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EXECUTIVE SUMMARY 

Goals 

The goals of this project were to assess the low-temperature cracking resistance of asphalt 

mixtures used by the Iowa Department of Transportation (DOT), correlate the laboratory results 

with field performance, and use those correlations to propose additional performance criteria.  

Problem Statement 

Thermal stress buildup in pavements due to low temperatures—and often large, sudden drops in 

temperatures—result in excessive thermal cracking that requires frequent maintenance work. 

This increases maintenance costs for pavements and reduces pavement service life.  

Background  

Iowa is among the northern US states that experience fluctuating low temperatures that cause 

low-temperature thermal cracking. To prevent this distress from occurring too soon in new 

pavements, engineers use specifications to guide them in designing asphalt pavement mixes.  

Current Superpave specifications address thermal cracking at low temperatures based on creep 

and strength testing of asphalt binders and mixtures, but the specifications only have limiting 

criteria set forth in the asphalt binder specifications. In addition, these low-temperature 

characterization methods do not take into account the effect from the aggregate part of the 

mixture.  

Mix test specifications consider the effect from both binder and aggregate. However, mix test 

specifications do not have clearly set national limits in Superpave; they are set by individual state 

agencies. Researchers and state DOTs within the Midwestern US have used the disk-shaped 

compact tension (DCT) test, the semi-circular bend (SCB) test, and the Illinois Flexibility Index 

Test (I-FIT) to assess low-temperature cracking/fracture in mixtures.  

To avoid thermal cracking in the field, characterization of mechanical fracture of the asphalt 

mixture is important in predicting the pavement performance and assists the design engineer in 

establishing a mix design that can withstand the cold climate for the design period. 

Project Description  

Ten field-produced asphalt mixtures were obtained from projects that represented typical asphalt 

mixtures used in Iowa. The mixtures were from Fayette, Hamilton, Harrison, Johnson, Lyon, 

Marshall, Polk, and Union counties. 



x 

Five mixtures were from the old design, and the other five mixtures were from the new design. 

The mixtures had different binder grades and aggregate gradation, voids in mineral aggregate 

(VMA), voids filled with asphalt (VFA), binder content, and varying percentage of the recycled 

material. These mixtures were reheated and laboratory-compacted using a gyratory compactor to 

produce 6 in. (150 mm) diameter specimens with a height of approximately 2 in. (50 mm).  

To determine the fracture energies of the compacted samples, DCT and SCB tests were carried 

out as specified by ASTM D7313-13 and AASHTO TP 105-13, respectively. Air voids were 

determined prior to testing to ensure that the specimens used met the air void requirement of 7% 

for testing. I-FIT Procedure 405 was used for testing at intermediate warmer temperatures to get 

the flexibility index (FI) as well.  

Key Findings 

 The 10 mixtures evaluated had an average fracture energy ranging from 265–470 J/m2 and 

485–905 J/m2 for DCT and SCB, respectively.  

 The DCT fracture energies did not meet the DCT specifications contained in Instructional 

Memorandum 510 for the average minimum fracture energies. 

 The DCT and SCB fracture energies are lower than those produced for approval to pave. 

 The FI obtained for the mixtures ranged from 8.36 to 23.32.  

Implementation Readiness and Benefits  

This project assessed 10 field-produced asphalt mixtures used in Iowa to determine their low-

temperature cracking resistance and recommends performance criteria adjustments to state 

specifications based on the results. 

These recommended performance criteria adjustments to the state specifications will ultimately 

reduce maintenance costs and improve the service life of Iowa pavements. 

Conclusions and Recommendations 

Performance criteria adjustments and a pavement distress survey are recommended to ensure that 

field-produced mixtures meet design specifications from the laboratory to the field.  

 The specification on the need for a DCT test should be revised to state that the test is required 

when the asphalt binder replacement exceeds 15% for mixtures with recycled asphalt 

pavement (RAP) and reclaimed asphalt shingles (RAS), rather than the current value of 30% 

and 25% binder replacement, respectively. 

 Since most of the pavements have shown that cracking resistance is low during service life, 

there is a need for revising the specification or improving the quality-control process, just as 

the Minnesota DOT (MnDOT) has allowed a 50 J/m2 range for quality assurance.  



xi 

 A pavement distress survey is recommended that focuses more on the intensity of thermal- 

and transverse-cracking distress over the years to assess the field performance of the 

pavements used in this study in relation to the DCT testing results.  
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CHAPTER 1. INTRODUCTION 

Background Information 

In cold regions of North America (northern US and Canada), the main distress observed in 

asphalt pavements is low-temperature cracking or thermal cracking. At very low temperatures, 

the top layer of asphalt concrete undergoes shrinking. However, the top layer is constrained 

because of friction occurring between itself and an underlying layer of asphalt concrete. This is 

the action by which thermal-induced tensile stresses are produced. As the temperature decreases, 

the thermal-induced tensile stress increases, and once it exceeds the pavement tensile strength, 

the asphalt concrete pavement cracks.  

Current Superpave specifications address thermal cracking at low temperatures based on creep 

and strength testing of asphalt binders and mixtures, but it only has limiting criteria set forth in 

the asphalt binder specifications like the bending beam rheometer (BBR) test. In addition, these 

low-temperature characterization methods do not take into account the effect from the aggregate 

phase of the mixture. Mix test specifications consider the effect from both binder and aggregate. 

However, mix test specifications do not have clearly set national limits in Superpave; they are set 

by individual state agencies. The aggregate phase makes up 90% to 95% of the total weight of a 

typical asphalt concrete mixture. To address the impact of the aggregate phase on low-

temperature cracking in asphalt mixtures, a fracture mechanics-based approach is necessary. The 

following low-temperature cracking/fracture mix tests have been used by researchers and state 

departments of transportation (DOTs) within the Midwestern US:  

 Semi-circular bend (SCB) 

 Illinois Flexibility Index Test (I-FIT) 

 Disk-shaped compact tension (DCT) 

The SCB test has become favored by industry due to the ease of fabrication and that it is 

reproducible. Two specimens can be obtained from one field core, reducing the number of cores 

to be obtained from the field (Wagoner et al. 2005a). The I-FIT has been found to be more 

effective at differentiating effects due to design factors and mixture aging than fracture energy 

(Gf) by itself. The flexibility index (FI) is calculated using Gf and post-peak slope (Rivera-Perez 

et al. 2018). The DCT test can be used with field cores that have already undergone dynamic 

modulus and creep compliance testing. Additionally, the geometry maximizes the potential 

fracture area, which reduces statistical variability of the data obtained (Wagoner et al. 2005a). 

Research Objective 

Durability and performance of pavements is one of the important aspects of design, and they are 

achieved by understanding the design product. For low-temperature cracking, characterizing 

asphalt mixes helps to understand the pavement performance by understanding the fracture 

strength of different materials. Previously, binder characterization has been used; however, 

asphalt mixes are composed of approximately 95% other materials than the asphalt binder. To 
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avoid thermal cracking in the field, characterization of mechanical fracture of the asphalt mixture 

is important in predicting the pavement performance and assists the design engineer in 

establishing a mix design that can withstand the cold climate for the design period. 

The objective of this study was to assess the low-temperature cracking resistance of asphalt 

mixtures used by the Iowa DOT and correlate the laboratory results with field performance. 

Based on the developed correlations, performance criteria for the DCT and SCB tests were 

proposed. The results were compared with what other states in the Midwest are doing.  

Overall Report Experimental Plan 

A technical advisory committee (TAC) was formed that consisted of representatives from Iowa 

DOT, local agencies, and industry professionals. A set of projects that represent typical mixtures 

and materials used by the Iowa DOT was identified for use in this study. DCT and SCB tests 

were used to evaluate the low-temperature cracking resistance of these mixtures. 

Contents of this Report 

Chapter 1 introduces background information and the objectives of this study. Chapter 2 contains 

the literature review on low-temperature cracking, Gf, and the DCT, SCB, and I-FIT tests and 

their specifications, as well as what other states are doing. It also includes future recommended 

work. Experimental methods are covered in Chapter 3, while Chapter 4 presents the results and 

their analysis. Chapter 5 contains conclusions and recommendations on asphalt mix Gf 

characterization for design.  
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CHAPTER 2. LITERATURE REVIEW 

Low-Temperature Cracking 

Low-temperature cracking occurs when stress buildup from thermal contraction surpasses 

pavement tensile strength due to sudden temperature drop and/or repeated temperature 

fluctuation. The crack typically forms in a transverse direction on the pavement surface. Low-

temperature cracking is affected by material, environment, and pavement-structure geometry 

(Kliewer et al. 1996). Thermal cracking is a distress that can compromise the structural integrity 

of the pavement (Behnia et al. 2018), and the primary concern about this distress is the 

infiltration of water into the pavement structure, which from a durability standpoint increases the 

rate of moisture and leads to earlier asphalt concrete deterioration. More so, water infiltration 

promotes pumping of the underlying unbound material, causing depression at the thermal cracks. 

Ice lenses could also form beneath a thermal crack and in turn would cause tenting of the crack 

edge (Marasteanu 2007). 

Thermal cracks are categorized into two types of events: (1) single-event thermal cracks that 

occur due to fast cooling, e.g., a drop in temperature from -10°C to -40°C in a span of 24 hours, 

and (2) thermal-fatigue cracking that can develop due to several cooling cycles and daily 

temperature fluctuation. There have been great research efforts directed toward characterization 

and prevention of thermal cracks in pavement, and this has led to the development of mixture-

based thermal-cracking performance evaluation tools such as the DCT test, SCB test, and the use 

of the combination of stiffness and relaxation properties of asphalt mixtures in black space to 

limit thermal stresses (Oshone et al. 2018). 

Gf is an asphalt mixture fracture parameter that recent studies have identified to have a 

correlation with thermal-cracking resistance. It is defined as the work that is required to cause a 

unit square (m2) crack to form in a laboratory test specimen. The Gf is affected by aggregate 

type, test temperature, the addition of recycled material, and air voids of the mix (Wagoner et al. 

2005b, Li et al. 2010). High Gf indicates that the pavement has high tensile strength and thus can 

dissipate tensile stress buildup more easily in the pavement at low temperatures when the 

pavement is under loading. 

Oshone et al. (2018) reported a positive correlation between Gf and properties that include 

effective binder content, asphalt film thickness, voids in mineral aggregate (VMA), performance-

grade high temperature, and performance-grade spread. A good gradation of material ensures 

adequate VMA and thus sufficient binder. The voids filled with asphalt (VFA) and VMA are 

critical in mixture crack resistance and durability. Lowering VMA lowers the binder content for 

that specific air void content and leads to a more economical mixture but less durability. 

Fracture temperature, or the critical cracking temperature, is an important aspect of thermal-

crack resistance of a pavement. It is a function of the cooling rate and the temperature at which 

cooling starts and is affected by asphalt type and degree of aging. Warmer starting temperatures 

shift the cracking temperature (Mensching et al. 2014). The most frequent actual cooling rate in 

the field is 1°C to 2°C per hour. An increase in cooling rate results in an increase in the fracture 
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temperature. The cooling rate is the temperature drop per unit of time. Most tests have been 

conducted at a cooling rate of 10°C per hour by investigators; however, field cooling rates are 

slower than 10°C (Jung and Vinson 1994). Faster cooling rates cause quicker thermal stress 

buildup and material cracking at a warmer temperature due to the material lacking time to relax 

(Mensching et al. 2014).  

Hot-mix asphalt (HMA) is designed to resist deterioration due to exposure to traffic and 

environmental loads. Different HMAs are chosen depending on traffic level and geological 

location, which influence the variability of mixture components such as binder grade and 

aggregate. Sustainability is one concern of engineers, and this has led to the use of recycled 

material as a part of pavement construction, as the milled material is reused as 30% of the asphalt 

components. This, in turn, has an impact on pavement performance, particularly on distress 

resistance. An asphalt mixture’s fracture and viscoelastic properties play a significant role in 

controlling the ability of the mixture to limit thermal stress and maintain material integrity as the 

stress approaches the material stress capacity (Oshone et al. 2018). 

Dave et al. (2016) recommended the critical selection of asphalt binder for use and argued that 

the use of asphalt binder with a low-temperature limit warmer than the required grade can 

shorten the pavement life significantly. They further strongly recommended the use of 

performance-based specifications that apply laboratory-mix performance tests. Additionally, the 

oxidative aging effects of the asphalt binder should be considered while determining asphalt 

crack resistance. 

Hoare and Hesp (2000) state that for a pavement to fail at low temperatures, there has to be 

either poor material selection or an inadequate testing procedure. An understanding of the 

fundamental failure mechanisms and other material properties that facilitate crack growth at low 

temperatures is important.  

Behnia et al. (2011) observed that the Gf of an asphalt mixture containing a virgin binder (PG 58-

28) was drastically reduced when the recycled asphalt pavement (RAP) amount within the mix 

gradation exceeded 10%. While the Gf of mixtures containing virgin binder PG 64-22 initially 

increased with an increase in RAP amount up to 30%, any increase in RAP amount over 30% 

decreased the Gf. Using a different aging procedure, the study also indicated that the fracture 

energies of the asphalt mixtures increase with aging levels to a peak level where the fracture 

energies dropped with further aging. Behnia et al. pointed out that this trend will vary from 

mixture to mixture, between RAP sources, and from varying binder sources. 

Marasteanu (2007) in the first phase of a national pooled fund study recommended the critical 

need for an asphalt mixture specification. Further, it was pointed out that the Gf of the asphalt 

mixture is a better parameter to identify an asphalt mixture’s low-temperature cracking 

susceptibility compared to the KIC. The reason for this being that Gf depends less on the 

conditions of linear elasticity and homogeneity of the tested materials.  

In the second phase of the low-temperature cracking national pooled fund study, Mihai et al. 

(2012) proposed a thermal-cracking specification for asphalt mixtures; based on DCT results, a 
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minimum Gf of 400 J/m2 was suggested for protection against thermal cracking. Additionally, 

based on SCB results, a testing value of 400 J/m2 was suggested too. These suggested values 

were determined through a correlation of the fracture data and field thermal cracking. The DCT 

test was recommended to be included as a requirement in the low-temperature thermal-cracking 

mix performance-based specification. 

The outcome of the studies that determined the correlation has been that many agencies have 

identified 400 J/m2 as the passing criteria for mixes tested at the low-temperature grade of the 

asphalt binder for the DCT test (Mihai et al. 2012). In Iowa, the DCT test is the method used for 

low-temperature cracking performance of asphalt mix. The criteria established by the Iowa DOT 

is 400 J/m2, 460 J/m2, and 690 J/m2 for traffic levels of standard traffic, heavy traffic, and very 

heavy traffic, respectively. Dave et al. (2016) concluded that a variation of 25 J/m2 Gf is enough 

to show a difference in cracking performance. 

In a study by West et al. (2018), Iowa was among the states that use the balanced mix design 

approach, one which is Volumetric Design with Performance Verification. At the time of study, 

only Iowa, Minnesota, and Missouri required a thermal-cracking test in their mix design 

specifications, and they used the DCT. In the study, it was noted that lowering the number of 

design gyrations (Ndesign) will result in an increase in the optimum asphalt content if aggregate 

gradation is fixed. Their recommendation was to reduce the Ndesign level by 20% to 25% 

depending on the design traffic (West et al. 2018). 

The Minnesota DOT (MnDOT) has implemented DCT testing as a requirement to ensure the 

thermal-cracking resistance of asphalt mixtures at design and production. Additionally, a Gf limit 

has been established in its specification. The minimum Gf during mix design is 450 J/m2 for 

traffic levels 1, 2, and 3 and 500 J/m2 for traffic levels 4 and 5. For quality assurance, the Gf is 

reduced by 50 J/m2 to values of 400 J/m2 for traffic levels 1, 2, and 3 and 450 J/m2 for traffic 

levels 4 and 5 (Oshone et al. 2018). 

The SCB test has been used to evaluate the factors that affect Gf, and these factors were 

identified to be aggregate type, air voids content, modifier type, and the binder type (Li et al. 

2010). Different aggregate requires different amounts of energy for them to crack, and this 

compounds the total mixture crack resistance. More energy is needed to break a denser asphalt 

mixture. Li et al. in their research indicated that asphalt modified with different modifiers had 

different Gf for the same type of mixture. SCB has also been used to determine the effect of 

testing configuration on semi-circular bending fracture of asphalt mixture (Nsengiyumva and 

Kim 2019). 

Rivera-Perez et al. (2018) in a study indicated that the FI is an indicator of ductility of the 

mixture but should be balanced with the stiffness and strength of the mixture. An increase in FI 

is associated with additional inelastic mechanisms (i.e., plasticity and viscoelasticity) of energy 

dissipation away from the crack front, which may delay fracture initiation and propagation. The 

results considered for correlations were those with 8% air void content and below; at 10% air 

void, the fracture test specimen experiences a high level of non-fracture-related energy 
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dissipation. However, correction factors proposed by Barry (2016) could be used to correct for 

the air void content variation. 

SCB Test and I-FIT 

The SCB test is an HMA fracture test used at low temperatures. Recently, the SCB test has 

become favored among researchers, because specimen fabrication is simple and easily 

reproducible using both standard laboratory-compacted or field-cored asphalt concrete samples. 

Within this test, two fracture modes can be studied: Mode I or Mode II. The fracture mode 

depends on the initial notch orientation. For low-temperature tests, such as the Illinois Test 

Procedure 405 (I-FIT) developed by researchers from the University of Minnesota–Twin Cities 

and the University of Illinois–Urbana-Champaign and the SCB test according to AASHTO TP 

105-13 (both shown in Figure 1), Mode I fracture is used for specimen preparation, testing, and 

analysis.  

 

Figure 1. I-FIT SCB test, left, and AASHTO TP 105-13 SCB test, right 

Gf, fracture toughness (KIC), and stiffness (S) are the parameters determined using the SCB test 

results according to AASHTO TP 105-13, while the parameters determined using the I-FIT 

protocol are Gf and FI (Test- 2007, Li et al. 2010, Marasteanu et al. 2012, Hill et al. 2013, Illinois 

Test Procedure 405 2016).  

The SCB test method for low-temperature cracking was developed due to specifications utilizing 

only binder tests such as the BBR and direct tension tester (DTT) for characterization of low-

temperature performance. These test methods do not include the response from the aggregate 

phase, even though the aggregate phase makes up 90% to 95% of the total weight of a typical 

asphalt concrete mixture. To address the impact of the aggregate phase on low-temperature 

cracking in asphalt mixtures, AASHTO TP 10-13 was developed. Testing takes place at both 

10°C above the low-temperature binder grade and 2°C below the low-temperature binder grade. 

A vertical compressive load is applied at the top of each specimen, so a constant crack mouth 

opening displacement (CMOD) of 0.00002 in./s (0.0005 mm/s) is achieved. The parameter Gf is 

determined as the area under load-CMOD curve, while toughness and stiffness are determined 

using load and load line displacement (LLD) results recorded for each tested specimen. 
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The I-FIT was developed to screen out potentially poor-performing mixtures with high amounts 

of RAP and reclaimed asphalt shingles (RAS) and correlates well to field results and other 

cracking tests, while still being practical and easily repeatable (Ozer et al. 2016, Rivera-Perez et 

al. 2018). In contrast to other SCB tests done at low temperatures, the I-FIT includes Gf and post-

peak behavior in the determination of the FI, which has been found to be more effective at 

differentiating effects due to design factors and mixture aging than Gf by itself (Barry 2016).  

Testing takes place at 25°C with a loading rate of 2 in./min (50 mm/min). Currently, the Illinois 

DOT has set the minimum criteria for FI at 8, but the I-FIT and FI parameter need to be further 

calibrated to different traffic levels, climates, mix types, and applications. Further, there are 

concerns that with the 25°C test temperature for the I-FIT that this does not comply with the 

principles of fracture mechanics. This is because the test specimens undergo deformation on the 

millimeter to centimeter scale prior to completion of cracking, and thus the test violates the 

small-scale yielding condition, so the samples would need to be much larger, e.g., on the scale of 

meters in diameter. 

DCT Test  

To examine the fracture mechanics of asphalt concrete at low temperatures, the DCT test is of 

key interest. The DCT test has received favorable reviews because of its many advantages; the 

test can be used with field cores that have already undergone dynamic modulus and creep 

compliance testing, and specimens can be reproduced consistently for use in Mode I fracture 

testing (Wagoner et al. 2005c, T 322 2007, Test- 2007, Hill et al. 2012, 2013). This test is used to 

determine the Gf (Wagoner et al. 2005a, Zofka and Braham 2009, Hill et al. 2013). 

For the DCT test, a circular specimen with a single edge notch is subjected to tension as shown 

on the left in Figure 2.  

 

Figure 2. Schematic of DCT test, left, and clip gauge attached to buttons, right 

In this setup, a tensile load is applied at the top and bottom of each specimen to produce a 

constant CMOD with a constant rate of 0.0007 in./s (0.017 mm/s). An epsilon clip gauge as 

shown on the right in Figure 2 is used to measure the CMOD. The clip gauge is placed between 

two buttons that are glued to the flat face of the specimen. The Gf is determined through load and 

fitted CMOD results. 
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The outcomes of the two-phase national pooled fund study on low-temperature cracking (Mihai 

et al. 2012) identified the relationship between the amount of transverse cracking of field 

pavements and the Gf of cores from these pavements (Figure 3). 

 
Marasteanu et al. 2012 

Figure 3. Relationship between transverse cracking and DCT Gf 
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CHAPTER 3. EXPERIMENTAL METHODS AND MATERIALS 

Materials 

Ten field-produced asphalt mixtures were obtained from projects located in Iowa that 

represented typical asphalt mixtures used in Iowa. The mixtures were from Fayette, Hamilton, 

Harrison, Johnson, Lyon, Marshall, Polk, and Union counties. Figure 4 shows the mixture 

locations, representing five of the six Iowa DOT districts.  

 

Figure 4. Mixture locations and regional recommended Project I type binder grade in Iowa 

Note that Project I types are full depth hot-mix asphalt, HMA + cold in-place recycling, HMA + 

rubblization, HMA + crack and seat HMA overlay >4 in., and HMA + full-depth reclamation 

(FDR). 

Five mixtures were from the old design, and the other five mixtures were from the new design. 

The mixtures had different binder grades and aggregate gradation, VMA, VFA, binder content, 

and varying percentage of the recycled material as shown in Table 1.  

PG58-34 

PG 58-28 
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Table 1. Mixture properties 

Mix Year Binder type 

Binder 

content VMA VFA AFT 

Recycled material % 

in mix 

Traffic 

level District 

1 2013 PG58-28 5.33 16.7 76.1 10.84 11% RAP, 4% RAS High 3 

2 2014 PG64-22w/hG 5.28 16.8 76.1 10.22 9.5% RAP, 5% RAS High 1 

3 2013 PG58-28 5.33 16.7 76.1 10.84 5% RAP, 4% RAS High 3 

4 2013 PG64-28 4.49 13.2 69.7 8.43 12% slag, 34% RAP High 6 

5 2014 PG58-28 5.48 16.8 76.1 10.22 9.5% RAP, 5% RAS High 1 

6 2018 PG58-28V 4.75 13.9 71.2 9.3 19% RAP Very high 1 

7 2018 PG58-34H 5.34 14.4 72.3 9.85 15% RAP High 2 

8 2018 PG58-28S 5.89 14.7 72.7 8.71 - Standard 4 

9 2018 PG58-28H 5.36 15.3 73.8 14.45 15% RAP High 4 

10 2018 PG58-28S 5.02 14 71.3 8.74 17% RAP Standard 1 

Note: AFT = Asphalt film thickness 
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Figures 5 and 6 show the gradations of both the old design and the new Ndesign mixtures used in 

this project.  

 

Figure 5. Old Ndesign aggregate mix gradations 

 

Figure 6. New Ndesign aggregate mix gradations 

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^(0.45) (mm)

Restricted Zone

Control Point

Control Point

Restricted Zone

Mixture 1

Mixture 2

Mixture 3

Mixture 4

Mixture 5

#200 #8#16 1/2"3/8"#4 3/4"#50 #30 1"

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^(0.45) (mm)

Restricted
Zone
Control Point

Control Point

Restricted
Zone
Mixture 6

Mixture 7

#2 #8#16 1/2"3/8"#4 3/4"#50 #30 1"



12 

For the aggregate gradations, most of the aggregate sizes are in the range of 0.04 in. (1 mm) to 

0.5 in. (12.5 mm). Although the Ndesign involves lowering the number of design gyrations, this 

was not evident between the old and new Ndesign gradation as there were not significant 

differences between asphalt content when lowering gyration levels based on traffic level design.  

Methods 

The overall test plan is shown in Figure 7. 

 

Figure 7. Test plan 

Theoretical maximum specific gravity (Gmm) was determined using AASHTO T 209-12. The 

loose mixtures were heated to 90°C, the conglomerates were separated to form fine particles of 

0.25 in. (6 mm,) and the process was carefully done to prevent fracture of the aggregate. After 

cooling, 2,500 grams from the mixtures were measured per mix. Using the Gmm test container, 

the weight of the sample and container were recorded, as well as the weight of the container 

immersed in a water bath. Water was added to cover the sample in the vacuum equipment; a 

vacuum between 1 in. (25.5 mm) and 1.2 in. (30 mm) of mercury was applied. During the 

vacuum period, the container and the contents were agitated using a mechanical vibratory device. 

After 15 minutes, the sample was immersed in a water bath for 5 minutes, and the weight was 

recorded; the Gmm was then calculated. 

The samples were cut to achieve the configuration specified for each test. Water was used while 

cutting to cool the saw and to wash away small particles to prevent smearing. A bulk specific 

gravity (Gmb) test of the specimen was carried out following ASTM D2726. The samples were 

left to dry after cutting, and their dry weights were recorded. Each sample was then immersed in 

water for 5 minutes, and the immersed weight was recorded; the sample was then removed from 
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the water, and the surface wiped with a damp towel to achieve saturated surface dry condition. 

They were then weighed, and the weight recorded. The Gmb was then calculated. 

The specimen air voids were calculated using the obtained Gmm and Gmb to identify the specimen 

that met the required air void criteria of 7% ± 0.5% to be used for DCT, SCB, and I-FIT tests. To 

determine the fracture energies of the compacted sample, specimen preparation was done 

following ASTM and AASHTO specifications for the respective tests. They were a conditioned 

for minimum of two hours at the test temperature, and then DCT, SCB, and I-FIT were carried 

out, and four replicates were used per mix per test. 

DCT 

The DCT tests were carried out in accordance with ASTM D7313-13. The different mixture 

specimens were tested at 10°C higher than the lower limit temperature of the performance grade, 

i.e., for PG 64-22, the samples were tested at -12°C, and most of the samples were tested at -

18°C. A 0.04 in./min (1.0 mm/min) rate of CMOD was used. Continuous load and CMOD were 

measured and recorded using the test computer, and a plot of load-CMOD was also obtained. Gf 

is computed as the area under the load-CMOD curve; the equipment used calculated the Gf value 

immediately when the specimen fails under loading. 

SCB 

Following AASHTO TP 105-13 (2015), the SCB tests were carried out with a constant CMOD 

of 0.00002 in. (0.0005 mm) to ensure the crack growth condition is stable at 10°C higher than 

the PG lower limit. LLD was measured and recorded using universal testing machine (UTM) 

equipment. MATLAB was used to plot load and LLD, and Gf was calculated as the area under 

load-LLD curve.  

Table 2 shows a sample of the raw data obtained from an SCB test of one of the mixtures. 
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Table 2. Sample of SCB raw data of one sample as obtained during the test 

Time 

(seconds) 

CMOD 

(mm) 

Load  

(KN) 

Stroke 

(mm) 

LLD  

(mm) 

Ext  

(mm) 

Temp  

(°C) 

0 4.3736 -0.005 -18.419 9.554 0.005 -18 

0.1 4.3742 -0.011 -18.424 9.56 0.006 -18 

0.2 4.3738 -0.005 -18.417 9.562 0.005 -18 

0.3 4.3731 -0.002 -18.409 9.557 0.004 -18 

0.4 4.3736 -0.003 -18.412 9.564 0.005 -18 

0.5 4.3736 0.001 -18.406 9.566 0.005 -18 

0.6 4.374 0.006 -18.398 9.575 0.005 -18 

0.7 4.3741 0.013 -18.391 9.585 0.005 -18 

0.8 4.3739 0.019 -18.386 9.588 0.005 -18 

0.9 4.3738 0.026 -18.383 9.59 0.004 -18 

1.0 4.3744 0.039 -18.377 9.598 0.005 -18 

1.1 4.3748 0.059 -18.373 9.603 0.006 -18 

1.2 4.3743 0.05 -18.369 9.599 0.005 -18 

1.3 4.3757 0.061 -18.367 9.609 0.007 -18 

1.4 4.3741 0.058 -18.351 9.592 0.004 -18 

1.5 4.374 0.044 -18.35 9.592 0.004 -18 

 

I-FIT 

The I-FIT was used for the intermediate warmer temperatures and was carried out as per Illinois 

Test Procedure 405 (2016). The specimens were conditioned at 25°C. A loading rate of 2 in./min 

(50 mm/min) was applied constantly for the duration of test. Similar to SCB testing, the load and 

LLD were measured, and the Gf was calculated as the area under load-LLD curve, and this value 

was further used to calculate the FI. 

Table 3 shows a sample of the raw data obtained from an I-FIT of one of the mixtures. 
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Table 3. Sample of I-FIT raw data of one sample as obtained during the test 

Point 

Time 

(s) 

Load 

(KN) 

Displacement 

Channel 1 

(mm) 

Displacement 

Channel 2 

(mm) 

1 0.000 0.08 0.000 0.000 

2 0.025 0.11 0.008 0.010 

3 0.050 0.27 0.029 0.036 

4 0.075 0.47 0.050 0.060 

5 0.100 0.68 0.070 0.084 

6 0.125 0.89 0.090 0.105 

7 0.150 1.11 0.110 0.129 

8 0.175 1.33 0.131 0.152 

9 0.200 1.55 0.150 0.176 

10 0.225 1.78 0.170 0.198 

11 0.250 2.02 0.191 0.223 

12 0.275 2.25 0.213 0.248 

13 0.300 2.46 0.232 0.270 

14 0.325 2.67 0.252 0.295 
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CHAPTER 4. TEST RESULTS 

DCT Results 

The average Gf value ranged from 265.25 J/m2 to 470.00 J/m2 as shown in Figure 8.  

 

Figure 8. Average DCT fracture energies for the mixtures 

Mixture 1 is the only mixture that met the Gf value of the criteria it was designed for, having a Gf 

value of 470 J/m2, and it was designed for a minimum value of 460 J/m2. Mixtures 8 and 10 were 

designed for standard traffic, and they do not meet the specification of 400 J/m2, as they have Gf 

values of 381.25 J/m2 and 330.50 J/m2
, respectively. Mixtures 3 and 6 have Gf values that meet 

the criteria for standard traffic; however, they do not satisfy the specification for high traffic 

value of 460 J/m2 as shown in Figure 9.  
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Figure 9. Comparison of DCT Gf obtained to the expected minimum values as per the 

specification 

Mixtures 2, 4, 5, 7, and 9 did not meet their designed traffic specification minimum values nor 

the standard traffic specification value. Mixture 4 had the lowest fracture resistance, and the 

highest percentage of recycled material using slag; however, this does not mean the recycled 

material caused the low Gf, as other mixtures with no or little percentage of recycled material 

also did not have Gf values for the standard traffic specification. Mixtures 2 and 4 have 64°C as 

the upper temperature limit, and the Gf values obtained were lower than the other mixtures with a 

lower value of upper performance-grade temperature limit.  

Mixture 3 had the lowest variance in the results followed by Mixture 10 and Mixture 4. Mixtures 

2, 6, and 8 had the highest variance followed by Mixture 1, while Mixtures 5, 7, and 9 had 

variances between Mixture 4 and Mixure 7. The Ndesign for Mixtures 6 to 10 had DCT Gf mean 

values that were within a small range. 

Figure 10 shows a box plot of the DCT test results for all 10 mixtures.  
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Figure 10. Box plot of DCT results 

An increase in RAP caused a reduction in the DCT test fracture energies. This can be attributed 

to the fact that the RAP had binder that is old, and hence it’s stiff and cannot resist fracture. As 

the binder ages, it exhibits less ductility and thus requires a small amount of energy to fracture.  

Figure 11 shows the effect of RAP on the Gf from the DCT results. 

 

Figure 11. RAP effect on DCT Gf 
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A high film thickness of the binder causes an increase in DCT fracture resistance up to an 

optimum value, after which the DCT Gf value decreases with an increase in film thickness. A 

sufficient asphalt content is required, just enough to coat the aggregates and bond them together. 

From the trend line shown in Figure 12, it is apparent that as film thickness increases, the Gf will 

increase, thus improving mix performance against low-temperature fracture.  

 

Figure 12. Effect of film thickness on DCT Gf 

However, when the film thickness became greater than 12 m, as shown in the figure, 

performance decreased. 

SCB Results 

The average Gf values from the SCB results ranged from 485 J/m2 to 1,102 J/m2, as shown in 

Figure 13.  
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Figure 13. Graph of average SCB Gf of the mixtures 

Mixture 2 had the highest SCB Gf, while it was among the low DCT Gf values. Mixture 1 had 

higher values for both DCT and SCB tests compared to the other mixtures. There was no trend 

noticed between SCB and DCT Gf values of the mixtures. This could be attributed to the 

differences in testing configurations of the specimens and the loading rate. 

Mixture 10 had the lowest variance for SCB testing, of which this was also observed in the DCT 

results. Mixture 6 had the second lowest variance while Mixtures 7, 8, and 9 had the highest 

variance of the five mixtures. Mixtures 7 and 9 had outlier results, which were not used in 

calculating those mixtures’ average mean fracture energies.  

Figure 14 shows a box plot of the SCB test results for all 10 mixtures.  
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Figure 14. Box plot of SCB Gf 

An increase in RAP caused a decrease in the SCB Gf as shown in Figure 15. This was also 

observed from the fracture energies of the DCT tests.  

  

Figure 15. Effect of RAP on SCB Gf 

An increase in film thickness caused a decrease in SCB fracture energies (Figure 16).  
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Figure 16. Effect of film thickness on SCB Gf 

If asphalt is concentrated in the same point of the mixture, it gives a weak point for fracture and 

especially in low temperatures, as it becomes plastic; hence, low energy is needed to cause a 

crack. 

I-FIT Results 

The FI was calculated from the Gf obtained during I-FIT testing (Illinois Test Procedure 405 

2016). All FI values are about 8.0, which is the minimum recommended value for both HMA 

and stone-matrix asphalt (SMA) asphalt mixtures (Figure 17).  
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Figure 17. Graph of average FI of the mixtures 

Mixture 7 had the lowest value of FI, and this could be related to the performance-grade lower 

limit temperature, which was lower than the other mixtures’ performance-grade lower limit 

temperatures. 

Generally, the mixtures had low variance as shown in the box plot in Figure 18. 

 

Figure 18. Box plot of FI 
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Mixture 4 had an outlier, which was not used when calculating the mean FI. Mixtures 1 and 2 

had the highest variance as compared to the other mixtures. 

Figure 19 shows the effect of RAP on the Gf from the I-FIT results. 

  

Figure 19. Effect of RAP on Gf  

An increase in film thickness caused an increase in FI (Figure 20), of which this trend was also 

observed in the fracture energies of the SCB tests. 
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Figure 20. Effect of film thickness on FI 

Test Temperatures and Coefficients of Variation 

All the mixtures have coefficients of variation (COV) below the recommend 25% for SCB and 

DCT tests, as shown in Table 4. 

Table 4. Test temperatures and COV for SCB and DCT 

Mixture 

Test 

temperature 

(°C) Reps 

DCT SCB 

Mean COV Mean COV 

1 -18 4 470.00 13.53 907.20 15.23 

2 -12 4 308.25 23.23 1102.00 17.52 

3 -18 4 436.00 2.61 584.00 20.34 

4 -18 4 265.25 13.37 670.00 18.68 

5 -18 4 347.00 15.46 514.00 13.56 

6 -18 4 412.75 18.16 609.75 17.39 

7 -24 4 391.75 14.30 650.80 23.20 

8 -18 4 381.25 21.79 905.75 21.49 

9 -18 4 287.50 17.45 548.25 23.56 

10 -18 4 330.5 6.57 485.17 13.52 

 

Mixture 2 had the highest COV for the DCT test, at 23.23%, and Mixture 9 had the highest COV 

for SCB, at 23.56%, and the rest of the COV values were in the range of 2.61% to 21.79%. 
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Mixture 8 had COV values that were similar to one another based on results from both tests. This 

is an indicator that Mixture 8 met the required COV. 

Table 5 shows the test temperatures and COV results from the I-FIT testing. 

Table 5. Test temperatures and COV for I-FIT 

Mixture 

Test 

temperature 

(°C) Reps 

I-FIT 

Mean COV 

1 25 4 14.93 33.71 

2 25 4 17.57 35.56 

3 25 4 18.29 13.95 

4 25 4 23.32 32.21 

5 25 4 17.93 0.44 

6 25 4 15.28 16.03 

7 25 4 8.36 7.52 

8 25 4 15.05 7.79 

9 25 4 14.47 4.60 

10 25 4 12.65 15.09 

 

Overall Analysis 

A JMP analysis of the Gf indicated: (1) based on the DCT and SCB results, Mixture 1 was 

significantly different from Mixtures 2, 4, 5, 9, and 10, while Mixture 2 was significantly 

different from Mixtures 1, 3, 6, and 7; (2) Mixtures 4, 5, 9, and 10 were not significantly 

different; and (3) RAP content was observed to be the factor that most affected Gf for the 

mixtures used in this study. 
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CHAPTER 5. SUMMARY, CONCLUSIONS, AND RECOMMENDATIONS 

The mixtures’ Gf values of the DCT tests did not meet the design criteria for the traffic level, 

meaning that the fracture energies of the field-produced mixtures were lower than the value they 

were designed for demonstrated by the sample mixtures used in this study. It should be noted 

that the mixtures may have had low fracture energies because they had undergone more aging 

after mixing; during the laboratory tests, the mixtures were heated before compaction and before 

the Gmm tests. 

DCT tests were not required for the laboratory-produced mixtures during construction since the 

binder replacement was less than 30% for mixtures with RAP and 25% for RAS.  Additionally, 

the majority of mixtures studied in this work did not meet the requirement for DCT testing for 

their laboratory-designed mixtures and yet did not achieve Gf for their designed traffic volumes. 

The specification on the need for a DCT test should be revised to state that the test is required 

when the asphalt binder replacement exceeds 15% for mixtures with RAP and RAS, rather than 

the current value of 30% and 25% binder replacement, respectively.  

The pavements that are still in use and have not had any major rehabilitation or maintenance 

activities show that these pavements have an adequate amount of cracking resistance as they 

have been able to carry the loads they were designed for. However, the laboratory tests on the 

mixtures show low cracking resistance and therefore a need for revising the specification or 

improving the quality-control process, just as MnDOT has allowed a 50 J/m2 range for quality 

assurance.  

A pavement distress survey is recommended that focuses more on the intensity of thermal- and 

transverse-cracking distress over the years to assess the field performance of the pavements used 

in this study in relation to the DCT testing results. 
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APPENDIX. GRADATION AND ADDITIONAL DETAILS ON MIXTURES 

Table 6. Mixture aggregate gradation 

Gradation 

(mm) 

Mixtures 

1 2 3 4 5 6 7 8 9 10 

25 100 100 100 100 100 100 100 100 100 100 

19 100 100 100 100 100 100 100 100 100 99 

12.5 97 97 97 94 97 96 98 97 95 90 

9.5 88 90 88 86 90 89 89 88 90 79 

4.76 69 64 69 59 64 62 63 70 77 59 

2.36 43 47 43 40 47 45 46 50 41 40 

1.18 26 33 26 28 33 30 34 34 23 30 

0.85 15 19 15 17 19 19 24 23 15 24 

0.3 9.2 8.3 9.2 8.9 8.3 9.4 12 7.7 6.4 11 

0.15 5.6 5.1 5.6 4.8 5.1 5.2 4.8 3.8 3.4 5.5 

0.075 3.9 3.9 3.9 4.2 3.9 3.9 2.9 3 2.6 4.3 
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