC Intermediate 1 2 0.1 4 11,247 13.9 

NC Intermediate 1 2 10 20 10,208 16.6 

NC Intermediate 1 2 1 20 6,393 22.8 

NC Intermediate 1 2 0.1 20 3,475 30.0 

NC Intermediate 1 3 10 40 2,834 33.4 

NC Intermediate 1 3 1 40 1,145 36.4 

NC Intermediate 1 3 0.1 40 400 35.7 

NC Intermediate 1 3 10 4 19,231 7.9 

NC Intermediate 1 3 1 4 15,415 10.3 

NC Intermediate 1 3 0.1 4 11,628 14.0 

NC Intermediate 1 3 10 20 10,467 16.6 

NC Intermediate 1 3 1 20 6,582 22.9 

NC Intermediate 1 3 0.1 20 3,591 29.8 

NC Intermediate 2 1 10 40 2,348 32.7 

NC Intermediate 2 1 1 40 929 35.2 

NC Intermediate 2 1 0.1 40 318 35.0 

NC Intermediate 2 1 10 4 16,224 8.7 

NC Intermediate 2 1 1 4 12,796 11.2 

NC Intermediate 2 1 0.1 4 9,526 14.9 

NC Intermediate 2 1 10 20 8,735 17.4 

NC Intermediate 2 1 1 20 5,425 23.1 

NC Intermediate 2 1 0.1 20 2,900 29.2 

NC Intermediate 2 2 10 40 2,372 33.9 

NC Intermediate 2 2 1 40 946 36.1 

NC Intermediate 2 2 0.1 40 355 34.0 

NC Intermediate 2 2 10 4 16,503 8.8 

NC Intermediate 2 2 1 4 12,987 11.4 

NC Intermediate 2 2 0.1 4 9,663 15.4 

NC Intermediate 2 2 10 20 8,728 17.8 

NC Intermediate 2 2 1 20 5,328 24.3 

NC Intermediate 2 2 0.1 20 2,799 31.4 
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Table A.1 (continued) 

NC Intermediate 2 3 10 40 2,305 33.7 

NC Intermediate 2 3 1 40 890 36.6 

NC Intermediate 2 3 0.1 40 296 36.8 

NC Intermediate 2 3 10 4 16,597 8.5 

NC Intermediate 2 3 1 4 13,052 11.1 

NC Intermediate 2 3 0.1 4 9,636 15.1 

NC Intermediate 2 3 10 20 8,833 17.5 

NC Intermediate 2 3 1 20 5,384 24.2 

NC Intermediate 2 3 0.1 20 2,822 31.6 

NC Intermediate 3 1 10 20 6,702 19.4 

NC Intermediate 3 1 1 20 3,896 26.2 

NC Intermediate 3 1 0.1 20 1,951 33.1 

NC Intermediate 3 1 10 40 1,699 33.0 

NC Intermediate 3 1 1 40 649 34.4 

NC Intermediate 3 1 0.1 40 225 34.0 

NC Intermediate 3 1 10 4 12,938 9.8 

NC Intermediate 3 1 1 4 9,873 13.0 

NC Intermediate 3 1 0.1 4 7,007 17.5 

NC Intermediate 3 2 10 20 6,598 19.7 

NC Intermediate 3 2 1 20 3,856 26.6 

NC Intermediate 3 2 0.1 20 1,941 33.3 

NC Intermediate 3 2 10 40 1,652 35.7 

NC Intermediate 3 2 1 40 594 38.5 

NC Intermediate 3 2 0.1 40 202 36.8 

NC Intermediate 3 2 10 4 13,487 9.4 

NC Intermediate 3 2 1 4 10,415 12.4 

NC Intermediate 3 2 0.1 4 7,479 16.9 

NC Intermediate 3 3 10 20 6,464 19.1 

NC Intermediate 3 3 1 20 3,826 25.8 

NC Intermediate 3 3 0.1 20 1,946 32.6 

NC Intermediate 3 3 10 40 1,592 34.1 

NC Intermediate 3 3 1 40 597 35.7 

NC Intermediate 3 3 0.1 40 211 33.8 

NC Intermediate 3 3 10 4 12,674 8.9 

NC Intermediate 3 3 1 4 9,938 11.7 

NC Intermediate 3 3 0.1 4 7,206 16.1 

NC Intermediate 4 1 10 20 8,318 18.0 

NC Intermediate 4 1 1 20 4,999 24.4 

NC Intermediate 4 1 0.1 20 2,654 31.1 

NC Intermediate 4 1 10 40 2,453 31.7 
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Table A.1 (continued) 

NC Intermediate 4 1 1 40 1,014 34.1 

NC Intermediate 4 1 0.1 40 386 32.8 

NC Intermediate 4 1 10 4 15,919 9.3 

NC Intermediate 4 1 1 4 12,185 12.2 

NC Intermediate 4 1 0.1 4 8,831 16.2 

NC Intermediate 4 2 10 20 7,735 18.2 

NC Intermediate 4 2 1 20 4,656 24.6 

NC Intermediate 4 2 0.1 20 2,437 31.3 

NC Intermediate 4 2 10 40 1,948 34.0 

NC Intermediate 4 2 1 40 760 36.6 

NC Intermediate 4 2 0.1 40 267 35.8 

NC Intermediate 4 2 10 4 14,776 9.5 

NC Intermediate 4 2 1 4 11,406 12.0 

NC Intermediate 4 2 0.1 4 8,272 15.8 

NC Intermediate 4 3 10 20 7,965 18.6 

NC Intermediate 4 3 1 20 4,746 25.1 

NC Intermediate 4 3 0.1 20 2,455 31.9 

NC Intermediate 4 3 10 40 1,992 34.5 

NC Intermediate 4 3 1 40 766 37.0 

NC Intermediate 4 3 0.1 40 262 36.1 

NC Intermediate 4 3 10 4 15,641 9.0 

NC Intermediate 4 3 1 4 12,096 11.8 

NC Intermediate 4 3 0.1 4 8,710 15.9 

NC Intermediate 5 1 10 20 8,799 18.3 

NC Intermediate 5 1 1 20 5,266 25.1 

NC Intermediate 5 1 0.1 20 2,724 31.8 

NC Intermediate 5 1 10 40 2,284 34.6 

NC Intermediate 5 1 1 40 875 36.9 

NC Intermediate 5 1 0.1 40 292 35.8 

NC Intermediate 5 1 10 4 17,194 8.8 

NC Intermediate 5 1 1 4 13,452 11.5 

NC Intermediate 5 1 0.1 4 9,843 15.6 

NC Intermediate 5 2 10 20 8,573 18.7 

NC Intermediate 5 2 1 20 5,093 25.3 

NC Intermediate 5 2 0.1 20 2,612 32.1 

NC Intermediate 5 2 10 40 2,185 34.5 

NC Intermediate 5 2 1 40 829 36.6 

NC Intermediate 5 2 0.1 40 280 35.1 

NC Intermediate 5 2 10 4 16,972 8.8 

NC Intermediate 5 2 1 4 13,192 11.7 
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Table A.1 (continued) 

NC Intermediate 5 2 0.1 4 9,573 15.8 

NC Intermediate 5 3 10 20 8,454 18.5 

NC Intermediate 5 3 1 20 5,031 25.3 

NC Intermediate 5 3 0.1 20 2,577 32.4 

NC Intermediate 5 3 10 40 2,189 34.6 

NC Intermediate 5 3 1 40 836 36.8 

NC Intermediate 5 3 0.1 40 286 35.4 

NC Intermediate 5 3 10 4 16,144 9.2 

NC Intermediate 5 3 1 4 12,474 12.2 

NC Intermediate 5 3 0.1 4 9,028 16.3 

NC Intermediate 6-1 1 10 20 9,455 17.5 

NC Intermediate 6-1 1 1 20 5,899 22.5 

NC Intermediate 6-1 1 0.1 20 3,365 27.4 

NC Intermediate 6-1 1 10 40 2,745 31.9 

NC Intermediate 6-1 1 1 40 1,242 34.7 

NC Intermediate 6-1 1 0.1 40 517 34.3 

NC Intermediate 6-1 1 10 4 16,630 9.6 

NC Intermediate 6-1 1 1 4 12,737 12.2 

NC Intermediate 6-1 1 0.1 4 9,399 15.5 

NC Intermediate 6-1 2 10 4 18,368 8.8 

NC Intermediate 6-1 2 1 4 14,485 11.1 

NC Intermediate 6-1 2 0.1 4 10,857 14.1 

NC Intermediate 6-1 2 10 20 9,623 16.9 

NC Intermediate 6-1 2 1 20 6,075 22.3 

NC Intermediate 6-1 2 0.1 20 3,525 27.4 

NC Intermediate 6-1 2 10 40 2,876 31.4 

NC Intermediate 6-1 2 1 40 1,305 34.0 

NC Intermediate 6-1 2 0.1 40 548 33.6 

NC Intermediate 6-1 2 10 4 18,333 8.6 

NC Intermediate 6-1 2 1 4 14,538 10.5 

NC Intermediate 6-1 2 0.1 4 11,014 13.6 

NC Intermediate 6-1 3 10 20 9,267 17.8 

NC Intermediate 6-1 3 1 20 5,775 22.8 

NC Intermediate 6-1 3 0.1 20 3,340 27.4 

NC Intermediate 6-1 3 10 40 2,713 31.4 

NC Intermediate 6-1 3 1 40 1,236 34.1 

NC Intermediate 6-1 3 0.1 40 503 34.0 

NC Intermediate 6-1 3 10 4 18,477 8.7 

NC Intermediate 6-1 3 1 4 14,688 10.7 

NC Intermediate 6-1 3 0.1 4 11,120 13.5 
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Table A.1 (continued) 

NC Intermediate 6-2 1 10 20 5,421 20.8 

NC Intermediate 6-2 1 1 20 3,118 26.0 

NC Intermediate 6-2 1 0.1 20 1,688 30.1 

NC Intermediate 6-2 1 10 40 1,568 32.3 

NC Intermediate 6-2 1 1 40 652 34.4 

NC Intermediate 6-2 1 0.1 40 246 35.0 

NC Intermediate 6-2 1 10 4 11,968 10.6 

NC Intermediate 6-2 1 1 4 8,930 13.2 

NC Intermediate 6-2 1 0.1 4 6,331 16.7 

NC Intermediate 6-2 2 10 20 5,658 20.6 

NC Intermediate 6-2 2 1 20 3,276 25.9 

NC Intermediate 6-2 2 0.1 20 1,758 30.5 

NC Intermediate 6-2 2 10 40 1,582 32.5 

NC Intermediate 6-2 2 1 40 651 34.8 

NC Intermediate 6-2 2 0.1 40 246 34.8 

NC Intermediate 6-2 2 10 4 11,094 11.4 

NC Intermediate 6-2 2 1 4 8,226 14.3 

NC Intermediate 6-2 2 0.1 4 5,878 17.8 

NC Intermediate 6-2 3 10 20 5,452 20.0 

NC Intermediate 6-2 3 1 20 3,192 25.1 

NC Intermediate 6-2 3 0.1 20 1,748 29.3 

NC Intermediate 6-2 3 10 40 1,616 30.7 

NC Intermediate 6-2 3 1 40 714 32.3 

NC Intermediate 6-2 3 0.1 40 320 31.1 

NC Intermediate 6-2 3 10 4 11,357 10.4 

NC Intermediate 6-2 3 1 4 8,521 13.1 

NC Intermediate 6-2 3 0.1 4 6,062 16.4 

Maryland 97-33 1 10 40 2,821 30.2 

Maryland 97-33 1 1 40 1,224 31.7 

Maryland 97-33 1 0.1 40 508 30.7 

Maryland 97-33 1 10 20 10,519 16.6 

Maryland 97-33 1 1 20 6,642 21.8 

Maryland 97-33 1 0.1 20 3,676 27.2 

Maryland 97-33 1 10 4 19,300 8.4 

Maryland 97-33 1 1 4 15,239 10.8 

Maryland 97-33 1 0.1 4 11,321 14.2 

Maryland 97-33 2 10 40 2,573 31.3 

Maryland 97-33 2 1 40 1,083 33.0 

Maryland 97-33 2 0.1 40 430 31.6 

Maryland 97-33 2 10 20 9,670 17.7 



   

307 

 

Table A.1 (continued) 

Maryland 97-33 2 1 20 5,944 23.1 

Maryland 97-33 2 0.1 20 3,203 28.5 

Maryland 97-33 2 10 4 18,964 8.8 

Maryland 97-33 2 1 4 14,788 11.3 

Maryland 97-33 2 0.1 4 10,820 14.7 

Maryland 97-33 3 10 40 2,474 31.6 

Maryland 97-33 3 1 40 1,040 33.1 

Maryland 97-33 3 0.1 40 428 31.3 

Maryland 97-33 3 10 20 9,443 18.2 

Maryland 97-33 3 1 20 5,697 23.9 

Maryland 97-33 3 0.1 20 3,022 29.4 

Maryland 97-33 3 10 4 19,061 8.8 

Maryland 97-33 3 1 4 14,788 11.4 

Maryland 97-33 3 0.1 4 10,764 14.9 

Maryland 97-57 1 10 20 9,393 15.8 

Maryland 97-57 1 1 20 6,042 20.9 

Maryland 97-57 1 0.1 20 3,456 26.6 

Maryland 97-57 1 10 40 2,761 30.2 

Maryland 97-57 1 1 40 1,250 33.6 

Maryland 97-57 1 0.1 40 521 33.6 

Maryland 97-57 1 10 4 17,478 8.0 

Maryland 97-57 1 1 4 13,946 10.2 

Maryland 97-57 1 0.1 4 10,631 13.0 

Maryland 97-57 2 10 20 9,060 16.7 

Maryland 97-57 2 1 20 5,712 22.0 

Maryland 97-57 2 0.1 20 3,239 27.7 

Maryland 97-57 2 10 40 2,675 30.1 

Maryland 97-57 2 1 40 1,227 32.9 

Maryland 97-57 2 0.1 40 532 32.4 

Maryland 97-57 2 10 4 18,071 7.9 

Maryland 97-57 2 1 4 14,460 10.0 

Maryland 97-57 2 0.1 4 10,971 13.1 

Maryland 97-57 3 10 20 8,683 16.5 

Maryland 97-57 3 1 20 5,504 21.5 

Maryland 97-57 3 0.1 20 3,115 27.0 

Maryland 97-57 3 10 40 2,521 29.9 

Maryland 97-57 3 1 40 1,139 32.9 

Maryland 97-57 3 0.1 40 490 32.4 

Maryland 97-57 3 10 4 17,130 7.9 

Maryland 97-57 3 1 4 13,770 9.9 
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Table A.1 (continued) 

Maryland 97-57 3 0.1 4 10,456 12.8 

Maryland 120B-33 1 10 20 7,755 20.8 

Maryland 120B-33 1 1 20 4,336 27.1 

Maryland 120B-33 1 0.1 20 2,091 32.0 

Maryland 120B-33 1 10 40 1,852 35.7 

Maryland 120B-33 1 1 40 678 37.7 

Maryland 120B-33 1 0.1 40 230 35.7 

Maryland 120B-33 1 10 4 17,672 9.4 

Maryland 120B-33 1 1 4 13,466 12.5 

Maryland 120B-33 1 0.1 4 9,406 17.0 

Maryland 120B-33 2 10 20 9,562 19.1 

Maryland 120B-33 2 1 20 5,555 25.4 

Maryland 120B-33 2 0.1 20 2,758 31.3 

Maryland 120B-33 2 10 40 2,372 34.5 

Maryland 120B-33 2 1 40 901 36.5 

Maryland 120B-33 2 0.1 40 313 34.5 

Maryland 120B-33 2 10 4 19,283 9.6 

Maryland 120B-33 2 1 4 14,705 12.7 

Maryland 120B-33 2 0.1 4 10,342 17.0 

Maryland 120B-33 3 10 20 8,186 21.5 

Maryland 120B-33 3 1 20 4,490 28.0 

Maryland 120B-33 3 0.1 20 2,132 32.8 

Maryland 120B-33 3 10 40 2,243 34.5 

Maryland 120B-33 3 1 40 836 36.0 

Maryland 120B-33 3 0.1 40 291 33.4 

Maryland 120B-33 3 10 4 19,461 9.5 

Maryland 120B-33 3 1 4 14,827 12.6 

Maryland 120B-33 3 0.1 4 10,352 17.1 

Maryland 120B-57 1 10 20 9,767 17.3 

Maryland 120B-57 1 1 20 5,977 23.3 

Maryland 120B-57 1 0.1 20 3,172 29.8 

Maryland 120B-57 1 10 40 2,784 31.5 

Maryland 120B-57 1 1 40 1,158 34.1 

Maryland 120B-57 1 0.1 40 418 34.2 

Maryland 120B-57 1 10 4 18,368 8.5 

Maryland 120B-57 1 1 4 14,439 11.4 

Maryland 120B-57 1 0.1 4 10,521 15.5 

Maryland 120B-57 2 10 20 8,738 18.3 

Maryland 120B-57 2 1 20 5,244 24.2 

Maryland 120B-57 2 0.1 20 2,736 30.3 
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Table A.1 (continued) 

Maryland 120B-57 2 10 40 2,263 33.3 

Maryland 120B-57 2 1 40 918 35.6 

Maryland 120B-57 2 0.1 40 355 33.6 

Maryland 120B-57 2 10 4 17,672 8.5 

Maryland 120B-57 2 1 4 13,866 11.3 

Maryland 120B-57 2 0.1 4 10,080 15.2 

Maryland 120B-57 3 10 20 8,538 17.9 

Maryland 120B-57 3 1 20 5,165 23.8 

Maryland 120B-57 3 0.1 20 2,729 29.9 

Maryland 120B-57 3 10 40 2,201 33.1 

Maryland 120B-57 3 1 40 888 36.0 

Maryland 120B-57 3 0.1 40 329 35.1 

Maryland 120B-57 3 10 4 17,252 8.4 

Maryland 120B-57 3 1 4 13,574 11.0 

Maryland 120B-57 3 0.1 4 9,937 14.7 

Maryland 410029 1 10 40 1,821 34.7 

Maryland 410029 1 1 40 632 33.9 

Maryland 410029 1 0.1 40 231 30.4 

Maryland 410029 1 10 20 7,453 22.0 

Maryland 410029 1 1 20 4,019 29.3 

Maryland 410029 1 0.1 20 1,804 35.4 

Maryland 410029 1 10 4 16,625 10.2 

Maryland 410029 1 1 4 12,354 13.9 

Maryland 410029 1 0.1 4 8,327 19.2 

Maryland 410029 2 10 40 1,705 35.3 

Maryland 410029 2 1 40 579 35.9 

Maryland 410029 2 0.1 40 212 32.5 

Maryland 410029 2 10 20 7,974 21.5 

Maryland 410029 2 1 20 4,356 28.9 

Maryland 410029 2 0.1 20 1,977 35.3 

Maryland 410029 2 10 4 17,190 10.4 

Maryland 410029 2 1 4 12,840 13.9 

Maryland 410029 2 0.1 4 8,658 19.2 

Maryland 410029 3 10 40 1,676 35.2 

Maryland 410029 3 1 40 584 35.0 

Maryland 410029 3 0.1 40 211 32.8 

Maryland 410029 3 10 20 8,012 21.1 

Maryland 410029 3 1 20 4,405 28.3 

Maryland 410029 3 0.1 20 2,048 34.0 

Maryland 410029 3 10 4 17,852 9.9 
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Table A.1 (continued) 

Maryland 410029 3 1 4 13,530 13.4 

Maryland 410029 3 0.1 4 9,301 18.3 

Maryland 410030 1 10 40 1,575 36.3 

Maryland 410030 1 1 40 517 37.0 

Maryland 410030 1 0.1 40 207 31.5 

Maryland 410030 1 10 20 7,631 22.1 

Maryland 410030 1 1 20 4,093 29.7 

Maryland 410030 1 0.1 20 1,825 36.0 

Maryland 410030 1 10 4 16,720 10.1 

Maryland 410030 1 1 4 12,483 14.0 

Maryland 410030 1 0.1 4 8,364 19.5 

Maryland 410030 2 10 40 1,677 35.1 

Maryland 410030 2 1 40 577 34.7 

Maryland 410030 2 0.1 40 234 29.9 

Maryland 410030 2 10 20 7,811 21.7 

Maryland 410030 2 1 20 4,262 29.0 

Maryland 410030 2 0.1 20 1,943 34.8 

Maryland 410030 2 10 4 17,399 9.9 

Maryland 410030 2 1 4 12,998 13.4 

Maryland 410030 2 0.1 4 8,756 18.8 

Maryland 410030 3 10 20 8,221 20.4 

Maryland 410030 3 1 20 4,602 27.5 

Maryland 410030 3 0.1 20 2,162 33.4 

Maryland 410030 3 10 40 1,770 36.6 

Maryland 410030 3 1 40 615 37.0 

Maryland 410030 3 0.1 40 226 32.4 

Maryland 410030 3 10 4 16,547 10.5 

Maryland 410030 3 1 4 12,267 14.2 

Maryland 410030 3 0.1 4 8,297 19.4 

Maryland 410032 1 10 20 8,585 20.1 

Maryland 410032 1 1 20 4,890 26.7 

Maryland 410032 1 0.1 20 2,384 32.5 

Maryland 410032 1 10 40 1,879 35.0 

Maryland 410032 1 1 40 692 34.8 

Maryland 410032 1 0.1 40 272 30.6 

Maryland 410032 1 10 4 17,961 9.6 

Maryland 410032 1 1 4 13,602 12.9 

Maryland 410032 1 0.1 4 9,522 17.5 

Maryland 410032 2 10 20 8,197 20.0 

Maryland 410032 2 1 20 4,635 27.0 
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Table A.1 (continued) 

Maryland 410032 2 0.1 20 2,254 33.1 

Maryland 410032 2 10 40 1,805 35.8 

Maryland 410032 2 1 40 663 35.8 

Maryland 410032 2 0.1 40 246 32.9 

Maryland 410032 2 10 4 17,611 9.5 

Maryland 410032 2 1 4 13,312 12.7 

Maryland 410032 2 0.1 4 9,249 17.3 

Maryland 410032 3 10 20 8,344 20.3 

Maryland 410032 3 1 20 4,739 27.2 

Maryland 410032 3 0.1 20 2,309 33.1 

Maryland 410032 3 10 40 1,887 35.3 

Maryland 410032 3 1 40 707 35.1 

Maryland 410032 3 0.1 40 289 30.8 

Maryland 410032 3 10 4 17,449 9.6 

Maryland 410032 3 1 4 13,253 13.0 

Maryland 410032 3 0.1 4 9,219 17.8 

Maryland 410034 1 10 20 8,886 19.8 

Maryland 410034 1 1 20 5,058 26.7 

Maryland 410034 1 0.1 20 2,430 33.5 

Maryland 410034 1 10 40 1,896 37.2 

Maryland 410034 1 1 40 699 37.7 

Maryland 410034 1 0.1 40 257 33.3 

Maryland 410034 1 10 4 17,948 9.8 

Maryland 410034 1 1 4 13,437 13.3 

Maryland 410034 1 0.1 4 9,247 18.1 

Maryland 410034 2 10 20 8,492 20.2 

Maryland 410034 2 1 20 4,839 27.2 

Maryland 410034 2 0.1 20 2,349 34.0 

Maryland 410034 2 10 40 1,839 36.8 

Maryland 410034 2 1 40 656 38.0 

Maryland 410034 2 0.1 40 247 33.7 

Maryland 410034 2 10 4 17,836 9.5 

Maryland 410034 2 1 4 13,581 12.7 

Maryland 410034 2 0.1 4 9,517 17.3 

Maryland 410034 3 10 20 8,485 20.4 

Maryland 410034 3 1 20 4,812 27.3 

Maryland 410034 3 0.1 20 2,332 33.3 

Maryland 410034 3 10 40 1,829 36.6 

Maryland 410034 3 1 40 643 37.3 

Maryland 410034 3 0.1 40 253 32.5 
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Table A.1 (continued) 

Maryland 410034 3 10 4 18,171 9.2 

Maryland 410034 3 1 4 13,932 12.5 

Maryland 410034 3 0.1 4 9,800 17.0 

Maryland 410038 1 10 20 7,654 21.9 

Maryland 410038 1 1 20 4,130 29.6 

Maryland 410038 1 0.1 20 1,873 36.0 

Maryland 410038 1 10 40 1,579 36.8 

Maryland 410038 1 1 40 531 36.3 

Maryland 410038 1 0.1 40 165 33.1 

Maryland 410038 1 10 4 16,774 10.3 

Maryland 410038 1 1 4 12,410 14.2 

Maryland 410038 1 0.1 4 8,297 19.7 

Maryland 410038 2 10 20 7,823 21.7 

Maryland 410038 2 1 20 4,233 29.1 

Maryland 410038 2 0.1 20 1,911 35.5 

Maryland 410038 2 10 40 1,579 37.7 

Maryland 410038 2 1 40 540 37.0 

Maryland 410038 2 0.1 40 225 30.2 

Maryland 410038 2 10 4 16,142 10.9 

Maryland 410038 2 1 4 11,808 14.9 

Maryland 410038 2 0.1 4 7,801 20.6 

Maryland 410038 3 10 20 7,750 21.4 

Maryland 410038 3 1 20 4,253 28.8 

Maryland 410038 3 0.1 20 1,961 35.0 

Maryland 410038 3 10 40 1,597 37.4 

Maryland 410038 3 1 40 545 37.2 

Maryland 410038 3 0.1 40 194 32.4 

Maryland 410038 3 10 4 16,832 10.0 

Maryland 410038 3 1 4 12,541 13.9 

Maryland 410038 3 0.1 4 8,442 19.6 

Maryland 410029B 1 10 40 1,821 34.7 

Maryland 410029B 1 1 40 632 33.9 

Maryland 410029B 1 0.1 40 231 30.4 

Maryland 410029B 1 10 20 7,453 22.0 

Maryland 410029B 1 1 20 4,019 29.3 

Maryland 410029B 1 0.1 20 1,804 35.4 

Maryland 410029B 1 10 4 16,625 10.2 

Maryland 410029B 1 1 4 12,354 13.9 

Maryland 410029B 1 0.1 4 8,327 19.2 

Maryland 410029B 2 10 40 1,705 35.3 
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Table A.1 (continued) 

Maryland 410029B 2 1 40 579 35.9 

Maryland 410029B 2 0.1 40 212 32.5 

Maryland 410029B 2 10 20 7,974 21.5 

Maryland 410029B 2 1 20 4,356 28.9 

Maryland 410029B 2 0.1 20 1,977 35.3 

Maryland 410029B 2 10 4 17,190 10.4 

Maryland 410029B 2 1 4 12,840 13.9 

Maryland 410029B 2 0.1 4 8,658 19.2 

Maryland 410029B 3 10 40 1,676 35.2 

Maryland 410029B 3 1 40 584 35.0 

Maryland 410029B 3 0.1 40 211 32.8 

Maryland 410029B 3 10 20 8,012 21.1 

Maryland 410029B 3 1 20 4,405 28.3 

Maryland 410029B 3 0.1 20 2,048 34.0 

Maryland 410029B 3 10 4 17,852 9.9 

Maryland 410029B 3 1 4 13,530 13.4 

Maryland 410029B 3 0.1 4 9,301 18.3 

Maryland 410030B 1 10 20 5,159 23.1 

Maryland 410030B 1 1 20 2,689 30.4 

Maryland 410030B 1 0.1 20 1,157 36.5 

Maryland 410030B 1 10 40 824 38.8 

Maryland 410030B 1 1 40 249 39.0 

Maryland 410030B 1 0.1 40 121 36.8 

Maryland 410030B 1 10 4 11,799 11.2 

Maryland 410030B 1 1 4 8,578 15.2 

Maryland 410030B 1 0.1 4 5,609 20.7 

Maryland 410030B 2 10 20 5,164 23.4 

Maryland 410030B 2 1 20 2,670 31.1 

Maryland 410030B 2 0.1 20 1,146 37.5 

Maryland 410030B 2 10 40 872 39.6 

Maryland 410030B 2 1 40 260 40.3 

Maryland 410030B 2 0.1 40 117 31.0 

Maryland 410030B 2 10 4 12,274 10.7 

Maryland 410030B 2 1 4 9,038 14.5 

Maryland 410030B 2 0.1 4 5,949 20.0 

Maryland 410030B 3 10 40 953 39.7 

Maryland 410030B 3 1 40 277 40.2 

Maryland 410030B 3 0.1 40 115 32.1 

Maryland 410030B 3 10 20 5,595 23.3 

Maryland 410030B 3 1 20 2,890 30.9 
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Table A.1 (continued) 

Maryland 410030B 3 0.1 20 1,246 37.4 

Maryland 410030B 3 10 4 13,234 10.5 

Maryland 410030B 3 1 4 9,746 14.5 

Maryland 410030B 3 0.1 4 6,455 20.0 

Maryland 410034B 1 10 20 7,201 20.7 

Maryland 410034B 1 1 20 4,036 27.8 

Maryland 410034B 1 0.1 20 1,919 34.3 

Maryland 410034B 1 10 40 1,439 36.3 

Maryland 410034B 1 1 40 494 36.3 

Maryland 410034B 1 0.1 40 177 32.9 

Maryland 410034B 1 10 4 15,039 9.9 

Maryland 410034B 1 1 4 11,321 13.3 

Maryland 410034B 1 0.1 4 7,815 18.3 

Maryland 410034B 2 10 20 7,393 21.2 

Maryland 410034B 2 1 20 4,076 28.5 

Maryland 410034B 2 0.1 20 1,909 34.7 

Maryland 410034B 2 10 40 1,479 38.3 

Maryland 410034B 2 1 40 481 39.4 

Maryland 410034B 2 0.1 40 185 34.1 

Maryland 410034B 2 10 4 16,148 9.7 

Maryland 410034B 2 1 4 12,183 13.2 

Maryland 410034B 2 0.1 4 8,353 18.4 

Maryland 410034B 3 10 20 6,799 21.7 

Maryland 410034B 3 1 20 3,680 29.4 

Maryland 410034B 3 0.1 20 1,661 36.4 

Maryland 410034B 3 10 40 1,408 36.9 

Maryland 410034B 3 1 40 468 37.7 

Maryland 410034B 3 0.1 40 168 35.5 

Maryland 410034B 3 10 4 15,240 10.0 

Maryland 410034B 3 1 4 11,442 13.5 

Maryland 410034B 3 0.1 4 7,843 18.6 
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Table A.2 Cyclic Fatigue Test Results 

Case Sample Specimen Nf DR 

Input 

Strain 

(µ) 

Sapp 

Maine 159352 1 9,030 0.66 500 29.4 

Maine 159352 2 7,560 0.62 525 26.4 

Maine 159352 3 19,400 0.63 450 27.4 

Maine 159352B 1 8,930 0.63 500 31.5 

Maine 159352B 2 21,880 0.67 475 34.1 

Maine 159352B 3 9,430 0.64 525 31.1 

Maine 159353 1 10,420 0.67 450 41.9 

Maine 159353 2 14,570 0.60 400 31.0 

Maine 159353 3 2,820 0.59 500 28.6 

Maine 159354 1 4,490 0.61 500 23.8 

Maine 159354 2 68,480 0.60 475 18.5 

Maine 159354 3 10,830 0.61 450 25.3 

Maine 159354B 1 10,800 0.59 500 24.4 

Maine 159354B 2 10,580 0.68 525 36.3 

Maine 159355 1 5,040 0.60 500 27.0 

Maine 159355 2 2,230 0.60 550 26.5 

Maine 159355 3 12,150 0.66 450 32.8 

Maine 159358 1 8,610 0.66 490 43.5 

Maine 159358 2 25,970 0.63 370 36.7 

Maine 159358 3 4,460 0.68 520 46.2 

Maine 159360 1 19,600 0.68 500 39.4 

Maine 159360 2 8,730 0.66 525 33.6 

Maine 159360 3 24,360 0.67 450 36.0 

Maine 159361 1 11,030 0.63 500 29.0 

Maine 159361 2 16,520 0.65 525 32.3 

Maine 159361 3 38,220 0.63 450 28.9 

Maine 159362 1 4,610 0.62 490 34.1 

Maine 159362 2 10,500 0.67 460 40.8 

Maine 159362 3 35,120 0.65 430 38.4 

Maine 159362 4 15,570 0.63 430 34.2 

Ontario 5-1 1 5,900 0.71 590 27.8 

Ontario 5-1 2 32,030 0.79 590 40.9 

Ontario 5-1 3 14,530 0.75 590 34.9 

Ontario 5-1B 1 21,270 0.76 530 38.4 

Ontario 5-1B 2 19,650 0.72 510 30.7 

Ontario 5-1B 3 39,810 0.76 510 40.8 

Ontario 5-2 1 30,050 0.73 510 26.2 
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Table A.2 (continued) 

Ontario 5-2 2 13,810 0.70 510 25.0 

Ontario 5-2 3 29,740 0.73 510 25.3 

Ontario 5-6 1 18,020 0.76 560 40.9 

Ontario 5-6 2 18,820 0.75 560 35.5 

Ontario 5-6 3 12,370 0.74 560 35.0 

Ontario 5-7 1 17,970 0.74 560 33.9 

Ontario 5-7 2 9,500 0.71 560 28.7 

Ontario 5-7 3 36,590 0.75 530 37.3 

Ontario 5-8 1 14,200 0.73 560 29.3 

Ontario 5-8 2 28,990 0.76 560 35.0 

Ontario 5-8 3 17,740 0.77 560 35.7 

Ontario 5-10 1 18,250 0.70 510 21.6 

Ontario 5-10 2 44,790 0.71 490 26.5 

Ontario 5-10 3 24,120 0.75 510 27.2 

NC Surface 1 1 23,690 0.63 450 30.4 

NC Surface 1 2 28,330 0.64 470 31.4 

NC Surface 1 3 19,850 0.58 490 23.8 

NC Surface 2 1 7,710 0.65 660 23.2 

NC Surface 2 2 6,780 0.64 660 22.3 

NC Surface 2 3 2,130 0.60 660 18.5 

NC Surface 3 1 6,880 0.59 620 18.0 

NC Surface 3 2 12,060 0.70 620 32.5 

NC Surface 3 3 3,470 0.61 620 20.4 

NC Surface 4 1 10,640 0.66 590 29.3 

NC Surface 4 2 14,800 0.68 590 33.4 

NC Surface 4 3 6,340 0.62 590 24.0 

NC Surface 7 1 5,310 0.63 620 21.5 

NC Surface 7 2 9,460 0.66 620 25.0 

NC Surface 7 3 4,110 0.64 620 21.8 

NC Surface 9 1 13,390 0.67 560 28.3 

NC Surface 9 2 15,370 0.67 560 30.3 

NC Surface 9 3 6,700 0.59 560 21.5 

NC Surface 10 1 16,860 0.64 530 27.5 

NC Surface 10 2 27,410 0.66 510 31.2 

NC Surface 10 3 29,070 0.68 510 32.7 

NC Intermediate 1 1 4,230 0.47 390 13.1 

NC Intermediate 1 2 6,420 0.41 320 9.5 

NC Intermediate 1 3 11,400 0.42 320 10.1 

NC Intermediate 2 1 28,260 0.43 350 11.9 

NC Intermediate 2 2 17,520 0.48 350 14.5 
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Table A.2 (continued) 

NC Intermediate 3 1 3,400 0.44 380 8.2 

NC Intermediate 3 2 13,460 0.42 310 7.1 

NC Intermediate 3 3 7,310 0.36 310 5.6 

NC Intermediate 4 1 2,050 0.49 350 9.9 

NC Intermediate 4 2 30,280 0.40 310 8.3 

NC Intermediate 4 3 14,310 0.44 300 9.8 

NC Intermediate 5 1 12,370 0.43 330 10.6 

NC Intermediate 5 2 10,860 0.46 330 11.8 

NC Intermediate 5 3 18,720 0.44 330 11.5 

NC Intermediate 6-1 1 6,260 0.50 350 13.6 

NC Intermediate 6-1 2 3,130 0.58 440 18.7 

NC Intermediate 6-1 3 2,970 0.57 410 17.3 

NC Intermediate 6-2 1 2,040 0.59 390 10.7 

NC Intermediate 6-2 2 16,730 0.55 320 10.5 

Maryland 97-33 1 34,940 0.49 300 16.3 

Maryland 97-33 2 24,740 0.51 320 18.5 

Maryland 97-33 3 8,260 0.46 320 13.1 

Maryland 97-57 1 3,530 0.46 340 11.9 

Maryland 97-57 2 14,310 0.46 300 11.9 

Maryland 97-57 3 5,370 0.45 300 12.0 

Maryland 120B-33 1 10,560 0.57 300 18.6 

Maryland 120B-33 2 9,690 0.46 300 12.5 

Maryland 120B-33 3 10,180 0.47 300 12.8 

Maryland 120B-57 1 6,640 0.50 300 13.0 

Maryland 120B-57 2 5,550 0.53 300 13.4 

Maryland 120B-57 3 3,970 0.49 300 12.2 

Maryland 410029 1 40,950 0.50 280 12.7 

Maryland 410029 2 27,200 0.51 280 14.7 

Maryland 410029 3 35,300 0.52 280 16.1 

Maryland 410030 1 28,620 0.51 280 13.5 

Maryland 410030 2 16,600 0.51 280 12.8 

Maryland 410030 3 13,990 0.49 280 11.5 

Maryland 410032 1 22,160 0.52 280 13.7 

Maryland 410032 2 24,680 0.52 280 14.9 

Maryland 410032 3 32,030 0.51 280 13.5 

Maryland 410034 1 24,300 0.48 280 12.9 

Maryland 410034 2 18,440 0.48 280 11.2 

Maryland 410034 3 12,500 0.46 280 10.9 

Maryland 410038 1 12,690 0.46 280 10.5 
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Table A.2 (continued) 

Maryland 410038 2 16,810 0.48 280 11.4 

Maryland 410038 3 61,040 0.54 280 17.2 

Maryland 410029B 1 24,430 0.51 280 13.5 

Maryland 410029B 2 16,100 0.47 280 11.3 

Maryland 410029B 3 25,060 0.53 280 15.5 

Maryland 410030B 1 20,470 0.53 300 12.2 

Maryland 410030B 2 25,710 0.52 300 12.7 

Maryland 410030B 3 14,270 0.50 300 9.7 

Maryland 410034B 1 11,540 0.48 290 10.4 

Maryland 410034B 2 14,870 0.52 290 12.9 

Maryland 410034B 3 23,450 0.53 290 13.6 

 

 

Table A.3 I -FIT Results 

Case Sample Specimen 

Max 

Load 

(kN) 

Strength 

(Psi) 

Fracture 

E(N/m2) 
Slope FI  

NC Surface 1-A 1 5.8 111.1 1,711 14.5 1.2 

NC Surface 1-A 2 5.7 110.7 1,669 11.8 1.4 

NC Surface 1-A 3 5.6 108.0 1,822 10.8 1.7 

NC Surface 1-A 4 5.4 106.2 1,583 11.9 1.3 

NC Surface 1-B 1 3.4 67.3 1,260 5.6 2.3 

NC Surface 1-B 2 3.5 67.4 1,378 4.2 3.3 

NC Surface 1-B 3 3.3 65.9 992 4.7 2.1 

NC Surface 1-B 4 3.6 73.6 1,626 4.4 3.7 

NC Surface 2-A 1 2.9 56.1 1,182 4.1 2.9 

NC Surface 2-A 2 2.7 51.8 1,435 2.4 6.1 

NC Surface 2-A 3 2.9 55.8 1,428 2.9 4.9 

NC Surface 2-A 4 2.9 56.2 1,295 3.4 3.9 

NC Surface 2-B 1 3.2 59.7 1,263 3.9 3.2 

NC Surface 2-B 2 3.6 67.3 1,386 4.7 3.0 

NC Surface 2-B 3 3.0 60.5 1,354 3.7 3.7 

NC Surface 2-B 4 3.2 64.7 1,908 4.3 4.5 

NC Surface 4-A 1 4.0 75.7 1,744 4.4 4.0 

NC Surface 4-A 2 2.9 57.6 1,330 3.4 4.0 

NC Surface 4-A 3 3.7 72.3 1,726 4.1 2.4 

NC Surface 4-A 4 3.9 77.8 1,601 5.7 2.8 

NC Surface 4-B 1 3.7 70.1 1,611 4.6 3.5 

NC Surface 4-B 2 3.5 66.3 1,605 4.2 3.8 
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Table A.3 (continued) 

NC Surface 4-B 3 3.5 66.7 1,286 5.3 2.4 

NC Surface 4-B 4 3.6 70.2 1,531 4.3 3.5 

NC Surface 9-A 1 3.7 71.6 1,360 4.9 2.8 

NC Surface 9-A 2 4.0 74.7 1,717 4.3 4.0 

NC Surface 9-A 3 3.9 72.5 1,607 4.5 3.6 

NC Surface 9-A 4 4.1 78.3 1,396 6.5 2.1 

NC Surface 9-B 1 3.1 59.5 1,435 3.2 4.5 

NC Surface 9-B 2 3.3 62.1 1,377 4.6 3.0 

NC Surface 9-B 3 2.9 56.2 1,397 2.9 4.9 

NC Surface 9-B 4 3.3 63.3 1,856 4.4 4.2 

NC Surface 10-A 1 4.8 94.4 1,860 6.6 2.8 

NC Surface 10-A 2 5.1 97.6 1,867 7.5 2.5 

NC Surface 10-A 3 4.9 96.7 1,756 8.4 2.1 

NC Surface 10-A 4 5.1 99.5 1,889 10.8 1.8 

NC Surface 10-B 1 4.1 79.0 1,804 5.2 3.4 

NC Surface 10-B 2 4.1 80.5 1,500 6.3 2.4 

NC Intermediate 1-A 1 6.3 120.9 1,903 16.4 1.2 

NC Intermediate 1-A 2 5.7 111.4 1,566 17.9 0.9 

NC Intermediate 1-A 3 6.0 112.4 1,508 18.8 0.8 

NC Intermediate 1-A 4 6.1 113.8 1,601 19.6 0.8 

NC Intermediate 1-B 1 4.3 80.8 1,748 4.8 3.7 

NC Intermediate 1-B 2 4.2 76.3 1,397 6.9 2.0 

NC Intermediate 1-B 3 3.6 69.9 834 5.3 1.6 

NC Intermediate 1-B 4 4.2 77.0 1,562 6.7 2.3 

NC Intermediate 2-A 1 5.5 105.8 1,818 9.4 1.9 

NC Intermediate 2-A 2 5.9 113.2 1,665 17.4 1.0 

NC Intermediate 2-A 3 5.3 103.1 1,533 9.0 1.7 

NC Intermediate 2-A 4 6.2 118.7 1,471 22.5 0.7 

NC Intermediate 2-B 1 3.7 72.9 1,798 4.8 3.7 

NC Intermediate 2-B 2 4.1 81.3 1,596 6.7 2.4 

NC Intermediate 2-B 3 3.6 69.3 1,666 4.9 3.4 

NC Intermediate 2-B 4 4.1 79.0 1,604 5.5 2.9 

NC Intermediate 4-A 1 4.8 93.0 1,803 7.0 2.6 

NC Intermediate 4-A 2 4.7 89.9 1,882 6.2 3.0 

NC Intermediate 4-A 3 4.8 90.2 1,672 8.1 2.1 

NC Intermediate 4-A 4 4.5 86.7 1,495 6.3 2.4 

NC Intermediate 4-B 1 4.6 86.5 1,815 6.0 3.1 

NC Intermediate 4-B 2 4.2 80.1 1,459 6.6 2.2 

NC Intermediate 4-B 3 4.4 84.0 1,685 5.4 3.1 

NC Intermediate 4-B 4 4.1 78.9 1,362 7.4 1.8 
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Table A.3 (continued) 

NC Intermediate 5-A 1 5.0 96.1 1,798 10.5 1.7 

NC Intermediate 5-A 2 5.3 98.6 1,805 8.9 2.0 

NC Intermediate 5-A 3 4.6 87.5 1,817 5.5 3.3 

NC Intermediate 5-A 4 4.9 93.3 1,789 6.7 2.7 

NC Intermediate 5-B 1 4.4 84.0 1,972 4.4 4.5 

NC Intermediate 5-B 2 3.9 77.7 1,521 5.4 2.8 

NC Intermediate 5-B 3 4.0 76.6 1,384 5.6 2.5 

NC Intermediate 5-B 4 4.2 80.9 1,462 5.9 2.5 

NC Intermediate 6-B 1 3.2 63.5 1,185 4.3 2.8 

NC Intermediate 6-B 2 3.6 70.9 1,297 5.6 2.3 

NC Intermediate 6-B 3 3.4 66.0 1,200 6.5 1.8 

NC Intermediate 6-B 4 3.7 70.8 1,401 6.6 2.1 

 

Table A.4 IDEAL -CT Results 

Case Sample Specimen CT INDEX  

Maryland 410029 1 120.5 

Maryland 410029 2 100.6 

Maryland 410029 3 107.8 

Maryland 410030 1 208.5 

Maryland 410030 2 247 

Maryland 410030 3 221.7 

Maryland 410032 1 77.3 

Maryland 410032 2 83.1 

Maryland 410032 3 76 

Maryland 410033 1 225.1 

Maryland 410033 2 236.9 

Maryland 410033 3 196.3 

Maryland 410034 1 192.6 

Maryland 410034 2 192.8 

Maryland 410034 3 160.2 

Maryland 410038 1 245.7 

Maryland 410038 2 175.4 

Maryland 410038 3 230.2 

 

 


