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 1 

CHAPTER 1-INTRODUCTION 
 

1.1 General and Background Information  

 

It is generally accepted that Strategic Highway Research Program (SHRP) activities 

reduced asphalt pavement rutting from levels that were often problematic to levels that are 

often not the most problematic distress. In present day, durability and cracking distresses are 

often governing pavement life. This is partly due to the success of the SHRP program, but is 

also being contributed to by the ever-increasing emphasis on sustainability and virgin binder 

prices. Increased emphasis on using reclaimed asphalt pavement (RAP), ground tire rubber 

(GTR), bituminous shingles, and similar generally results in more rut resistant pavements 

that have brittleness potential. Methods capable of assessing durability and cracking 

distresses (i.e. longer term performance distresses) are arguably more important than at any 

other time in the history of the asphalt paving industry. 

Laboratory conditioning protocols to better simulate environmental effects over a 

several year period would be useful to capture brittle behaviors associated with asphalt 

mixtures during the design and material selection phases. There has been a widespread 

discussion of asphalt pavement aging throughout the industry in recent years, and a key point 

of discussion has been that asphalt aging has not been accurately simulated for a wide range 

of materials and a wide range of environments using a single laboratory conditioning 

protocol.  

A pavement test section constructed as part of Howard et al. (2012) has been closely 

monitored since its construction in 2011 and offered a somewhat unique opportunity to 

evaluate changes to asphalt mixture performance as a result of short and long term aging in 

Mississippi. This test section is the focus of this report. 

 

1.2 Objectives and Scope  

 

This report is part of a three volume series that investigated: 1) the effects field aging 

has on asphalt concrete produced at hot mix temperatures and hauled long distances; and 2) 

the effects field aging has on asphalt concrete produced at different mixing temperatures and 

hauled a moderate distance. This research effort utilized laboratory and field testing of 

asphalt mixtures and binders, literature review, and data analysis. The research program was 

funded by MDOT through Project 106526 101000, State Study 266 (SS266), and State Study 

270 (SS270). The three report volumes do not coincide with MDOT funding mechanisms, 

rather are divided according to technical content. Collectively, these three reports contain all 

deliverables for these three funded endeavors (1 through Materials Division, 2 through 

Research Division). 

Volume 1 (FHWA/MS-DOT-RD-18-266/270-Volume 1) includes data and analysis 

of reference mixtures that are intended largely for benchmarking and interpretation of 

Volume 2 and Volume 3 data. Volume 2 (FHWA/MS-DOT-RD-18-266/270-Volume 2) 

focused most of its effort on the effects field aging has on asphalt concrete produced at hot 

mix temperatures and hauled long distances. Volume 3 (FHWA/MS-DOT-RD-18-266/270-

Volume 3) focused most of its efforts on the effects field aging has on asphalt concrete 

produced at different mixing temperatures and hauled a moderate distance. 
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The main objective of this report (Volume 2) was to characterize the effects of short 

and long term aging for a full-scale and non-trafficked asphalt test section originally built as 

part of an emergency paving demonstration documented in Howard et al. (2012). Volume 2 

focuses on field aging and laboratory conditioning of plant mixed and field compacted 

(PMFC) asphalt within a test section constructed at APAC Mississippi, Inc’s Columbus 

facility. The majority of the testing conducted for this report was performed on cores or plant 

mixed and laboratory compacted (PMLC) specimens produced from mixtures sampled 

during construction, though some evaluations were conducted on asphalt binders sampled the 

same day as construction. There was no data collected from laboratory mixed and laboratory 

compacted (LMLC) specimens in this portion of the effort. 

  Remaining chapters in this document report the findings of this investigation relative 

to the full-scale pavement test section in Columbus, MS. Chapter 2 presents a literature 

review. Chapter 3 describes the pavement test section and experimental program. The 

remaining chapters provide test results and analysis. 

 

1.3 Summary of Asphalt Mixtures Considered  

 

 There were a total of 20 asphalt mixtures (M01 to M20) tested as part of this research 

program (Project 106526 101000, SS266, and SS270). This section is repeated in all three 

volumes for clarity, and an asphalt mixture is defined as a unique combination of ingredients 

at consistent proportions. A single mixture could be produced in different ways and at 

different points in time using the same aggregate and asphalt binder sources at consistent 

proportions. For example, one mixture could be plant-mixed and field compacted (PMFC), 

plant-mixed and laboratory compacted (PMLC), or laboratory-mixed and laboratory 

compacted (LMLC). M01 to M13 were the focus of Volume 1 as an investigation of single 

aggregate source (SAS) and Air Force Base (AFB) mixtures which were often field aged on 

the full-scale test section described in Chapter 3 of Volume 2. M14 to M16 were the focus of 

this report (Volume 2) which considers the full-scale and non-trafficked test section 

described in Chapter 3 of this report. Volume 3 relies on results from M17 to M20 which 

were also field aged on the full-scale test section. Tables 1.1 to 1.3 provide mixture design 

volumetric information, ingredient source information, and gradations, respectively. All 

terms used in Tables 1.1 to 1.3 are provided in the list of symbols.  

 Table 1.2 describes constituent materials in M01 to M20 by type, source, and sample 

(where documented). M01 to M10 were lab mixed from constituent materials and M11 to 

M20 were plant mixed. Aggregate sources which were sampled in more than one paving 

season are differentiated by year, and sample number differentiates binder samples. Notice 

that a single sample of asphalt binder was used for M01 to M10 and M17 to M20.  
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Table 1.1.  Mixture Volumetric Properties Utilized During Research Program 

Mix ID 
Tdesign  

(°C) 

Tproduction  

(°C) 
Gmm Gsb Gse Gsa 

Pb  

(%) 

Pbe 

(%) 

Pba (mix) 

(%) 

VMA 

(%) 

Design Va 

(%) 

Vbe 

(%) 

P200 

(%) 

NMAS 

(mm) 

M01 163 163 2.250 2.385 2.520 2.651 8.3 6.2 2.3 16.9 4 12.9 6.0 12.5 

M02 163 163 2.250 2.385 2.520 2.651 8.3 6.2 2.3 16.9 4 12.9 6.0 12.5 

M03 163 163 2.250 2.385 2.520 2.651 8.3 6.2 2.3 16.9 4 12.9 6.0 12.5 

M04 129 129 2.248 2.385 2.505 2.651 8.0 6.1 2.1 16.8 4 12.8 6.0 12.5 

M05 129 129 2.248 2.385 2.505 2.651 8.0 6.1 2.1 16.8 4 12.8 6.0 12.5 

M06 129 129 2.248 2.385 2.505 2.651 8.0 6.1 2.1 16.8 4 12.8 6.0 12.5 

M07 163 163 2.479 2.694 2.733 2.743 6.2 5.7 0.5 17.2 4 13.2 5.9 12.5 

M08 129 129 2.481 2.694 2.735 2.743 6.2 5.7 0.5 17.0 4 13.0 5.9 12.5 

M09 163 163 2.123 2.248 2.362 2.507 8.7 6.7 2.2 17.2 4 13.2 6.2 12.5 

M10 129 129 2.125 2.248 2.351 2.507 8.3 6.5 2.0 16.8 4 12.8 6.2 12.5 

M11 150 150 2.531 2.693 2.753 2.811 5.2 4.4 0.8 14.1 4 10.1 4.5 12.5 

M12 166 160 2.370 2.484 2.560 2.653 6.0 4.8 1.2 14.3 4 10.3 4.0 12.5 

M13 177 160 2.381 2.481 2.556 2.607 5.9 4.8 1.2 14.3 4 10.3 4.5 12.5 

M14 160 164 2.378A 2.515 2.567 2.663 5.4 4.6 0.8 14.1 4 10.1 5.9 12.5 

M15 160 153 2.378A 2.515 2.567 2.663 5.4 4.6 0.8 14.1 4 10.1 5.9 12.5 

M16 160 148 2.378A 2.515 2.567 2.663 5.4 4.6 0.8 14.1 4 10.1 5.9 12.5 

M17 143 143 2.461 2.609 2.668 2.688 5.3 4.5 0.8 14.3 4 10.3 4.9 12.5 

M18 129 132 2.461 2.609 2.668 2.688 5.3 4.5 0.8 14.3 4 10.3 4.9 12.5 

M19 129 132 2.461 2.609 2.668 2.688 5.3 4.5 0.8 14.3 4 10.3 4.9 12.5 

M20 129 132 2.461 2.609 2.668 2.688 5.3 4.5 0.8 14.3 4 10.3 4.9 12.5 

A: Mix design values are shown – other values were used such as those sampled from the paver in most areas  

throughout the work. 
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Table 1.2.  Mixture Components Information Utilized During Research Program 

Mix 

ID 

 Aggregates  Asphalt Binder 

 Gravel  Limestone  Sand  RAP   HL  PG 

Grade Source 

Warm Mix 

Technology Sample  Source (%)  Source (%)  Source (%)  (%)  (%)  

M01  Hamilton, MS (’13) 100  --- ---  --- ---  ---  ---  67-22 Vicksburg, MS --- 1 

M02  Hamilton, MS (’13) 100  --- ---  --- ---  ---  ---  67-22 Vicksburg, MS 0.5% Evo. 1 

M03  Hamilton, MS (’13) 100  --- ---  --- ---  ---  ---  67-22 Vicksburg, MS 1.5% Sasobit 1 

M04  Hamilton, MS (’13) 100  --- ---  --- ---  ---  ---  67-22 Vicksburg, MS --- 1 

M05  Hamilton, MS (’13) 100  --- ---  --- ---  ---  ---  67-22 Vicksburg, MS 0.5% Evo. 1 

M06  Hamilton, MS (’13) 100  --- ---  --- ---  ---  ---  67-22 Vicksburg, MS 1.5% Sasobit 1 

M07  --- ---  Tuscaloosa, AL (’13) 100  --- ---  ---  ---  67-22 Vicksburg, MS --- 1 

M08  --- ---  Tuscaloosa, AL (’13) 100  --- ---  ---  ---  67-22 Vicksburg, MS --- 1 

M09  Creede, CO 100  --- ---  --- ---  ---  ---  67-22 Vicksburg, MS --- 1 

M10  Creede, CO 100  --- ---  --- ---  ---  ---  67-22 Vicksburg, MS --- 1 

M11  --- ---  California 100  --- ---  ---  ---  70-10 California --- 1 

M12  Hamilton, MS (’13) 51  Tuscaloosa, AL (‘13) 33  Hamilton, MS (’13) 15  ---  1  76-22 Memphis, TN --- 1 

M13  Hamilton, MS (’13) 41  Tuscaloosa, AL (‘13) 25  Hamilton, MS (’13) 13  20  1  70-22 Memphis, TN --- 1 

M14  Hamilton, MS (’11)  39  Tuscaloosa, AL (‘11) 35  Hamilton, MS (’11) 10  15  1  67-22 Vicksburg, MS --- 2 

M15  Hamilton, MS (’11) 39  Tuscaloosa, AL (‘11) 35  Hamilton, MS (’11) 10  15  1  67-22 Vicksburg, MS Foamed 2 

M16  Hamilton, MS (’11) 39  Tuscaloosa, AL (‘11) 35  Hamilton, MS (’11) 10  15  1  67-22 Vicksburg, MS 0.5% Evo. 2 

M17  Undocumented 25  Calera, AL 60  Undocumented 15  ---  ---  67-22 Vicksburg, MS --- 1 

M18  Undocumented 25  Calera, AL 60  Undocumented 15  ---  ---  67-22 Vicksburg, MS Foamed 1 

M19  Undocumented 25  Calera, AL 60  Undocumented 15  ---  ---  67-22 Vicksburg, MS 0.5% Evo. 1 

M20  Undocumented 25  Calera, AL 60  Undocumented 15  ---  ---  67-22 Vicksburg, MS 1.5% Sasobit 1 

Hydrated Lime (HL); Reclaimed Asphalt Pavement (RAP); Evotherm 3GTM (Evo.) 
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Table 1.3.  Mixture Gradations Utilized During Research Program 

Mix 

ID 

Percent Passing (%) 

25 mm 19 mm 12.5 mm 9.5 mm No. 4 No. 8 No. 16 No. 30 No. 50 No. 100 No. 200 

M01 100 100 96 88 70 53 37 27 14 7.6 6.0 

M02 100 100 96 88 70 53 37 27 14 7.6 6.0 

M03 100 100 96 88 70 53 37 27 14 7.6 6.0 

M04 100 100 96 88 70 53 37 27 14 7.6 6.0 

M05 100 100 96 88 70 53 37 27 14 7.6 6.0 

M06 100 100 96 88 70 53 37 27 14 7.6 6.0 

M07 100 100 96 87 67 48 25 17 12 8.4 5.9 

M08 100 100 96 87 67 48 25 17 12 8.4 5.9 

M09 100 100 96 87 67 48 29 17 12 8.6 6.2 

M10 100 100 96 87 67 48 29 17 12 8.6 6.2 

M11 100 100 95 83 64 49 33 22 13 7.0 4.5 

M12 100 100 96 88 61 44 31 22 11 6.0 4.0 

M13 100 100 93 85 57 38 27 21 11 6.0 4.5 

M14 100 100 95 85 54 36 25 19 11 7.5 5.9 

M15 100 100 95 85 54 36 25 19 11 7.5 5.9 

M16 100 100 95 85 54 36 25 19 11 7.5 5.9 

M17 100 100 96 85 68 54 38 28 15 6.8 4.9 

M18 100 100 96 85 68 54 38 28 15 6.8 4.9 

M19 100 100 96 85 68 54 38 28 15 6.8 4.9 

M20 100 100 96 85 68 54 38 28 15 6.8 4.9 
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CHAPTER 2 – LITERATURE REVIEW 
 

2.1 Overview of Literature Review 

 

 Asphalt pavement durability and methods for simulating field aging of pavements to a 

condition where behaviors of non-durable pavements can begin to be commonly encountered 

are of primary interest within this literature review. Several investigations are first referenced 

to identify pavement behaviors associated with durable and non-durable pavements and factors 

related to poor or increased durability (Section 2.2). Industry changes to methods for measuring 

air voids (Va), the most frequently discussed pavement performance property, are then 

discussed from the 1920s to current day (Section 2.3).  

 Section 2.4 presents a review of literature discussing investigations for the effects of 

short-term aging (i.e., period involving mixture production, storage, hauling, laydown, 

compaction, and cooling). The effects of long term aging (i.e., period beginning immediately 

after pavements have cooled) and methods for simulating long term aging are discussed in 

Section 2.5. Note that this investigation only uses “aging” to describe effects produced by the 

natural environment and uses “conditioning” to describe any laboratory methods to simulate 

aging. The last two sections of this chapter discuss methods for measuring pavement mixture 

performance (Section 2.6) and asphalt binder characteristics (Section 2.7). 

  

2.2  Pavement Durability 

 

 In ideal circumstances, asphalt mixtures are designed to maximize durability 

performance while minimizing the potential for rutting. Rutting and durability distresses have 

been a primary topic of discussion since the early days of asphalt paving. Rutting is a pavement 

distress usually observed early during pavement service, if at all. Asphalt durability, however, 

can be more elusive with multiple types of later-age pavement distresses contributing to what 

is generally referred to as pavement durability. The remainder of this section provides a review 

of literature relative to defining asphalt pavement durability, identifying mixture properties 

associated with durable mixtures, and describing the current state of the industry with respect 

to durability. 

 

2.2.1 Definitions and Factors of Pavement Durability 

 

 The definition of asphalt pavement durability has evolved multiple times with the 

progression of time but key principles are generally maintained over time. Hveem (1943) 

described cracking and raveling as durability issues. Over a decade later, Vallerga et al. (1957) 

stated that durable asphalt mixtures were “resistant to the effects of weathering and the abrasive 

action of traffic over a period of years.” Finn (1967) described durability as the long-term 

“resistance to weathering, including aging, and the abrasive action of traffic” and the “ability 

of materials to resist change during weathering.” Twenty years ago, Copas and Pennock (1979) 

defined durability as the “resistance of asphalt pavement surface to change during service.”  

 Several mixture properties have been identified to affect pavement durability. A 

literature review presented in Cox et al. (2017) provides literature identifying initial pavement 

mixture properties associated with improved durability (Table 2.1).  
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Table 2.1. Pavement Durability Factors 

Pavement Durability Factor Reference(s) 

High Binder Content Finn, 1967; Hubbard and Gollomb, 1937 

Softest Non-Rutting Binder Grade Hubbard and Gollamb, 1937 

Dense Aggregate Gradation Finn, 1967 

Lowest Reasonable Mixing 

Temperature 

Hubbard and Gollamb, 1937 

Decreased In-place Va Finn, 1967; Copas and Pennock, 1979; Hubbard and 

Gollomb, 1937; Kandhal and Koehler, 1984 

 

2.2.2 Effects of In-Place Density 

 

Increased pavement density (or decreased Va) has been discussed most frequently as a 

driver of pavement performance including durability over the past five decades. Table 2.2 

provides a summary of Va relationships, and the following paragraphs provides discussion of 

each investigation. 

 

Table 2.2 Air Void Relationships to Pavement Durability Factors 

Reference(s) Finding 

Epps and Monismith (1969) ↑Va produces ↓Fatigue Life 

Kandhal and Koehler (1984) 

Va was closest indicator of performance when 

compared with penetration, viscosity (60°C), and 

ductility (16°C) 

Santucci et al. (1985) 
↑Va produces ↑ aged viscosity (60°C) and ↓ aged 

pen. 

Epps et al. (2002) and 

Monismith et al. (2004) 

↑Va from 5% to 9% produced non-linear ↓Fatigue 

Life by 75%. 

Hekmatfare et al. (2015) 

A modified mixture design producing specimens 

with equal Vbe at 5% performed as well or better than 

mixtures designed to 4% Va, which were expected to 

achieve approximately 7% Va in-place. 

 

Epps and Monismith (1969) investigated mixtures in controlled-stress flexural fatigue 

tests. While fatigue performance is different from the current investigation, in that it considers 

the effects of traffic loading, some of the factors considered in fatigue performance can also 

be related to durability. Epps and Monismith (1969) considered the effects of loading type, 

asphalt properties, asphalt content, aggregate type, aggregate gradation, specimen stiffness, 

and Va. Original asphalt properties consisted of penetration at 25°C, viscosity at 60°C and 

135°C, and flash point. Penetration at 25°C and softening point were also considered for 

asphalt materials recovered from mixtures used in the study. Asphalt binder contents varied 

from 4.4% to 7.7% by mixture mass, and there were three asphalt binders used (40-50, 60-70, 

85-100). Four aggregate types (crushed basalt, crushed limestone, crushed granite, and crushed 

gravel) were evaluated in conjunction with four aggregate gradations with a 12.5 mm nominal 

maximum aggregate size (NMAS). The study concluded that increasing Va reduced fatigue life 

and mixture stiffness, the effects of aggregate type were unclear, asphalt type influenced 

fatigue life, and asphalt content produced a noticeable change in fatigue performance.  

Kandhal and Koehler (1984) presented an investigation of several pavements in 

Pennsylvania during a period when many state DOTs were conducting durability 

investigations. Three separate durability studies were summarized, and pavement performance 
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was related to Va, penetration at 25°C , viscosity at 60°C, and ductility at 16°C. In cases where 

Va was considered, Va was the primary pavement property indicative of performance with 

increased performance associated with decreased Va.  

 Santucci et al. (1985) evaluated the effects of moisture and the level of compaction 

achieved in-place with respect to raveling and stripping resistance for several pavements in 

Oregon. Most pavements were between two and five years old when evaluated. While the 

authors evaluated field aged properties, and there were some conditioning methods utilized 

(e.g., the Lottman (1982a) procedure and rolling thin film oven), the key contribution of the 

paper was to identify variables of early failure – not to address aging over time. Through 

mixture (i.e., resilient modulus) and binder (i.e., viscosity, ductility, and penetration) property 

evaluation, the study concluded that moisture induced damage and increased Va can lead to 

accelerated pavement failure. Further, two phases of moisture induced damage were identified, 

moisture retained during construction and moisture exposure during service. For a collection 

of pavements which were between three and five years old, there was an increasing linear 

relationship developed between Va and viscosity at 60°C and a decreasing non-linear 

relationship between Va and percentage of retained penetration.  

 A performance related specification for HMA construction was suggested in Epps et 

al. (2002) based on results of WesTrack, a multimillion dollar test road project which 

considered the effects of Va. Test sections in WesTrack were constructed at one of three target 

Va levels (4%, 8%, or 12%). Information collected during WesTrack was utilized in Monismith 

et al. (2004) to develop a method for determining performance-based pay factors in asphalt 

construction. Performance models therein considered failure modes of rutting and fatigue 

cracking. Rutting variables considered were Va, asphalt content, and aggregate gradation. 

Aggregate gradation factors considered in rutting performance models were P200, and the 

fraction which passes the No. 8 sieve but is retained on the No. 200 sieve. Variables considered 

in fatigue evaluations were Va, asphalt content, and asphalt concrete thickness. Simulations 

performed therein indicated that an increase in Va from 5% to 9% produced a decrease in the 

number of ESALs prior to fatigue failure of 75% in a non-linear relationship. Rutting 

simulations indicated that Va also played a critical role in the number of ESALs to be 

experienced prior to rutting to 15 mm or more. The recommended performance-based pay 

factor approach also considered pavement performance in a holistic manner rather than by 

weighting individual variables (e.g. Va). 

 Hekmatfare et al. (2015) performed a field investigation in Indiana with the attempt to 

decrease in-place air voids and subsequently increase pavement resistance to oxidation. The 

field investigation modified gradations of Superpave mixtures originally designed to 4% Va 

and 100 gyrations. Subsequent mixtures were designed with equal volume of effective binder 

(Vbe) at 5% Va using compaction levels of 30, 50, and 75 gyrations. Laboratory investigations 

considered specimens that were compacted to expected field densities of 7% or 5% Va for 

traditional and re-designed mixtures, respectively. These comparisons were considered 

reasonable since they had equal Vbe and were representative of targeted compaction levels in-

place. Dynamic modulus and flow number tests were conducted to characterize mixture 

stiffness and in-service rutting, respectively. Laboratory results indicated that the re-designed 

mixtures at decreased Va, but equal binder volume representative of in-service density, 

performed as well or better than mixtures designed and placed using traditional methods. 

Further, a field trial indicated that the re-designed mixtures were able to produce in-place Va 

of roughly 5%. 
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2.2.3 Current State of Asphalt Paving Industry 

 

 While the asphalt paving industry has evaluated factors related to pavement durability 

for several decades, industry transitions in recent years have produced even more need for 

improved controls on mixture durability. The 2016 Annual Meeting of the Association of 

Asphalt Paving Technologists (AAPT) included a symposium on balanced mix design (BMD) 

and a leading-edge workshop on asphalt cracking test methods. This subsection presents a 

review of information from the aspects of material changes, design modifications, and mixture 

test methods discussed at the 2016 Annual Meeting of AAPT.  

 It is generally accepted that one of the primary contributions of the  Strategic Highway 

Research Program (SHRP) was the Superpave mix design method. Further, it is generally 

accepted that the Superpave mix design method reduced the occurrence of rutting (i.e., a 

primary accomplishment of Superpave) by generally decreasing binder contents and increasing 

aggregate angularity. These changes are discussed in Buchanan (2016) where the presenter 

discussed results of a survey conducted within Oldcastle® materials companies. The survey 

results indicated that durability related distresses were the predominate forms of pavement 

distress encountered by the 40 companies surveyed. SHRP activities focused on reducing 

rutting, and generally speaking increased the potential for pavements to crack. Also, material 

modifications in recent years seem to have compounded this tendency. Increased use of post-

consumer materials (e.g., RAP, RAS, REOB, etc.) have introduced complexities in volumetric 

principles while most likely increasing the cracking potential of constituent materials. As 

discussed in Howard et al. (2016), industry transitions away from predominately virgin 

mixtures utilized in the early 1990’s timeframe of SHRP have increased the need for 

performance controls in mix design and acceptance. 

 The balanced mix design (BMD) symposium conducted during the 2016 Annual 

Meeting of AAPT included five presentations discussing the concept. Buchanan (2016) 

suggested that a performance test could be beneficial, but suggested that a surrogate test might 

also be beneficial. Zhou (2016) discussed the development and implementation of BMD in 

Texas. The three implementation challenges mentioned where: a cracking test, longer design 

times, and higher costs. Bennert (2016) provided information on New Jersey’s implementation 

of BMD. Bennert (2016) suggested using balanced mix design approaches (e.g., asphalt 

pavement analyzer (APA) for rutting and NJ DOT Overlay Tester for cracking) to develop 

improved volumetric design requirements. Mohammed (2016) discussed development of 

BMD specifications in Louisiana, which predominately utilizes the semicircular bend (SCB) 

test. The overarching theme of the BMD symposium was the need for implementable 

performance tests for utilization in tandem with existing volumetric principles.  

 Howard et al. (2016) provided an in-depth review of industry transitions leading to the 

need for BMD approaches and cracking performance tests discussed at the annual meeting. 

Therein, the authors note that 17 of the 24 (71%) of the papers presented at the 2016 Annual 

Meeting of AAPT utilized cracking performance tests in some way. While the current 

investigation makes use of the Superpave Indirect Tension Test (SIDT) (Section 2.6.4), there 

are multiple methods considered for cracking performance evaluation discussed in Howard et 

al. (2016). Other categories of cracking performance testing discussed at the 2016 AM include: 

Semi-Circular Bend (SCB), Disc-Shaped Compact Tension (DCT), Bending Beam Fatigue 

(BBF), Texas Overlay Test (TXOT), and Simplified Viscoelastic Continuum Damage (S-

VECD). 
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2.3 Pavement Density Measurement 

 

 Although the importance of achieving high pavement density is well documented, 

methods of measuring pavement density have evolved over the past several years. Three key 

developments in pavement density measurement have been: improved methods for measuring 

density of compacted specimens, the development of non-destructive in-place density gauges, 

and rapid drying techniques that are non-destructive. 

 Approaches for measuring density of compacted specimens have varied from 

dimensional measurements in the early twentieth century to vacuum sealing (i.e., CoreLok) in 

more recent years. Hubbard and Field (1926) evaluated voids in mineral aggregate, implying 

that air voids were characterized in some way. In-place density was measured for both the 

WASHO (Highway Research Board, 1953) and AASHO (Highway Research Board, 1962) 

road tests in the 1950s and 1960s on cubical specimens that were sliced from pavement 

sections. Beginning in 1978, the Virginia DOT used a method where specimens were dry sawn 

from pavement sections and Archimedes principle was applied without accounting for 

moisture absorption during density measurement (Hughes, 1986). Hughes (1986) suggested 

density measurements that accounted for moisture absorbed during density measurement was 

a more accurate approach. The density measurement approach suggested by Hughes (1986) is 

essentially a modified version of AASHTO T166, which was the most widely used method for 

measuring pavement density by a considerable margin in the early 2000s (Crouch et al., 2002). 

 While, AASHTO T166-13 remains a predominately used method for measuring 

compacted density of asphalt mixtures, there have been alternative methods for density 

measurement considered. Two forms of density measurement which encapsulate specimens in 

another material prior to density measurement by submerging in water are CoreLok (i.e., 

AASHTO T331-13) and coating specimens in paraffin wax (i.e., AASHTO T275-07). Santucci 

et al. (1985) reported that wax-coated measurement was a more consistent measurement of 

density than surface dry measurement (i.e., T166).  Howard and Doyle (2014) evaluated 2,400 

data points over a broad collection of mixture properties and concluded that T331 was the most 

accurate and versatile method for measuring pavement density for varying materials and 

conditions. Buchanan (2000) evaluated multiple methods of compacted density measurement 

and concluded that vacuum sealing (i.e., T331) was the most versatile method for measuring 

density of open graded friction course (OGFC), stone matrix asphalt (SMA), coarse graded 

Superpave, or fine graded Superpave mixtures. 

 There have been multiple in-place density gauges developed in attempts to measure 

pavement density in non-destructive methods. Two density gauges used during the 

construction of the pavement test section used in this investigation were a Troxler Model 3440 

nuclear density gauge (NDG) and a PQI model 301 (Howard et al., 2012). Based on Howard 

et al. (2012), the Troxler Model 3440 NDG was the more reliable density gauge used therein. 

This finding somewhat agrees with information presented in Williams et al. (2011), Kandhal 

and Koehler (1984), and Brown (1990). Williams et al. (2011) concluded that NDG 

measurements correlate well with T166 measurements, but with a reasonable amount of 

scatter. Kandhal and Koehler (1984) performed NDG measurements and core density 

measurements on a series of eight projects. Four projects reported higher NDG measurement 

than core density measurement, and three projects reported higher core density measurement 

than NDG measurement. Brown (1990) suggested that NDG was a useful tool but that cores 

should be taken for in-place density acceptance. 
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 A topic of discussion throughout multiple investigations has been the tendency of 

moisture retained in asphalt specimens to artificially increase the measured density. Hughes 

(1986) discussed the influence of sampling technique (i.e., wet vs. dry coring) and the 

implications of moisture retained from wet coring. The study concluded that the two techniques 

provided comparable results if wet cored specimens were sufficiently dried prior to 

determining a specimen mass in air. Brown (1990) stated that density measurements with cores 

was the most accurate density method but stated that failure to allow cores sufficient time to 

dry sometimes occurred. The most recent version of AASHTO T166-13 includes a method for 

rapidly determining specimen density by measuring specimen volume in a partially saturated 

state and oven drying sufficiently to determine specimen mass in air. 

 Bae et al. (2012) performed a lab investigation of multiple devices manufactured by 

Instrotek and evaluated the ability of ASTM D7227 (i.e., CoreDry) to sufficiently remove 

moisture from field aged cores. Specimens were oven dried to constant mass and subsequently 

soaked for 2 hours. After soaking, specimens were dried using a CoreDry apparatus and tested 

using T166. After T166 testing, specimens were re-submerged for 2 hours, oven dried at 52°C 

for 16 hours, and re-tested using T166. A one to one comparison between bulk density 

determined after CoreDry and oven drying indicated that the CoreDry was sufficient at 

removing moisture absorbed during a two-hour submersion period. The results of Bae et al. 

(2012) suggest that ASTM D7227 is sufficient at removing moisture acquired during coring or 

any laboratory activities. However, the investigation did not consider moisture absorbed during 

field aging over long periods of time.  

 

2.4 Short Term Mixture Aging 

 

 It has long been understood that asphalt mixtures undergo property changes when 

exposed to elevated temperatures and oxygen experienced during construction (e.g., Bateman 

and Lehmann, 1929). Some methods simulate this exposure to elevated temperatures with 

short-term oven conditioning. However, there is still room for improvement relative to 

understanding the effects on mixture performance when short-term aging environments are 

modified or when constituent materials are changed (e.g., RAP, GTR, RAS, etc.). While the 

predominate theme of this section is conditioning and aging of asphalt mixtures, currently 

practiced binder conditioning protocols within the performance grading system (i.e., AASHTO 

M320-10) are also discussed. Key findings to subsequent chapters are presented in Table 2.3, 

and the following subsections are divided by investigations prior to the 1990s, methods 

implemented in the 1990s, and investigations conducted since the implementation of 

Superpave. 
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Table 2.3. Summary of Short-Term Aging Findings 

Reference(s) Investigation Type Findings or Developments 

Heithaus and Johnson  

(1958) 
Field Test Section 

 Binder content and gradation not related to short-term 

binder hardening. 

 Binder hardening during construction was ≈ 140% of that 

achieved in the microfilm durability test. 

Wright and Paquette  

(1966) 
Haul Effects 

 ↑ haul time (HT) produced ↑ asphalt hardening 

 ↑ mixing temperature (149°C to 160°C) produced 

statistically significant, but practically little effect on 

hardening. 

 Noticeable gradients in asphalt binder hardening existed 

within a single truck-load of material. 

 Additional binder hardening from increased haul time is 

evident after 3 years of field aging. 

Kari (1982) 
Silo Storage 

Effects 
 ↑ Storage time produced ↑ binder viscosity 

Lund and Wilson  

(1984, 1986) 

Multiple Project 

Investigation 

 Development of “C” value aging equation  

 Cases with “C” values greater than 30% indicated good 

performance. 

Hveem et al. (1962) 
Binder 

Conditioning 
 Rolling Thin Film Oven 

Bell et al. (1994a, 1994b); 

Bell and Sosnovske (1994) 

Multiple Project 

Investigation 

 Though extended mixing protocol produced more uniform 

aging, short term conditioning in forced draft ovens seemed 

most practical 

 Conditioning protocols for AASHTO R30 

Howard et al. (2013) Haul Effects 

 There was no significant change in PG grade up to an 8 

hour haul 

 Low temperature properties were better for binders in 

mixtures produced at lower temperatures 

 The majority of carbonyl and sulfoxide formation occurred 

during the initial 3 hr of haul time. 

Yin et al. (2015) 
Multiple Project 

Investigation 

 Short-Term oven conditioning criteria of 2 hr at 135°C 

(HMA) or 116°C (WMA) is adequate 

 WMA technology, inclusion of recycled materials, 

aggregate absorption, and binder source shown to affect 

stiffness. 

Jacques et al. (2016) 
Silo Storage 

Effects 

 Significant differences in aging of RAP and virgin mixes 

 Significant differences in low temperature cracking 

performance after 5 hr and 7.5 hr for virgin and RAP 

mixtures. 

  

2.4.1 Short Term Aging Investigations Prior to the 1990s 

 

Most short-term asphalt aging investigations prior to SHRP predominately considered 

the effects of short term damage on asphalt binder properties. This subsection presents a review 

of literature leading up to the SHRP where the effects of mixture production and handling were 

evaluated. 

Heithaus and Johnson (1958) investigated four mixtures which were placed on an 

entrance road for a refinery in Wood River, Illinois. A key point of the investigation was to 

consider the microfilm durability test described in Griffin et al. (1957) against the effects of 

short-term aging and long term aging in the Illinois climate. Apparent viscosities of asphalt 



13 

 

cements were evaluated before mixing and on recovered binders soon after compaction and 

after 36 months of aging (see Section 2.5.1). The study concluded that asphalt content and 

aggregate gradation had no effect on short term aging of the asphalt cement, and the amount 

of asphalt hardening during construction was approximately 140% of the hardening produced 

in the microfilm durability test.  

 Wright and Paquette (1966) evaluated extracted binder properties for mixtures which 

had been hauled in trucks for 0, 1, 2, and 4 hr without the use of tarps. Asphalt property tests 

included absolute viscosity at temperatures of 60, 77, and 95°F, penetration, ductility, and a 

modest amount of FTIR analysis to support oxidation as a primary cause of hardening. 

Approximately 100 asphalt mixture samples were taken from ten haul trucks containing 

mixtures produced using 60-70 penetration grade asphalts from four different binder sources 

(Humble Oil, Charleston; Hunt Oil, Tuscaloosa; Shell Oil, Atlanta; and Shell Oil, Savannah). 

No aggregate source or gradation information was provided. Findings from Wright and 

Paquette (1966) are discussed in the following paragraph. 

Wright and Paquette (1966) identified multiple factors that appreciably affect the 

amount of asphalt hardening experienced during hauling. As expected, asphalt source was 

identified to affect the degree and rate of asphalt hardening. Mixtures produced at 160°C were 

shown to have statistically higher absolute viscosity (i.e., approximately 20% higher) when 

compared to mixtures produced at 149°C, but this effect was deemed of little practical concern. 

Aging gradients experienced during transport were identified to meaningfully alter binder 

properties with binder viscosities sampled 30 cm below the material surface have viscosities 

elevated by 10, 27, and 69% when compared to material sampled from the material surface 

after 1, 2, and 4 hr of transport, respectively. Material sampled for the main portion of the 

experiment were quenched in water to accelerate the cooling process, and secondary 

evaluations showed that quenching with water produced noticeable differences in viscosity 

results. Ultimately, materials were sampled after field aging (up to 10 months), and 

comparisons were made between viscosity measurements with for mixtures which were hauled 

for less than 30 minutes or for 4 hours. Viscosity measured on binder from mixture hauled for 

4 hours was consistently higher than mixtures hauled for up to 30 minutes. Viscosity 

measurements at the surface (i.e., average depth of 3 mm) were meaningfully higher than 

viscosities measured greater than 12.5 mm deep into the surface, which were relatively 

consistent. While viscosity measurements were relied upon much more heavily, penetration 

testing was conducted in many instances and the correlation presented in equation (2.1) was 

developed between absolute viscosity at 25°C and penetration. 

 

    719.1

C25 Pen3.3591megapoises


   (2.1) 

 

Investigations continued in the 1980s, when Kari (1982) provided extracted binder 

properties for samples collected from mixtures sampled immediately or after 16 hours of hot 

storage in silos. Viscosity and penetration measurements were used to show that mixtures aged 

for longer periods of time consistently hardened. Binder viscosities were reported as 1520, 

3140, and 8810 Poise at 60°C for original, immediately after mixing, and after 16 hours of hot 

storage. A relative measure of toughness was shown by the amount of time necessary to 

penetrate 6.35 mm at 48.9°C. This process took 17 seconds for the binder sampled immediately 

after mixing and 60 seconds for the binder sampled after 16 hours of storage.  
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 Lund and Wilson (1984, 1986) investigated short-term aging in asphalt plants in 

Oregon. The authors sampled asphalt mixtures from 29 field projects, and binder properties 

were determined for samples collected immediately before testing and for recovered binder 

samples collected from project paving sites. Binder samples were then evaluated as necessary 

to determine C values from equation (2.2). Lund and Wilson (1984) concluded that mixtures 

exhibiting C values greater than 30% had adequate performance.  

 

 %100
AB

AR
C




  (2.2) 

 

Where; 

A = Absolute Viscosity of Original Asphalt 

B = Absolute Viscosity of Rolling Thin Film Oven Residue 

R = Absolute Viscosity of Asphalt Binder Recovered from Mixture 

 

Lund and Wilson (1986) reported a field validation and discussed the results of 

implementing findings from the short-term aging information presented in Lund and Wilson 

(1984). After field validation, the authors concluded that “C” value acceptance specifications 

appeared to be a good measure of asphalt tenderness properties. The authors mentioned that 

several contractors with originally poor performance and low “C” values improved 

performance over the two years between the studies. 

 

2.4.2 Short Term Conditioning Methods Implemented in the 1990s 

 

 A currently utilized protocol for short term aging of mixes is oven conditioning as 

described in AASHTO R30-02 (2010). AASHTO R30 subjects mixtures used for volumetric 

property measurement to 2 hr of forced draft oven (FDO) conditioning at compaction 

temperature and mixtures used for mechanical property testing to 4 hr of forced draft oven 

conditioning at 135°C. Both are on loose mix prior to compaction. R30 also includes a long-

term conditioning protocol for compacted mixtures at 85°C for 5 days. These conditioning 

protocols were adopted from Bell et al. (1994a, 1994b) and Bell and Sosnovske (1994). This 

subsection discusses the development of the current short term conditioning protocols to 

simulate short-term field aging. 

 The Standard Specifications for Performance Graded Asphalt Binders (AASHTO 

M320-10) utilizes the Rolling Thin Film Oven (RTFO) test (ASTM D2872-12) to characterize 

the effects of short term binder aging produced during construction. While the performance 

grading system was originally adopted during the 1990’s, the RTFO binder conditioning 

method was developed in Hveem et al. (1962) and was first approved by ASTM in 1970. The 

conditioning method claims to approximately change viscosity and other rheological properties 

as would be achieved during construction if mixing temperatures near 150°C were maintained 

(ASTM D2872-12). Further, there have been multiple investigations to support that ASTM 

D2872 reasonably simulates short-term aging effects on binder. A series of equality plots in 

Jemison et al. (1991) suggest that the RTFO test produces approximately equal aging with 

respect to binders aged in hot mixed asphalts when considering infrared carbonyl areas, 

viscosity at 135°C, and viscosity at 60°C. However, oven conditioning methods produced 
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noticeably more stiffening when considering penetration and produced fewer carbonyl areas 

from percent larger molecular size.  

Bell et al. (1994a) considered two primary approaches for short-term conditioning as 

part of SHRP. The first approach, was loose mixture conditioning in a FDO at temperatures of 

135°C and 163°C for periods of 0, 6, or 15 hr. A secondary approach considered an extended 

mixing approach, which utilized a modified version of the rolling thin film oven (RTFO) that 

conditioned loose mixtures for 0, 10, 120, and 360 min at 135°C or 163°C. After conditioning, 

mixtures were compacted into specimens and tested for resilient modulus, dynamic modulus, 

and indirect tensile tests. Resilient modulus was the primary performance property evaluated 

by the authors for short-term conditioned mixtures by comparing non-conditioned mixture 

resilient modulus to the resilient modulus of conditioned mixtures. Both conditioning protocols 

produced noticeable increases in resilient modulus ratio, and the extended mixing approach 

produced more uniform data. However, the study concluded that FDO conditioning was likely 

the more feasible option for short-term conditioning where laboratory productivity was a 

concern. The FDO short-term conditioning protocol was supported in Bell and Sosnovske 

(1994) and Bell et al. (1994b). 

 

2.4.3 Short Term Aging Investigations After Superpave 

 

 In the two decades since the implementation of Superpave, there have been multiple 

investigations to the effects of short-term aging on asphalt pavements. The majority of these 

investigations have focused predominately on mixture performance characteristics with 

supplementation from binder properties. 

 Howard et al. (2013) describes effects on asphalt mixture and binder properties because 

of varying haul time (HT). One asphalt mix design with three varying binder types (i.e., neat, 

foamed, and with chemical additive) were mixed at a single plant in Columbus, MS, sampled 

immediately after mixing, and after haul times of 1.0 to 10.5 hr. Materials testing relevant to 

short-term aging consisted of asphalt volumetric, Superpave performance grading on binders 

extracted from hauled mixtures, and Fourier Transform Infrared Spectroscopy (FTIR). 

Maximum specific gravity (Gmm) testing revealed that asphalt binders gradually absorbed 

further into aggregate pores for increased HT (e.g., Gmm increased on average by 0.016 over 1 

hr hauls and 0.018 for 6 hr hauls). Performance grading of extracted binders (note: there was 

no RTFO aging applied to mixtures subjected for plant mixing and subsequent hauls) indicated 

that there was no significant change in performance grade between 1 and 8 hr of haul time. 

FTIR outputs were used to determine calculate carbonyl and sulfoxide indices as an aging 

index, and most chemical aging was evident within the first 3 hr of HT.  

Yin et al. (2015) performed a short-term aging investigation of nine field projects in 

drastically different regions where mixtures were evaluated in three states: LMLC specimens 

produced from raw materials sampled during construction, PMLC specimens compacted at the 

plant during construction, and PMFC cores that were collected soon after construction. 

Mixtures were evaluated using PMLC specimens and LMLC specimens to evaluate the 

accuracy of current short-term oven aging (STOA) criteria to simulate volumetric property 

changes that occur during plant production. Compacted specimens were tested for resilient 

modulus, dynamic modulus, and using the Hamburg Loaded Wheel Test (HLWT). Findings 

from the study are discussed in the following paragraph. 
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The study found that current STOA criteria for HMA (2 hours at 135°C) and warm 

mixed asphalt (WMA) (2 hours at 116°C) mixtures were adequate to simulate changes to 

volumetric properties (i.e. asphalt absorption) and performance criteria (i.e. MR, E*, and 

HLWT parameters) that occur during plant production. However, the authors observed 

differences between HLWT behaviors of laboratory compacted and field compacted 

specimens. This was suspected to be the result of thin asphalt lifts that required plaster spacers. 

Other factors studied by Yin et al. (2015) were: WMA technology, production 

temperature, plant type, inclusion of recycled materials, aggregate absorption, and binder 

source. The only factors from the six aforementioned factors that did not produce a noticeable 

difference in MR stiffness were plant production type and production temperature. Limited 

HLWT test data indicated that WMA technology, inclusion of recycled materials, and 

aggregate absorption produced noticeable differences in mixture performance, but there was 

not sufficient data to evaluate many of the factors evaluated using resilient dynamic moduli. 

Jacques et al. (2016) performed an investigation of variations of short-term aging by 

extending silo storage time. A virgin asphalt mixture and a mixture containing 25% RAP, both 

with a 12.5 mm NMAS, were sampled from silo storage after storage times of 0 to 7.5 hours 

and 0 to 10 hours for the virgin and RAP mixtures, respectively. Extracted binder evaluations 

and mixture tests were conducted on aged materials to characterize the effects of increasing 

short-term aging, and a series of modified rolling thin film oven (RTFO) conditioning 

protocols were conducted for the binders used during mixture production to evaluate the 

current short-term conditioning of asphalt binders.  

Binder test results from Jacques et al. (2016) indicated that there were noticeable 

differences in binder properties because of varying silo storage time and that current RTFO 

conditioning protocols do not accurately represent short-term aging in current practice. High 

temperature dynamic shear rheometer (DSR) pass/fail (P/F) temperatures increased by 

0.39°C/hr and 0.53°C/hr for the virgin and RAP mixture binders, respectively. Intermediate 

temperature DSR P/F temperatures increased by 0.2°C/hr in the virgin mixture with no 

observable trend for the RAP mixture. Bending beam rheometer (BBR) results indicated that 

low temperature P/F temperatures increased by 0.14°C/hr and 0.21°C/hr for the virgin and 

RAP mixtures, respectively. BBR test results were m-value controlled. Rheological indices 

analysis using R-values with crossover frequency and the Glover-Rowe method indicated that 

there were meaningful changes in binder aging as a function of silo storage time. When 

overlaying rheological indices of laboratory conditioned binders, RTFO conditioning times of 

up to 135 minutes did not seem to produce rheological changes similar to that of plant mixed 

materials.  

 Mixture tests in Jacques et al. (2016) consisted of dynamic modulus testing, simplified 

viscoelastic continuum model (S-VECD) testing, and the thermal stress restrained specimen 

test (TSRST). Dynamic modulus master curves were developed for the virgin and RAP 

mixtures at a reference temperature of 21.1°C. The authors presented average dynamic 

modulus ratios for each master curve developed (one per mix per silo storage time) using 

mixtures sampled immediately as a baseline. Results indicated that the RAP mixture stiffened 

at a faster rate than the virgin mixture with the average dynamic modulus ratio for the RAP 

mixture after 2.5 hr of storage being similar to that of the virgin mixture after 7.5 hr of storage. 

S-VECD analysis indicated that mixtures stored for longer times had higher pseudo-stiffness 

than mixtures sampled sooner. TSRST testing indicated statistically significant differences in 
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critical cracking temperature after 5 hr and 7.5 hr of storage time for virgin and RAP mixtures, 

respectively.  

 

2.5 Long Term Mixture Aging 

 

 The degrading effects of the environment on asphalt paving mixtures has been a topic 

discussed for several decades (e.g., Lang and Thomas, 1939), and there have since been many 

pieces of information added to the collection of knowledge. Table 2.4 provides key points 

identified in this section while dividing studies into three categories: 1) long-term mixture 

aging with no conditioning, 2) long-term mixture aging with binder conditioning, and 3) long-

term mixture aging with mixture conditioning.  

 

Table 2.4. Summary of Long Term Aging Findings 
Investigation Category Reference(s) Findings or Developments 

Long Term Aging with 

No Conditioning 

Hveem (1955) 
 Binder penetration decreased from 120 – 150 to an 

average of 36 after 1 yr 

Heithaus and Johnson 

(1958) 

 Va identified as primary aging factor 

 Majority of penetration lost in first 3 of service 

Mirza and Witczak (1995) 
 The Global Aging System 

 Relationship between pen. and viscosity 

Long Term Aging with 

Binder Conditioning 

Lang and Thomas (1939)  Mixing 22 hr at 82°C closest representation of 1 year  

Lee (1977) 
 Iowa Durability Test (IA-DT) 

 46 hr in IA-DT representative of 5 years 

Kemp and Predoehl 

(1981) 

 Lab specimen aging more aggressive than field 

pavement aging (2 yr compared to 32 months) 

 Modified RTFO conditioning (California Test 374) for 

7 days compared to 2 years in California desert  

Bahia and Anderson 

(1995) 

 Pressure Aging Vessel (PAV) [AASHTO R28] 

 R28 compared to 5 to 10 years of service 

Glover et al. (2005) 

 R28 not comparable to Texas performance 

 Recommended modified PAV protocol 3 times 

harsher than R28 

Long Term Aging with 

Mixture Conditioning 

Lottman (1978, 1982a, 

1982b) 

 Tensile Strength Ratio (TSR) [AASHTO T283] 

 Vacuum Saturation + F-T + 24 hr in 60°C water good 

predictor of moisture induced damage 

Bell et al. (1994a, 1994b) 

Bell and Sosnovske 

(1994) 

 AASHTO R30 Long Term Oven Aging (LTOA) 

 5 days at 85°C similar to 7 to 10 years of field service 

Terrel and Al-Swailmi 

(1994); Allen and Terrel 

(1994); Tandon et al. 

(2004); Alam et al. 

(1998); Tandon and 

Nazarian (2001) 

 Environmental Conditioning System (ECS) 

 Field cores experience aging not simulated in ECS 

 Improvements made upon ECS 

Zou et al. (2013) 

Isola et al. (2014) 

 Fracture Energy (FE) loss over time in Florida 

 Oven conditioning did not simulate Florida 

environment 

 Combination of oven conditioning and cyclic pore 

pressure conditioning (CPPC) capable of simulating 

field aging 

Yin et al. (2016)  Field aging more damaging than R30 LTOA 



18 

 

2.5.1 Long Term Mixture Aging with No Conditioning 

 

 The effects of long term mixture aging have been documented many times. Hveem 

(1955) presented a case where asphalt binders recovered after one year of field aging reduced 

from 120 to 150 to an average penetration of 36. This subsection presents a review of literature 

from investigations where asphalt mixtures were field aged and evaluated over time without 

performing laboratory conditioning. 

Heithaus and Johnson (1958) performed an evaluation of factors affecting short and 

long term binder aging over a three-year period in Wood River, IL. There were multiple 

components of long term aging evaluated based on changes to extracted binder apparent 

viscosity (see section 2.4.1 for short-term aging details). Air voids were the primary factor 

identified to affect long term aging of asphalt binders in mixtures. There was also evidence 

from four Midwestern pavements that the majority (about 60%) of the binder penetration lost 

during the first ten years of service occurred during the first three years of service for 

pavements with air voids ranging from 2% to 14%. 

Mirza and Witczak (1995) presented the global aging system (GAS), which has been 

utilized by many other investigations, using a master data base extracted binder information 

containing 2,308 line entries from 40 field projects throughout North America and Europe. The 

investigation was separated into two phases of model development. The first focused on 

developing a model for short-term aging. The second developed a model for asphalt property 

changes due to long term age-hardening.  

The aging model defines a constant for certain properties (e.g., penetration, viscosity, 

etc.) of asphalt binders prior to mixing and immediately after laydown. However, the model 

recognizes that there is an aging gradient with depth into the pavement surface over long term 

aging. Many of the line entries reported “surface” cores in the master data base, which the 

authors assumed to be 6.3 mm in to the pavement surface. Ultimately there were three primary 

models developed which predicted: short-term properties from original properties, long term 

properties from short-term properties at 6.3 mm deep, properties with depth relationships. An 

additional model also developed a way of considering the effects of Va on aged properties. 

These four models are presented in Table 2.5. 
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Table 2.5. Global Aging System  

Model Description Equation 

Short-Term Aging   
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 Mirza and Witczak (1995) also developed a relationship between viscosity (η) and 

penetration (Pen). The η-Pen regression considered only 5 second 100 gm penetrations and 

viscosities measured at shear rates of 0.05 sec-1. This relationship is presented in equation (2.3). 

 

     2
log00389.0log2601.25012.10log PenPen   (2.3) 

Where; 

η = viscosity (poise) 

Pen = penetration (dmm) 

 

2.5.2 Long Term Mixture Aging with Binder Conditioning 

 

 Among the earliest publications on asphalt durability, Lang and Thomas (1939) 

investigated asphalt binder specifications which addressed the ability of an asphalt binder to 

cement aggregates together and maintain cementing qualities after weathering. While binder 

characterization was performed on binders extracted from weathered pavements, there was an 

emphasis on mixture performance tests. Mixture tests consisted of tensile strength and 

elongation, impact resistance, abrasion loss, and shear strength.  

 The abrasion test conducted in Lang and Thomas (1939) had some parallels to the 

Cantabro test described in Cox et al. (2017). Lang and Thomas (1939) compacted mixtures of 

2% asphalt with 98% Ottawa sand in a laboratory environment to conduct a comparison of 

binder behaviors when in contact with a standard aggregate. There were four conditioning 

environments used to evaluate durability of each of the 24 asphalt binders considered, 

including: mixing for 22 hours in the presence of air, elevated temperature (180°F), and 

ultraviolet light; mixing for 22 hours in the presence of air at an elevated temperature (180°F); 
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mixing for 22 hours in the presence of nitrogen and elevated temperature (180°F); and natural 

weathering for one year in molded specimens. After weathering, the sand and asphalt mixtures 

were subjected to abrasion testing by subjecting ten cylindrical specimens (50 mm by 75 mm) 

to 500 revolutions in a Deval abrasion drum filled with 60°F water. The study concluded that 

mixing for 22 hours at 180°F in the presence of air and ultraviolet most nearly represented 

weathering that occurred over one year in compacted specimens. 

 Coons and Wright (1967) evaluated the effects of binder hardening in field cores which 

had been aged for 4 months to 12.5 years in Georgia. The primary factor considered was 

pavement core depth using five 6.5 mm (1/4 inch) slices cut from 0 to 44.5 mm (1 ¾ inch) 

deep. The study concluded that binder that was extracted from the top layer of field cores had 

approximately 50% higher viscosity than binder extracted from the layer below it, and there 

was little change over time in binder extracted from 12.5 mm (1/2 inch) to 38.1 mm (1 ½ inch) 

deep. Materials extracted from more than 38.1 mm below the pavement surface indicate little 

change in viscosity over time after an initial change during construction, and the relative 

viscosity of binders sampled from 38.1 mm or more below the surface are independent of 

original viscosity. 

Lee (1977) reported an investigation for the Iowa State Highway Commission where 

eight pavements were monitored for changes to binder viscosity over a 48 month period. Initial 

pavement air voids ranged from 5.1% to 12.3% and binder contents ranged from 5.0 to 7.5%. 

Therein, the authors presented a figure of changes to measured air voids for all eight pavements 

with densities measured on cores taken from the wheel path and cores taken from between the 

wheel paths. There was no appreciable difference in “densification” for specimens cored from 

the wheel paths and cores taken from between the wheel paths. The authors suggested that this 

could have been a situation where moisture absorbed into aggregate pores may have caused 

measured densities to be higher than reality (see investigation in Chapter 4). 

 A key contribution of Lee (1977) was the Iowa durability test (IA-DT), which 

consisted of two binder conditioning phases: thin-film oven test (TFOT) and applying pressure 

oxidation for up to 1,000 hr in a TFOT residue film thickness of 3 mm at 150°F and 20 atm. 

Binder characterization to evaluate the IA-DT consisted primarily of rheological properties 

(penetration, softening point, flash and fire, ductility, specific gravity, spot test, and viscosity) 

with a small amount of chemical analysis (asphaltene precipitation and infrared spectroscopy). 

It was suggested that 46 hr in the IA-DT would produce the same amount of damage to asphalt 

cement as five years in Iowa pavements. 

Kemp and Predoehl (1981) monitored environmental effects on asphalt durability in 

laboratory compacted specimens that were field aged for four years. The experiment 

considered three asphalt binders (low, high-moderate, and high susceptibility to temperature), 

three target air void levels (4±1%, 8±1%, and 11±1%), and two aggregate sources including 

absorbent or non-absorbent properties. Laboratory compacted specimens were field aged in 

four different climatic areas of California (Valley, Mountain, Coast, and Desert). Ultimately, 

there was a test road constructed in the desert area of California near the field aging location 

for the laboratory compacted specimens which used one of the asphalts from the study. The 

experiment involved a small amount of resilient modulus testing on original specimens that 

had been stored in a laboratory and specimens which were field aged for four years. After 

characterizing binder from field aged specimens, there were five binder conditioning 

procedures evaluated and a sixth binder conditioning procedure developed using penetration 

at 25°C, absolute viscosity at 60°C, and kinematic viscosity at 135°C.  
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The investigation concluded that high air temperatures (inducing thermal oxidation) 

was the most contributing factor of asphalt hardening rate with air voids and aggregate 

properties being meaningful contributors. The five pre-existing binder conditioning procedures 

produced noticeably less binder damage than 2 years in the California desert. However, the 

binder conditioning protocol that was developed simulated two years in the California desert 

over 7 days in a modified RTFO, and was available as California Test 374 from the California 

Department of Transportation. The effect of air voids was found to be consistent for all asphalt 

types, but aggregate porosity seemed to have a changing effect when volatile asphalts were 

used. Cores from the test road paved two years into the study indicated that 24 months of 

briquette weathering was similar to 32 months of road weathering. When evaluating binder 

properties of thinner slices from briquettes there was an obvious stiffening gradient with binder 

extracted from mix sampled more than 22 mm from the briquette surface having near uniform 

properties within a specimen for a given point in time. 

The current version of the Superpave performance grading system for asphalt binders 

utilizes the Pressure Aging Vessel (PAV) as a conditioning method to consider the resistance 

of asphalt binders to age hardening. Bahia and Anderson (1995) discusses the development of 

the PAV which included a field validation study where binders were extracted from pavement 

cores of twelve test sections and compared to properties of original binders which had been 

TFOT and PAV conditioned. The study concluded that the PAV procedure was not developed 

to duplicate field conditions, but to provide a comparative measure of binder potential with 

respect to oxidative aging. However, AASHTO R28-12 claims to produce an amount of aging 

comparable to that experienced over 5 to 10 years of field aging.  

 Glover et al. (2005) conducted an asphalt binder durability study for the Texas 

Department of Transportation (TxDOT) to develop a method for detecting binders which are 

susceptible to early durability failure. Nineteen Texas pavements were studied to achieve a 

reasonable assessment of changes to asphalt binder properties over time. The study concluded 

that asphalt binders aged for one month in a room maintained at 60°C was approximately equal 

to the binder damage that would occur over 15 months of field aging in Texas pavements. A 

primary contribution of the investigation was the recommendation to modify PAV 

conditioning protocols to methods which produced approximately 3 times the amount of aging 

produced in R28 conditioning. 

 

2.5.3 Long Term Mixture Aging with Mixture Conditioning 

 

 It is apparent that most pavement durability studies prior to the 1980s focused 

predominately on changes to asphalt cement over time. There were instances where abrasion 

(e.g., Lang and Thomas, 1939) or resilient modulus (e.g., Benson, 1976) testing was performed 

on mixtures of asphalt and aggregates. However, the authors could not identify any cases prior 

to 1978 where asphalt mixtures were laboratory conditioned in attempts to simulate field aging 

based on mixture performance. This sub-section discusses field aging investigations beginning 

in 1978 where mixtures were laboratory conditioned in attempts to simulate field aging. 

 A comprehensive study of moisture induced damage with considerations for laboratory 

conditioning and field aging is presented in Lottman (1978, 1982a, 1982b). Lottman (1978) 

was undertaken with the primary objective of developing a practical means for simulating the 

damage induced by moisture in asphalt concrete mixtures. A preliminary portion of the 

investigation evaluated six pavements from Arizona, Idaho, and Virginia. However, there were 
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ultimately nineteen pavements from fourteen states evaluated. States which participated in the 

investigation were asked to provide cores, representative aggregates, representative asphalt 

binder samples, and pertinent pavement data (e.g., gradations, air voids, and asphalt contents).  

After producing representative laboratory specimens, compacted mixtures were 

subjected to vacuum saturation followed by freeze-thaw (F-T) cycles and hot water 

conditioning. Field cores were either tested immediately or after being vacuum saturated with 

water. Laboratory produced specimens were tested in three groups: non-conditioned, vacuum 

saturated, and after conditioning in a vacuum saturated state. The initial phase of Lottman 

(1978) considered multiple conditioning modes using hot water, freezing, and load 

applications. However, the second phase of Lottman (1978) considered only two forms of 

accelerated conditioning to simulate moisture induced aging: application of 18 cycles of 

thermal conditioning (0°F to 120°F) using freezers and a hot water bath and one 15 hr F-T 

cycle followed by 24 hr at 140°F. Mixtures were predominately evaluated in indirect tension 

at temperatures of 55°F or 73°F to determine tensile strength or elastic modulus. The study 

ultimately concluded that one F-T cycle after vacuum saturation followed by 24 hr of 

conditioning in 140°F water was the most reliable conditioning method considered for 

predicting moisture induced damage.  

 The current version of AASHTO R30 describes methods for short-term oven 

conditioning (described earlier in this chapter) and long term oven conditioning to simulate 

mixture changes which occur in the field. The specification claims that the long-term mixture 

conditioning “is designed to simulate the aging the compacted mixture will undergo during 7 

to 10 years of service” (AASHTO R30-02).  While there are several investigations which have 

called this claim in to question (e.g. Isola et al. 2014, Epps Martin et al. 2014, Yin et al. 2016), 

this section describes the efforts to develop the long term oven conditioning methods in R30. 

 Bell et al. (1994a), Bell and Sosnovske (1994), and Bell et al. (1994b) were three 

companion reports from SHRP which investigated laboratory conditioning to simulate field 

aging of asphalt mixtures. Bell et al. (1994a) identified potential protocols for conditioning 

compacted asphalt specimens to simulate field aging. Bell and Sosnovske (1994) evaluated the 

identified mixture conditioning approaches by evaluating conditioned mixture properties in 

comparison with expected mixture performance based on laboratory conditioned binder 

assessments. A field validation study was presented in Bell et al. (1994b) which considered 

multiple materials throughout multiple projects.  

 The long term conditioning approaches considered in Bell et al. (1994a) were forced 

draft oven aging (FDOA) at elevated temperatures, high pressure oxidation, and low pressure 

oxidation (LPO) using a triaxial cell. The original FDOA trials pre-conditioned specimens for 

two days before increasing oven temperature to 107°C for up to 7 days. The initial investigation 

found that oven conditioning produced changes in resilient modulus, but that the increased 

temperature should be decreased due to potential for specimen damage during conditioning. 

The high pressure oxidation methods were identified as problematic due to the potential for 

specimen volume change or damage during conditioning. Alternatively, LPO at 25°C and 60°C 

by forcing 0.11m3/hr of oxygen or air through compacted specimens in a triaxial cell with 

confinement seemed promising. FDOA and LPO were identified as reasonable conditioning 

methods which produced increases in resilient modulus while not changing specimen 

geometry. 

 Bell and Sosnovske (1994) performed mixture conditioning through FDOA and LPO 

in triaxial cells and compared modulus results to binder property results from other SHRP 
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contractors. FDOA conditioning was conducted at 85°C for 5 days and 100°C for 2 days. LPO 

was conducted with the same flow rate identified in the previous paragraph, but at temperatures 

of 60°C and 85°C for 5 days. The investigation concluded that pure asphalt binder conditioning 

was inadequate for considering factors inherent for asphalt mixtures. FDOA conditioning of 

five days at 85°C was suggested for standard mixtures, and LPO conditioning at 85°C was 

suggested for mixtures which are susceptible to damage during conditioning (e.g., OGFC or 

mixtures containing soft binder). 

 Bell et al (1994b) presented a field validation study for the FDOA and LPO 

conditioning methods developed in Bell et al. (1994a) from projects in Arizona, California, 

France, Georgia, Michigan, Minnesota, Oregon, Washington, and Wisconsin. Laboratory 

specimens were produced using representative materials at gradations and binder contents 

determined from field cores prior to conditioning and comparing moduli to that of field cores. 

Field cores were sampled after periods of a few months to 19 years, with the majority of field 

projects sampled after less than 5 years. All cores collected from sites that were more than 5 

years old were collected as part of a supplementary study that only considered pavements in 

Washington.  

 While there was evidence to support that 5 days of FDOA at 85°C produced an increase 

in pavement modulus similar to that of 9 years in the dry-freeze and 18 years in the wet-no 

freeze climatic zones of Washington, this relatively small geographical area does not suggest 

that the damage produced by FDOA successfully simulated field aging in other climatic 

regions. In fact, some of the conclusions from Bell et al. (1994b) claim that there was not 

sufficient evidence to recommend aging relationships based on climate.  

The environmental conditioning system (ECS) was developed as a conditioning 

protocol to simulate moisture induced damage on asphalt mixtures. Though the ECS was able 

to identify specimens with decreased resistance to moisture induced damage (Terrel and Al-

Swailmi, 1994), field cores appeared to experience long-term aging that was not simulated in 

the ECS system (Allen and Terrel, 1994). Later studies (e.g. Tandon et al., 2004; Alam et al., 

1998; Tandon and Nazarian, 2001) evaluated modified versions of the ECS using simple 

performance tests (i.e. flow, creep, and dynamic modulus) rather than resilient modulus. 

However, the ECS was never implemented to the extent of AASHTO R30. 

 A more recent investigation by the University of Florida is discussed in the next two 

paragraphs. Zou et al. (2013) performed a field aging investigation of Superpave projects 

throughout Florida. A key material property evaluated over field aging periods of 6 to 12 years 

was fracture energy (FE). Therein, test sections which presented signs of moisture damage 

experienced reductions in FE of 46% to 76% while test sections with no signs of moisture 

damage experienced FE reductions of 25% to 56% (see Section 2.6.4 for FE test method). This 

observation was utilized in later investigations from the University of Florida to evaluate 

agreement between laboratory conditioning protocols and field aging. 

 Three types of laboratory conditioning were employed at the University of Florida to 

simulate the aging of asphalt pavement mixtures in comparison to the investigation described 

in the previous paragraph (Isola et al., 2014). The three protocols considered were: long term 

AASHTO R30, cyclic pore pressure conditioning (CPPC) to induce moisture damage, and a 

combination of the two. CPPC was conducted on compacted specimens which had been sliced 

and prepared for fracture energy testing described in Section 2.6.4 by placing them in a triaxial 

cell filled with water and subjecting specimens to pressure cycles. A primary objective of the 

study was to develop appropriate aging procedures which consider more effects than oxidation 
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to adequately assess asphalt mixture changes with time. Mixtures were evaluated using the 

instrumented indirect tension test described in Section 2.6.4 with further testing to consider 

resilient modulus (MR) and creep compliance in addition to FE. The study concluded that long 

term R30 conditioning was inadequate in producing decreases in mixture performance 

documented in Florida and that a combination of R30 and CPPC most closely represented field 

aging.  

Yin et al. (2016) performed a field aging investigation for seven projects where field 

cores were taken soon after construction and at least once after a period of field aging. There 

were also virgin materials (binder, aggregates, and recycled materials) taken during 

construction to produce lab mixed and lab compacted (LMLC) specimens. LMLC specimens 

were lab conditioned for 2 weeks at 60°C, 3 days at 85°C (only 2 mixtures), or 5 days at 85°C 

before conducting performance tests. Performance tests included MR at 25°C according to 

ASTM D7369 with external LVDTs and the Hamburg Loaded Wheel Test (HLWT) according 

to AASHTO T324. 

To account for variations in construction seasons and climates, Yin et al. (2016) utilized 

a cumulative degree days (CDD) with 32°F as a base temperature. The CDD variable was used 

to normalize the amount of aging between construction seasons and climates for the seven field 

projects monitored over time. Response variables (i.e. MR and a HLWT rutting resistance 

parameter (RRP)) were normalized as ratios of MR and RRP after aging to MR and RRP soon 

after construction. Using the approach described in the previous two sentences, exponential 

functions were developed between MR and RRP ratios over time in CDD with R2 of 0.83 and 

0.76 for MR and RRP ratios, respectively. 

When comparing the MR ratio of LMLC specimens subjected to the three oven 

conditioning protocols described in Yin et al. (2016), none of the conditioning protocols 

produced more damage than what was seen over a 12 month period in warmer climates or a 23 

month period in colder climates. Factors considered in analysis of mixture performance over 

time included: WMA technology, production temperature, plant type, inclusion of recycled 

materials, and aggregate absorption. Of the five factors considered in further analysis, the only 

factor to produce no meaningful effect on mixture performance was plant production type. 

However, production temperature was not produce a statistically significant effect on MR. 

 

2.6 Mixture Performance Tests 

 

 This section reviews the mixture performance tests utilized in this study. Mixture 

performance tests of interest are the Cantabro Mass Loss (CML) test, the indirect tensile (IDT) 

test, the Hamburg loaded wheel test (HLWT), and the Superpave instrumented IDT (SIDT) 

test. The four following sub-sections present relevant information organized by test method in 

the order previously stated. 

 

2.6.1 Cantabro Mass Loss 

 

 The Cantabro Mass Loss (CML) test has been used as an index test method to 

characterize relative durability of OGFC mixtures for several years. The CML test utilizes a 

Los Angeles abrasion drum without steel sphere charges and subjects compacted specimens to 

300 revolutions of abrasion. The ratio of mass change to initial specimen mass is reported as 

mass loss (ML). CML has wider acceptance for OGFC than for dense graded asphalt (DGA). 
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Multiple investigations involving MSU have used CML to characterize DGA mixtures in 

recent years. A comprehensive summary relative to CML findings from these investigations is 

provided in Cox et al. (2017) and is not repeated here for brevity.  

There were several general trends presented in Cox et al. (2017) where ML was related 

to mixture properties generally accepted to affect mixture durability. ML consistently increased 

as high PG binder grades increased, until polymer modified binders were encountered. 

Replacing PG 67-22 binders with PG 76-22 binders produced by polymer modifying PG 67-22 

binders decreased ML. CML detected the inclusion of post-consumer materials in mixtures 

produced with elevated RAP contents or ground tire rubber (GTR) rather than SBS polymer 

for binder modification. CML was also able to detect differences in asphalt mixture 

performance resulting from conditioning or aging. Increased Va was shown to produce higher 

ML, and increased Va accelerated the damaging effects of laboratory conditioning or field 

aging. The volume of effective binder (Vbe) was also shown to correlate with ML. 

 

2.6.2 Indirect Tensile Test 

 

 The indirect tensile test has been used for many years to evaluate asphalt pavement 

mixtures. The test is traditionally performed near 25°C with a load rate of 50 mm/min. IDT 

Strength (St) is determined at the maximum load carried by the specimen during testing 

throughout this investigation. The method most commonly referenced is AASHTO T283-14, 

which uses St from conditioned and non-conditioned specimens to determine tensile strength 

ratio (TSR) as a measure of resistance to moisture induced damage. Azari (2010) conducted 

an inter-laboratory study to investigate test variability for AASHTO T283. The study 

concluded, based on information collected from forty laboratories, that the test was very 

variable and an acceptable range for TSR values within a single laboratory and between two 

laboratories were 9% and 25%, respectively. 

Non-instrumented IDT testing was conducted for some of the mixture aging 

investigations mentioned earlier in this literature review. Non-instrumented IDT test results 

were utilized by Lottman (1978, 1982a, and 1982b) where the ultimate tensile strength was 

related to mixture performance. Cox et al. (2017) presented relationships between CML data 

and non-instrumented IDT data.  

 

2.6.3 Wheel Tracking Tests 

 

While there are multiple methods of wheel tracking to determine resistance of a mixture 

to rutting, the Hamburg Loaded Wheel Test (HLWT) is of primary concern to the current 

investigation. Cooley et al. (2000) provided a state of the practice review for wheel tracking 

test methods used in conjunction with asphalt mixtures in the US. The six wheel tracking tests 

considered were the Georgia Loaded Wheel Tester (GLWT), Asphalt Pavement Analyzer 

(APA), Hamburg Loaded Wheel Test (HLWT), LCPC (French) Wheel Tracker, Purdue 

University Laboratory Wheel Tracking Device (PURWheel), and one-third scale Model 

Mobile Load Simulator (MMLS3).  

The HLWT was developed in Hamburg, Germany and has been used as a relative 

measure for a mixture’s resistance to moisture-induced damage (Aschenbrener, 1995). The test 

is typically conducted by submerging asphalt specimens in 50°C water and subjecting them to 

rolling steel wheels applying a 700 N force. AASHTO T324-14 specifies that a standard test 



26 

 

includes 20,000 passes of the steel wheels or up to 20 mm of deflection. The primary 

performance factors identified within the HLWT method include: creep slope, stripping 

inflection point (SIP), and stripping slope. Each of the performance factors are determined 

from relationships between deformation and wheel passes. The creep slope is determined using 

slope of the linear region of specimen deformation prior to stripping (in the event of stripping). 

The stripping slope is determined from the slope of specimen deformation after the on-set of 

stripping. The SIP defined as point during testing, defined by number of wheel passes, where 

the linear portions from creep and stripping behavior intersect. The SIP has been used by many 

as a reference of moisture susceptibility (e.g., Cooley et al., 2000; Williams et al., 2011). The 

HLWT has also been used in recent years for mixture aging investigations (e.g., Yin et al., 

2015; Yin et al., 2016).  

 

2.6.4 Instrumented Indirect Tensile Test 

 

 While the traditional IDT test methods described in Section 2.6.2 has been widely used 

for decades, there have been multiple investigations to present the improved capability of the 

Superpave IDT (SIDT) test. For brevity, this sub-section only presents literature relative to the 

SIDT method for determining fracture energy (FE). 

Roque and Buttlar (1992) and Lytton et al. (1993) were seminal papers describing face-

mounted instruments to characterize deformations during IDT testing. The papers compared 

the stress state at the center of an IDT specimen to that of typically loaded asphalt pavements 

(i.e., tensile stresses in the horizontal direction produced from vertical compression). Further, 

the authors discussed the tendency for asphaltic materials to approach elastic behaviors at mid-

range to low temperatures (e.g. less than 30°C) and suggested that determining tensile 

behaviors produced from compressive forces is reasonable. A key contribution of Roque and 

Buttlar (1992) was the recommendation to utilize gage points mounted to the faces of IDT 

specimens during testing with a 38 mm gage length for 150 mm diameter specimens. This 

recommendation addressed a frequently reported problem of load strip damage when external 

deformation measurement was used (e.g. Molenaar et al., 2002). 

While there have been investigations to discuss tensile strength (St) and horizontal 

strain at peak stress (εult) as improved cracking performance characteristics, many have 

correlated fracture energy (FE) with field cracking (e.g., Kim and Wen, 2002; Zhang et al., 

2001). Fracture energy from SIDT testing is equal to the area under the stress-strain curve 

between initial loading and fracture. The instant of fracture is identified within this system by 

determining the peak point on the deformation differential curve (DDC), or the difference 

between vertical and horizontal deformations. The instant of fracture should occur before the 

specimen peak load is experienced (Buttlar et al., 1996; Roque et al., 1997; Koh and Roque, 

2010). Work by Koh and Roque (2010) produced a 1:1 relationship between FE determined 

by dog-bone direct tension and SIDT tests, which suggest FE as a fundamental mixture 

property not affected by specimen geometry.  

 

2.7 Asphalt Binder Characterization 

 

This section presents literature relative to the asphalt binder performance tests utilized 

in this study. Binder performance tests of interest include asphalt binder penetration, dynamic 
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shear rheometry, bending beam rheometry, and Fourier Transform Infrared Spectroscopy 

(FTIR). The following sub-sections present relevant information organized by test method. 

 

2.7.1 Asphalt Binder Penetration 

 

 Asphalt binder penetration (ASTM D5) has been utilized as a relative measure of binder 

stiffness for several decades. The test records the distance that a 100 g weighted needle can 

penetrate into a sample of asphalt binder submerged in water typically conditioned to 25°C for 

a period of 5 seconds. Many investigations mentioned in earlier sections have made use of 

ASTM D5 as a relative measure of asphalt binder stiffness at normal temperature (e.g., Epps 

and Monismith, 1969; Kandhal and Koehler, 1984; Santucci et al., 1985; Wright and Paquette, 

1966; Kari, 1982; Jemison et al., 1991; Hveem, 1955; Heithaus and Johnson, 1958; Mirza and 

Witczak, 1995; Lee, 1977; Kemp and Predoehl, 1981). 

 

2.7.2 Superpave Binder Evaluations 

 

The Performance Grade (PG) asphalt binder characterization system consists of 

multiple components, which are described in AASHTO M320-10. One factor that makes the 

PG system unique from prior binder grading systems is the consideration of binder properties 

at cold (i.e., Bending Beam Rheometer), intermediate (i.e., 8 mm DSR), and high (i.e., 25 mm 

DSR) temperatures. Petersen et al. (1994) provides discussion of each of the test methods 

considered in the PG grading system including data analysis and recommendations for test 

specifications. 

 

2.7.3 Fourier Transform Infrared Spectroscopy 

 

 Infrared spectroscopy has been utilized for several years as a rapid method for 

identifying collections of complex functional groups of compounds found in samples of asphalt 

binder (Beitchman, 1959; Petersen, 1986). Some studies from literature identified to utilize 

FTIR analysis were Wright and Paquette (1966) and Howard et al. (2013). Wright and Paquette 

(1966) evaluated infrared spectra around the wavelengths of 2.9, 5.9, and 9.7 μm to evaluate 

hydroxyl, carbonyl and the carbon-oxygen-carbon band. Observations at these wavelengths 

were used to support a claim that oxidation was occurring for increased haul-times. Howard et 

al. (2013) followed recommendations of Glaser and Loveridge (2012) by considering peak 

heights of absorbance measurements in FTIR analysis. Howard et al. (2013) concentrated on 

the 1700 cm-1 (carbonyl) and 1031 cm-1 (sulfoxide) regions of the spectral output to determine 

carbonyl and sulfoxide indices, or the ratios between the 1375 cm-1 region (the representative 

asphalt peak) and the two previous regions.  
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CHAPTER 3 – EXPERIMENTAL PROGRAM 
 

3.1 Overview of Experimental Program 

 

This experimental program considers plant produced asphalt used during the 

emergency paving study of Howard et al. (2012). Many of the construction details for the test 

section are not repeated here for brevity. This chapter describes overall information of the test 

section (Section 3.2), materials and specimens tested (Section 3.3), field compacted specimen 

sampling and handling (Section 3.4), laboratory conditioning protocols (Section 3.5), mixture 

test methods (Section 3.6), and binder property evaluations (Section 3.7). 

 

3.2 Field Test Section 

 

 The pavement test section evaluated herein consisted of twelve 3.3 m wide test strips 

which were placed as part of an emergency paving demonstration; construction details are 

available in Howard et al. (2012). Paving was performed November 1 to 3, 2011. The pavement 

was left in place to study field aging of asphalt pavements. Following construction, the test 

section was blocked off to traffic and monitored for property changes over a six year period 

(most evaluations occurred over a five year period). The following sub-sections provide 

construction and weather details for the pavement test section. 

 

3.2.1 Construction Procedures 

 

 The twelve test strips were identical with respect to design aggregate blend and mix 

design. However, binder types were varied: neat PG 67-22 (strips 1 to 4), PG 67-22 foamed 

with 2% moisture (strips 5 to 8), and PG 67-22 dosed with 0.5% Evotherm 3GTM (strips 9 to 

12). During construction, one mixture was produced per day and hauled for four different 

times. After a haul time of 1.0 to 10.5 hours, a single truck load would arrive to the pavement 

site and pave one of the twelve test strips. The three mixtures and respective haul times are 

described in Table 3.1. 

 

Table 3.1. Test Strip Descriptions 
Mix ID Binder ID Mix Description Strip Haul Time  

(hr) 

M14 B1 HMA 

1 1.0 

2 2.3 

3 5.8 

4 7.9 

M15 B2 Foamed 

5 1.1 

6 2.4 

7 5.6 

8 8.4 

M16 B2 Evotherm 3GTM 

9 1.0 

10 5.7 

11 8.1 

12 10.5 

-- Strips 9 to 11 are also referred to as M16a, and Strip 12 is referred to as M16b. 
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Compaction was performed with a single vibratory roller with varying amounts of static 

and vibratory passes within and between strips. Zone 1 and Zone 2 were 3.3 m long sections 

beginning 5.6 m and 24.2 m from the west end baseline of each test strip (Figure 3.1). During 

construction, compaction was monitored on-site using a PQI Model 301 and Troxler Model 

3440 Nuclear Density Gauge (NDG) for identical locations in Zone 2 of each test strip. 

Following construction, one pavement core was removed from each strip for comparison with 

in-place density gauges.  

 

 

 

 

 

 

 

 

 

 
 

a) Compaction                                      b) PQI Model 301       c) Troxler Model 3440 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

d) Overall Test Section 

Figure 3.1. As Constructed Test Section 

 

3.2.2 Field Aging Environment 

 

 Weather data reported from the Columbus Air Force Base, which is approximately 

19 km from the test section, was recorded throughout this study. As shown in Tables 3.2 to 

3.6, the Columbus Mississippi environment consists of relatively mild winters and hot 

summers. Further, the cumulative row for each table indicates averages weighted by day where 

appropriate. Weather was not monitored beyond year 5. 

 

Zone 2 

 North 

Baseline 

Zone 1 
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Table 3.2. Year 1 Weather Summary (November 2011 to October 2012) 

   Avg.  

Daily Temp  
 High  

Daily Temp  
 Low  

Daily Temp 
 Rainfall  Relative  

Humidity 

Month Days   

Mean 

(°C) 

St. Dev 

(°C) 
  

Mean 

(°C) 

St. Dev 

(°C) 
  

Mean 

(°C) 

St. Dev 

(°C)  
  

Total 

(cm) 

Days of 

1.25 cm+ 
  

Mean  

(%) 

St. Dev 

(%) 

Nov-11 30  12.2 5.3  18.6 5.6  5.5 6.4  5.4 1  77.4 12.7 

Dec-11 31  8.0 4.1  13.8 4.9  1.9 5.0  14.8 5  83.0 10.6 

Jan-12 31  9.2 5.1  16.0 4.8  2.5 6.3  10.5 4  75.4 17.7 

Feb-12 29  10.0 5.3  15.9 5.7  3.9 5.8  11.4 4  76.1 14.2 

Mar-12 31  17.7 4.2  24.4 4.3  11.1 4.7  11.3 2  73.9 15.6 

Apr-12 30  18.0 3.8  25.1 4.1  11.2 4.3  7.1 1  71.4 10.2 

May-12 31  22.7 2.4  29.5 2.9  16.0 2.5  8.3 1  79.1 9.3 

Jun-12 30  24.7 2.6  31.3 3.8  18.4 2.6  7.6 2  71.2 11.4 

Jul-12 31  27.6 1.5  33.2 2.6  22.0 1.2  10.7 3  77.7 9.9 

Aug-12 31  25.3 2.0  30.7 2.6  20.4 2.5  11.1 3  83.3 7.9 

Sep-12 30  22.4 3.5  28.9 3.2  16.1 4.6  14.2 3  78.6 9.3 

Oct-12 31   16.0 4.0   22.6 4.7   9.3 4.1   6.6 2   79.4 12.3 

All 366   17.8 7.6  24.2 7.7   11.6 8.1   119.1 31   77.2 12.5 

 

 

Table 3.3. Year 2 Weather Summary (November 2012 to October 2013) 

   Avg.  

Daily Temp  
 High  

Daily Temp  
 Low  

Daily Temp 
 Rainfall  Relative 

Humidity 

Month Days   

Mean 

(°C) 

St. Dev 

(°C) 
  

Mean 

(°C) 

St. Dev 

(°C) 
  

Mean 

(°C) 

St. Dev 

(°C)  
  

Total 

(cm) 

Days of 

1.25 cm+ 
  

Mean  

(%) 

St. Dev 

(%) 

Nov-12 30  9.5 3.4  17.8 4.2  1.3 3.4  4.8 2  77.6 10.7 

Dec-12 31  9.6 5.5  15.3 5.6  3.8 6.2  15.3 3  82.5 13.2 

Jan-13 31  8.3 5.8  13.2 6.1  3.3 6.4  19.7 6  80.3 12.8 

Feb-13 28  7.7 3.4  13.4 3.8  1.8 4.2  13.0 3  75.2 13.6 

Mar-13 31  9.2 4.7  15.8 6.1  2.6 4.4  18.3 3  66.8 15.8 

Apr-13 30  16.3 4.2  22.9 5.0  9.8 4.5  14.9 4  76.5 11.2 

May-13 31  19.9 4.5  26.1 4.6  13.9 5.2  9.0 3  76.9 11.7 

Jun-13 30  25.5 1.7  31.1 2.1  19.9 1.9  11.4 3  78.0 6.7 

Jul-13 31  25.6 1.5  30.5 2.0  20.8 1.7  22.0 5  81.1 7.1 

Aug-13 31  26.1 1.9  31.5 2.3  20.8 2.1  6.3 1  81.8 5.7 

Sep-13 30  23.9 2.9  30.3 3.7  17.6 3.1  12.1 3  75.6 9.3 

Oct-13 31   17.7 4.6   23.7 4.4   11.7 5.6   4.3 2   84.6 9.8 

All 365   16.7 8.1  22.7 8.2  10.7 8.7  151.1 39  78.1 11.7 
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Table 3.4. Year 3 Weather Summary (November 2013 to October 2014) 

   Avg.  

Daily Temp  
 High 

Daily Temp  
 Low  

Daily Temp 
 
Rainfall  

 Relative 

Humidity 

Month Days   

Mean 

(°C) 

St. Dev 

(°C) 
  

Mean 

(°C) 

St. Dev 

(°C) 
  

Mean 

(°C) 

St. Dev 

(°C)  
  

Total 

(cm) 

Days of 

1.25 cm+ 
  

Mean  

(%) 

St. Dev 

(%) 

Nov-13 30  9.3 5.3  15.3 5.5  3.1 6.2  8.2 3  74.2 12.7 

Dec-13 31  6.8 5.9  12.2 6.8  1.3 6.2  15.8 7  81.6 10.0 

Jan-14 31  1.8 5.3  9.2 6.5  -5.7 5.2  5.2 1  60.4 16.2 

Feb-14 28  6.6 5.1  12.4 6.8  0.7 4.6  9.2 2  75.6 11.8 

Mar-14 31  10.4 4.4  17.7 5.7  3.0 4.2  9.0 2  71.8 14.1 

Apr-14 30  16.5 4.0  23.3 4.5  9.7 4.5  20.2 4  74.9 13.7 

May-14 31  21.2 3.4  28.0 3.7  14.8 4.3  11.2 3  72.9 11.2 

Jun-14 30  25.4 1.5  30.7 2.3  20.4 1.3  15.2 3  80.6 7.0 

Jul-14 31  24.6 2.3  30.1 2.8  19.2 2.4  9.5 3  78.5 8.7 

Aug-14 31  26.3 1.7  32.4 2.0  20.3 2.0  7.7 1  77.1 8.3 

Sep-14 30  24.3 2.6  30.4 2.4  18.4 3.4  4.1 2  76.9 6.7 

Oct-14 31   18.1 4.2   25.3 4.1   11.0 5.2   11.4 3   80.5 9.7 

All 365   16.0 9.2  22.3 9.3  9.7 9.7  126.7 34  75.3 12.3 

 

 

Table 3.5. Year 4 Weather Summary (November 2014 to October 2015) 

   Avg.  

Daily Temp  
 High  

Daily Temp  
 Low  

Daily Temp 
 Rainfall  Relative 

Humidity 

Month Days   

Mean 

(°C) 

St. Dev 

(°C) 
  

Mean 

(°C) 

St. Dev 

(°C) 
  

Mean 

(°C) 

St. Dev 

(°C)  
  

Total 

(cm) 

Days of 

1.25 cm+ 
  

Mean  

(%) 

St. Dev 

(%) 

Nov-14 30  8.2 5.5  14.9 6.0  1.5 6.0  10.7 2  70.6 11.3 

Dec-14 31  8.4 3.8  13.3 4.1  3.2 4.4  18.2 5  85.0 10.0 

Jan-15 31  4.9 4.7  11.3 5.9  -1.5 4.8  12.2 4  72.0 16.5 

Feb-15 29  3.6 4.6  9.1 6.2  -2.2 4.2  37.9 3  65.2 17.3 

Mar-15 31  13.1 5.2  18.7 6.3  7.4 5.9  15.6 5  82.6 12.9 

Apr-15 30  18.1 3.2  24.1 3.5  12.3 4.2  18.9 4  79.2 13.9 

May-15 31  22.5 2.9  29.7 2.9  15.5 4.2  11.2 4  73.8 14.0 

Jun-15 30  25.9 2.2  31.7 2.5  20.2 2.4  2.0 0  77.2 6.0 

Jul-15 31  27.9 1.9  33.8 2.6  22.2 1.4  6.2 3  76.1 7.2 

Aug-15 31  26.0 2.3  31.8 2.7  20.4 2.7  12.0 4  77.8 9.0 

Sep-15 30  23.4 2.8  29.9 3.0  17.1 3.8  2.2 0  76.9 6.4 

Oct-15 31   17.8 3.7   24.7 4.9   11.2 5.1   40.6 1   76.4 11.8 

All 366   16.7 9.1  22.8 9.6  10.7 9.4  187.9 35  76.2 12.8 
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Table 3.6. Year 5 Weather Summary (November 2015 to October 2016) 

   Avg.  

Daily Temp  
 High  

Daily Temp  
 Low  

Daily Temp 
 Rainfall  Relative 

Humidity 

Month Days   

Mean 

(°C) 

St. Dev 

(°C) 
  

Mean 

(°C) 

St. Dev 

(°C) 
  

Mean 

(°C) 

St. Dev 

(°C)  
  

Total 

(cm) 

Days of 

1.25 cm+ 
  

Mean  

(%) 

St. Dev 

(%) 

Nov-15 30  14.1 4.8  19.8 3.7  8.3 6.6  7.4 1  83.2 11.0 

Dec-15 31  12.5 5.5  17.9 4.7  7.0 7.3  0.0 0  85.9 11.0 

Jan-16 31  5.2 4.3  10.8 5.2  -0.7 4.4  18.5 3  74.0 10.6 

Feb-16 28  9.4 5.1  15.4 5.3  3.1 6.2  21.4 4  68.7 15.8 

Mar-16 31  14.7 4.4  21.1 5.0  8.3 5.0  27.3 5  74.9 12.8 

Apr-16 30  17.3 3.2  23.6 3.6  11.1 4.0  15.2 2  72.9 12.4 

May-16 31  20.9 3.4  27.3 3.5  14.6 4.1  3.0 1  74.2 8.5 

Jun-16 30  26.6 1.7  32.5 1.7  20.9 2.6  19.3 3  77.8 6.9 

Jul-16 31  27.9 1.3  33.6 1.6  22.3 1.6  10.9 3  82.7 7.3 

Aug-16 30  28.1 0.9  33.7 1.9  22.8 0.9  8.7 3.0  85.8 6.6 

Sep-16 31  26.0 2.6  33.4 2.8  18.9 3.3  0.5 0.0  69.7 8.0 

Oct-16 30   20.1 3.1  29.1 2.8  11.4 4.0  2.5 1.0  68.2 8.7 

All 365   18.6 8.2  24.8 8.4  12.3 8.6  134.7 26  76.6 11.9 

 

 A few parameters used to describe the cumulative weather patterns over time are used 

throughout this effort. High temperature cumulative degree days (CDDhigh) is used to describe 

the accumulation of high temperature days over time, and CDDhigh is defined in Equation 3.1 

(Figure 3.2a). For example, a single day with a maximum temperature of 30 °C with a 25 °C 

baseline would contribute 5 °C – days to CDDhigh in Equation 3.1. Cumulative freezing index 

(CFI) is used to describe the accumulation of low temperature days over time and is defined in 

Equation 3.2 (Figure 3.2b). Cumulative days of temperature fluctuation (CDfluctuation) describes 

the accumulation of days where the where the difference in maximum and minimum 

temperature is greater than a defined baseline. For example, the 18 °C baseline in Figure 3.2c 

reaches a maximum of 196 days with at least a 18 °C temperature fluctuation in a single day. 

Cumulative precipitation was also used to describe the cumulative rainfall over time (Figure 

3.2d). 
  

    BaselineT)BaselineT(daysCCDD
m axdm axdhigh

 if  (3.1) 
 

    C0T)T(daysCCFI
dlowdlow

 if  (3.2) 
 

 

Where, 

 Tdlow = Minimum Daily Temperature (°C) 

Tdmax = Maximum Daily Temperature (°C) 
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 a) High Temperature Accumulation b) Low Temperature Accumulation 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 c) Temperature Fluctuation d) Cumulative Precipitation 

 

Figure 3.2. Cumulative Weather Summary 

 

3.3 Specimens Tested 

 

 Plant mixed materials were sampled and used to produce specimens in three stages: 1) 

during construction (395 plant mixed and laboratory compacted specimens were produced 

from re-heated loose mixture); 2) soon after construction (1,375 cores were taken prior to 

meaningful field aging); and 3) after field aging of 2 to 6 years (1,659 cores were taken and 

reported herein, and an additional 131 cores were taken that are not reported herein). The 

following sub-sections describe sampling and specimen preparation. 

  

3.3.1 Plant Mixed and Laboratory Compacted Specimens 

 

 Plant mixed materials sampled during construction were re-heated and used to produce 

laboratory compacted specimens using a Pine AFGC 125X Superpave Gyratory Compactor 

(Figure 3.3b). Loose mix was sampled from trucks before leaving the asphalt plant or from the 
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paver during construction and stored in metal buckets for transportation back to the laboratory. 

Mixtures were re-heated to 146°C in individual pans for 150 mm specimens and in small 

groups (i.e. 2 to 4) for 100 mm specimens prior to compaction. Specimens were then 

compacted to one of three target air void levels in the laboratory: 4%, 7% or the average 

compacted air voids for the respective field test strip. A description of specimens available for 

this study from field mixed and laboratory compacted specimens is provided in Table 3.7. 

 

Table 3.7. Lab Compacted Specimens Available for Study 
Mix ID Haul Time 

(hr) 

Target Va  

(%) 

Specimen  

Diameter  

(mm) 

Quantity 

ht = 11.5 cm ht = 63 cm  

M14 

0.0 
4 150 8 12 

4 & 7 100 0 6 

1.0 
4, 7, & Field 150 9 9 

4, 7, & Field 100 0 9 

2.3 
4, 7, & Field 150 9 9 

4, 7, & Field 100 0 9 

5.8 
4, 7, & Field 150 9 9 

4, 7, & Field 100 0 7 

7.9 
4, 7, & Field 150 9 9 

4, 7, & Field 100 0 9 

M15 

0.0 
4 150 8 12 

4 & 7 100 0 6 

1.1 
4, 7, & Field 150 9 9 

4, 7, & Field 100 0 9 

2.4 
4, 7, & Field 150 9 9 

4, 7, & Field 100 0 9 

5.6 
4, 7, & Field 150 9 9 

4, 7, & Field 100 0 7 

8.4 
4, 7, & Field 150 9 9 

4, 7, & Field 100 0 9 

M16 

0.0 

 

4 150 8 12 

4 & 7 100 0 6 

1.0 
4, 7, & Field 150 9 9 

4, 7, & Field 100 0 9 

5.7 
4, 7, & Field 150 9 9 

4, 7, & Field 100 0 9 

8.1 
4, 7, & Field 150 9 9 

4, 7, & Field 100 0 9 

10.5 
4, 7, & Field 150 9 9 

4, 7, & Field 100 0 9 

395 Specimens Total; Specimen height (ht) 
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           a) Buckets of Mix Sampled During Paving               b) Pine AFGC 125X 
 

Figure 3.3.  Laboratory Compaction of Plant Mixed Materials 

 

3.3.2 Cores Taken Prior to Aging 
 

 A total of 1,375 field compacted specimens were collected from the parking lot before 

December 2, 2011 (described hereafter by as-constructed cores) and made available for this 

study. There were 738 cores with 15 cm diameters taken directly from the test section between 

November 9 and 19, 2011 and 637 cores (322 with 10 cm diameters and 315 with 15 cm 

diameters) that were cut from slabs collected between November 21 and December 2, 2011. 

Some of the specimens remaining from the original emergency paving study were discarded 

prior to testing performed herein, and the quantity of specimens remaining from the initial 

study was a controlling factor for the experimental program of this report (Table 3.8). Note 

that all Table 3.8 cores were stored in climate controlled laboratory conditions once they left 

the test section. 

  

Table 3.8. As-Constructed Cores Available for Study 

Strip 

Zone 1 Cores  Zone 2 Cores 

15 cm diameter 10 cm diameter  15 cm diameter 

1 63 32   29 

2 48 21  32 

3 57 27   30 

4 58 27  30 

5 62 30   31 

6 54 26  30 

7 43 19   31 

8 55 26  31 

9 62 30   30 

10 58 25  30 

11 60 29   32 

12 62 30   35 

Total 682 322  371 
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3.3.3 Cores Taken After Aging 

 

A total of 1,659 field aged cores were collected on six occasions (Table 3.9) and used 

for experimental data in this report. Cores were collected in larger quantities in earlier years, 

with quantities reducing over time as more information became available. In addition to the 

Table 3.9 cores, 131 extra cores were taken whose test results are not reported herein. 

 

Table 3.9. Field Aged Coring Summary 
  2 Years   3 Years   4 Years   4.5 Years    5 Years  6 Years 

Strip  15 cm 10 cm  15 cm 10 cm  15 cm 10 cm  15 cm  15 cm 10 cm  15 cm 

1  40 20  40 20  24 12  4  18 10  19 

2  --- ---  --- ---  --- ---  4  10 10  --- 

3  55 25  55 25  24 12  4  18 10  19 

4  --- ---  --- ---  --- ---  4  10 10  --- 

5  40 20  40 20  25 10  4  18 10  19 

6  --- ---  --- ---  --- ---  4  10 10  --- 

7  45 20  45 20  24 10  4  18 10  19 

8  --- ---  --- ---  --- ---  4  10 10  --- 

9  80 35  80 35  24 12  4  18 10  19 

10  60 30  60 30  40 20  4  29 16  34 

11  --- ---  --- ---  --- ---  4  10 10  --- 

12  --- ---  --- ---  --- ---  4  10 10  --- 

Total   320 150  320 150  161 76   48   179 126  129 

 

3.3.3.1 Coring After 2 and 3 Years of Aging 

 

Initial plans envisioned sampling a variety of cores within the density range of full-pay 

and remove and replace within Mississippi Department of Transportation (MDOT) paving 

practices for the six test strips evaluated over multiple points of field aging. That range 

considers 7.0 to 10.0% air voids (Va) based on pre-haul maximum specific gravity (Gmm) and 

bulk specific gravity (Gmb) measured with AASHTO T166. Thus, Va distributions from 

Howard et al. (2012) were used to estimate the number of specimens to sample from each strip 

to achieve reasonable replication between 8.0 and 11.0% Va based on AASHTO T331 

measurements and Gmm measured on post-haul materials. The 1.0% Va offset between 

AASHTO T166 and T331 measurements was chosen based on work from Howard and Doyle 

(2014), and post-haul Gmm measurements were used to account for variations between test 

strips. The Figure 3.4 layout planned sampling areas for 2, 3, 4, and 5 year samples, and areas 

with noticeable longitudinal cracking in strip 9 and strip 10 were marked and avoided 

throughout the investigation. The Figure 3.4 layout for years 4 and 5 was later abandoned. 

Year 2 coring occurred from October 30 to November 01 of 2013, and year 3 coring occurred 

from October 30 to October 31 of 2014. 
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a) Strip 1 Zone 2 b) Strip 3 Zone 2 
 

 

 

 

 

 
 

c) Strip 5 Zone 1 d) Strip 7 Zone 2 
 

 

 

 

 

 

 

e) Strip 9 Zone 1 f) Strip 9 Zone 2 
 

2Yr - 2 Year Sample Location 

3Yr - 3 Year Sample Location 

4Yre - Envisioned 4 Year Sample Location 

5Yre - Envisioned 5 Year Sample Location 

  

g) Strip 10 Zone 2  

 

Figure 3.4. Years 2 and 3 Specimen Collection Layout 
 

3.3.3.2 Coring After 4 Years of Aging 

 

 Coring performed after 4 years of field aging sought to investigate density variations 

in the longitudinal direction while decreasing the number of cores collected. Thus, coring 

performed during year 4 abandoned previously used zone designations (i.e. 4 yr and 5 yr 

markings from Figure 3.4 did not occur as originally planned) and elected to use eight coring 

locations per strip (Table 3.10). Three 15 cm diameter cores were removed from the Figure 3.1 

baseline side of core locations 1 through 8 for each of the six test strips considered, and two 

10 cm diameter cores were removed from some of the coring locations. The three 15 cm 

diameter cores from each coring location spanned the coring location width, and 10 cm 

diameter cores were sampled from spaces between 15 cm diameter cores. A photograph 

demonstrating how the test section was marked for sampling after 4 years of aging is provided 

in Figure 3.5 with strip and location or zone labels for visible sample locations. Year 4 coring 

occurred on October 30, 2015. 

 

Zone 2 Zone 2 

Zone 1 

Zone 1 Zone 2 

2Yr 

2Yr 

2Yr 

3Yr 4Yre 5Yre 5Yre 4Yre 3Yr 2Yr 

3Yr 4Yre 

5Yre 

5Yre 4Yre 3Yr 2Yr 

2Yr 3Yr 4Yre 5Yre 5Yre 4Yre 3Yr 2Yr 

3Yr 4Yre 5Yre 
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Table 3.10. Four Year Aging Coring Plan 

Strip 

Coring Location Distance from Figure 3.1 Baseline (m)  

L1 L2 L3 L4 L5 L6 L7 L8 Other 

1 5.3a 9.6 12.0 a 14.5 16.9 a 19.4 a 26.1 a 28.7 a --- 

3 5.3 a 9.4 12.0 a 14.5 16.9 a 19.4 a 26.1 a 28.5 a  

5 5.3 a 10.5 14.5 a 16.6 18.7 a 20.9 23.0 a 28.7 a Zone 1b 

7 5.3 a 9.9 12.3 a 14.8 17.2 a 19.7 a 23.3 28.7 a  

9 5.3 a 12.5 15.2 18.0 a 20.7 a 23.2 a 26.4 a 28.7 a  

10 5.3 a 9.6 12.3 a 15.1 17.8 a 19.5 21.2 a 28.5 a Zone 2c 
a Three 15 cm cores and two 10 cm cores were removed.    
b One 15 cm core was removed from the section originally intended for 3 year cores. 
c Sixteen 15 cm and ten 10 cm cores were removed from the section originally intended for 3 year cores. 
 

 

+ 

6 

 

 

 

 

 

 

 

 

 

Figure 3.5. Year 4 Specimen Collection Layout 

 

3.3.3.3 Coring After 4.5 Years of Aging 

 

A density investigation discussed in Chapter 4 utilized four cores from each of the 

twelve test strips (48 total cores) that were taken on April 1, 2016. These cores were not used 

for mechanical property testing. Cores from individual test strips were removed simultaneously 

from 1,600 cm2 areas approximately 4.6 m west of the Figure 3.1 baseline. These cores were 

ultimately monitored for moisture loss over time in three phases: after coring, after T166 

evaluation, and after slicing to 63 mm.  

 

3.3.3.4 Coring After 5 Years of Aging 

 

Coring patters after 5 years of aging included samples collected from each of the twelve 

test strips. Strips 1, 3, 5, 7, 9, and 10 were given higher replication for analysis in field aging 

where multiple points in time were considered. Fewer cores were taken from strips 2, 4, 6, 8, 

11, and 12 to evaluate short term aging effects during construction when coupled with 5 years 

of aging. Core locations were chosen based on Va trends identified from coring performed after 

4 years of aging where possible, but cores were collected from areas close to the zone with Va 

most consistent with 0 year cores in strips not sampled after 4 years of aging. Core locations 

after 5 years are identified in the Figure 3.6 photograph after all 5 year samples were collected. 

All 5 year cores were taken on October 31, 2016. 
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Figure 3.6. Year 5 Specimen Collection Layout 
 

3.3.3.5 Coring After 6 Years of Aging 

 

 Coring at 6 years occurred + 3 days of November 2, 2017. These cores were taken from 

any location in a given test strip so long as there was at least one core diameter between an 

existing core or slab hole and the current core. Note that 36 of the cores taken after 6 years 

were extras discussed in the next section 

 

3.3.3.6 Extra Cores   

 

 There were 131 cores collected after 4.9, 5.3, or 6 years of aging that were not used in 

this report. These cores were taken for possible use in this report, but ultimately it was decided 

that their inclusion in this report was not optimal. These cores were used to provide additional 

clarity to density measurements, for exploratory efforts with other types of mechanical testing 

besides those relied upon herein, or stored for future testing (e.g. 6 year binder properties).  

 

3.4 Handling and Property Determination of Field Cores 

 

3.4.1 Specimen Handling and Storage 

 

 Cores were drilled using 15 cm and 10 cm inner diameter bits with water (Figure 3.7). 

A core removal tool fabricated from an exhausted coring bit was used to facilitate separation 

of the surface layer from tack coat without applying damaging forces to cores. After cores were 

removed, they were rinsed and allowed to dry adjacent to where they had been cored. 
 
 

 

 

 

 

 

 
 

 

 

 
 

 a) Field Coring b) Core Removal Tools 

 

Figure 3.7. Removal of Cores from Test Section 
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 After specimen surfaces had dried enough to be labeled with markers, they were labeled 

and returned to the laboratory. Cores removed from slabs taken soon after construction or from 

initial core locations described in section 3.3.3.1 were only differentiated by sample condition 

(i.e. core age, test strip, and zone) prior to slicing and density measurement in the laboratory. 

Cores removed directly from the test section soon after construction were sampled more 

systematically (Howard et al. 2012), but for purposes of this study both were equivalent.  

Specimen transportation was generally performed on a flat surface with a single layer 

of cores resting on towels or blankets (e.g. Figure 3.8a). Specimens were loaded so they were 

in-contact with one another during transportation to minimize the likelihood of shifting and 

subsequent specimen damage. Upon return to the laboratory, specimens were stored in 

laboratory temperature environments prior to testing without direct exposure to sunlight 

(Figure 3.8b). 
 

 

 

 

 

 

 

 

 

 

 
 

a) Specimen Transportation b) Specimen Storage 
 

Figure 3.8. Specimen Handling and Storage 

 

3.4.2 Specimen Trimming 
 

 Cores tested herein were initially trimmed to a nominal thickness of 63 mm by 

removing lower portions of the pavement. Cores from sections of pavement which were thinner 

than 63 mm were tested without trimming. All air void measurements were performed on cores 

with a thickness of 63 mm (or less), and mechanical tests requiring additional slicing 

considered air voids measured on the 63 mm thick portion of specimens. The same saw was 

used to slice all cores throughout this study, and collars were used mark cores and facilitate 

even slicing of core faces (i.e. tops or bottoms) when appropriate. Figure 3.9 demonstrates the 

saw used throughout the project and collar used to mark cores for trimming to 63 mm. 
 

 

 

 

 

 

 

 

          a) Core Saw    b) 63 mm Tall Core and Collar 
 

Figure 3.9. Core Trimming 
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3.4.3 Density Measurement 
 

 Bulk specific gravity (Gmb), unless otherwise noted, was determined per AASHTO 

T331 throughout this report. The only exceptions were AASHTO T166 measurements 

performed as part of Chapter 4 and as a requirement for specimen saturation prior to 

conditioning. Maximum specific gravity (Gmm) was determined using AASHTO T209, and 

Gmm was measured on loose plant mixed materials as appropriate (i.e. after the same amount 

of haul time as specimens for mechanical testing). Air voids (Va) were defined using T331 

measurements and post haul Gmm values throughout this report unless specifically denoted 

otherwise. Note that standard MDOT practice would use pre-haul Gmm, but post-haul Gmm 

values were often used to account for variation between test strips. 
 

 

 

 

 

 

 

 

 

 

 

a) AASHTO T331 b) AASHTO T166 c) AASHTO T209 
 

Figure 3.10. Density Measurement 

 

3.4.4 Core Drying Investigations 
 

 The density investigation mentioned in section 3.3.3.3 and discussed in Chapter 4 

utilized four laboratory drying protocols: A) ambient drying in laboratory conditions B) fan 

drying at ambient temperature C) ASTM D7227 followed by ambient drying D) oven drying 

at 110°C. One core from each test strip was allocated to each of the four Figure 3.11 drying 

protocols. All cores from an individual strip were removed simultaneously, rinsed, and surface 

dried before returning to the laboratory. Cores allocated to protocols A, B, and C were dried 

three times: 1) for ten weeks after coring, 2) for two weeks after T166, 3) for two weeks after 

slicing cores to 63 mm thick. Va measurements were performed using T166 after the first 10 

weeks of drying for non-oven dried cores; oven dried cores were T166 tested the day of coring 

and oven dried for 1 week. Moisture loss was monitored over time for each of these 48 cores, 

and specimen masses in air were used to back calculate Va. 
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a) Ambient 
 

b) Fan 
 

  
 

c) ASTM D7227 
 

 

d) 110°C Forced Draft Oven 
 

Figure 3.11. Core Drying Protocols 

 

3.5 Laboratory Conditioning Protocols 

 

 There were seven conditioning protocols (CPs) used throughout this report (Table 

3.11). These protocols consisted of three conditioning modes (oven, hot water, and freeze-thaw 

(FT)) that were applied in the order presented in the following three sub-sections.  

 

Table 3.11. Laboratory Conditioning Protocols 

Conditioning 

Protocol 

Conditioning Mode 

Oven 64 °C Water Freeze-Thaw (FT) 

CP1 5 Days at 85°C --- --- 

CP2 28 Days at 60°C --- --- 

CP3 --- 14 Days --- 

CP4 --- 14 Days 1 Cycle 

CP5 --- 14 Days 2 Cycles 

CP6 --- 28 Days --- 

CP7 5 Days at 85°C 14 Days 1 Cycle 

 

3.5.1 Oven Conditioning 
 

 Oven conditioning was performed in forced-draft ovens without sleeves surrounding 

specimens. Conditioning was performed for 120 ± 0.5 hr at 85°C or for 672 ± 3 hr at 60°C. In 

all cases, room temperature specimens were transferred to pre-heated ovens when conditioning 

was started. After conditioning, specimens were allowed to cool to room temperature without 

being moved with ovens turned off and doors slightly opened. 
 

3.5.2 Hot Water Conditioning 
 

 Specimens that were hot water conditioned were vacuum saturated, placed in room 

temperature water for varying amounts of time, and transferred to water pre-heated to 64°C. 

Vacuum saturation filled 70 to 80% of T166 measured Va volumes with the Figure 3.10 T209 

vacuum setup. Hot water conditioning used an approximately 1,136 liter tank capable of 
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conditioning approximately 100 specimens with 15 cm diameters in single layers on two levels 

of shelving. Tank fabrication is described in the next paragraph and Figure 3.12. 

 The water bath was fabricated using a tank with zinc-coated galvanized steel walls. The 

tank was contained in a plywood box, and spaces between the tank and box were filled with 

“Great Stuff” expanding foam insulation (insulation R-value of 2). The tank was covered with 

a zippered plastic sheet (18 mil vinyl and 14 oz fabric) and a 2.5 cm honeycombed-wall 

aluminum insulation panel (Plascore) to retain moisture and heat. Specimens were supported 

by stainless steel shelves supported with 15 cm sections of 7.5 cm inner diameter pipe. Two 

Gilson HM-651 water heating elements were used, and water was circulated with a Taco Model 

006-ST4-1 pump. Two K-type thermocouples were placed approximately 30 cm from one of 

the heating elements to monitor water temperature during curing. 

There were ten trials where the Figure 3.12 conditioning tank was used to complete the 

Table 3.11 conditioning protocols involving water. Summaries for each of the ten conditioning 

trials are provided in Table 3.12 where twarm-up indicates the amount of time to re-heat water to 

64°C after transferring room temperature specimens to pre-heated water; conditioning time 

indicates the amount of time after water returned to 64°C until conditioning was completed. 

The final column in Table 3.12 indicates whether FT conditioning was conducted for 

specimens within each conditioning trial, and the following paragraph describes how 

specimens subjected to FT conditioning were treated slightly different with respect to hot water 

conditioning. 
 

Table 3.12. Water Bath Conditioning Trials 

Trial Start Date 
twarm-up 

(hours) 

Conditioning 

Time  

(hours) 

Conditioning  

Time  

(days) 

Conditioning Temp  
Followed 

by FT? 
Avg 

(°C) 

St. Dev. 

(°C) 

1 11/25/2014 16.3 672.2 28.0 63.9 0.8 No 

2 8/21/2015 4.3 335.2 14.0 64.1 0.8 No 

3 9/25/2015 6.6 336.4 14.0 63.8 0.6 No 

4 10/12/2015 8.4 335.4 14.0 64.2 0.4 Yes 

5 10/28/2015 6.3 336.0 14.0 64.0 0.3 Yes 

6 12/1/2015 6.3 336.2 14.0 64.2 0.3 Yes 

7 1/4/2016 6.5 335.7 14.0 63.8 0.3 Yes 

8 1/25/2016 10.0 335.9 14.0 63.5 0.4 Yes 

9 2/15/2016 5.5 673.2 28.1 64.1 0.4 No 

10 4/15/2016 3.5 335.3 14.0 64.2 0.6 Yes 

 

There were two methods used to end hot water conditioning. All cases where hot water 

conditioning was conducted ended with a six week drying period in laboratory air and room 

temperature before testing. Specimens subjected to FT conditioning were slowly cooled to 

near-room temperature while submerged in water and transferred directly to FT conditioning 

while at their submerged saturation level. Hot water was drained away from specimens which 

were not FT conditioned as soon as conditioning ended. All specimens within a single run of 

the water bath were either FT or not-FT conditioned after water conditioning. Fans circulated 

room temperature air over the water surface to facilitate cooling hot water to near-room 

temperature. 
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Figure 3.12. Water Conditioning Tank 

 

 

3.5.3 Freeze-Thaw Conditioning Equipment 

 

Freeze-Thaw (FT) conditioning was performed in two Frigidare 0.58m3 upright 

freezers (Model: FFFU21M1QWA). The model of freezer was chosen to produce a uniform 

cooling pattern due to cooling coils running through each of the freezer shelves. Freezer 

shelves were fitted with plywood for support (Figure 3.13), and preliminary evaluations to 

measure temperature gradients with shelf height and relationships between freezer setting (1 

to 7) and temperature are described in the remainder of this subsection. 
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Figure 3.13. Conditioning Freezer 

 

Temperatures were monitored using compacted specimens (10 cm diameter by 6.3 cm 

tall and 15 cm diameter by 11.5 cm tall) instrumented with K-type thermocouples. Specimens 

with 10 cm diameters were instrumented with one thermocouple at the center of the circular 

face, and specimens with 15 cm diameters were instrumented with one thermocouple at the 

center of the circular face and one thermocouple approximately ¼ diameter from the edge of 

the circular face. All thermocouples were placed mid-thickness within the instrumented 

specimens. 

The first gradient evaluation considered three instrumented specimens placed on shelf 

1 (10 cm diameter), shelf 3 (15 cm diameter), and shelf 5 (10 cm diameter) of freezer 1 with 

the freezer on setting 4. Specimens were placed on their respective shelves with the freezer off, 

and then the freezer was turned on. Specimen temperatures were monitored once every 5 

minutes until a consistent temperature was reached, and temperatures were monitored for 2 hr 

thereafter. Shelf 5 was deemed inappropriate for conditioning after analyzing Trial 1 

observations based on the noticeable difference in temperature measurement of shelf 5 when 

compared to shelves 1 and 3 (Table 3.13). A second trial considered 10 cm diameter specimens 

placed on shelves 1 and 4 with 15 cm specimens placed on shelves 2 and 3 of freezers 1 and 2. 

Trial 2 indicated that temperature differences measured between shelves were apparent, but 

reasonable.  
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Table 3.13. Temperature Gradients Within Freezers 

  Trial 1     Trial 2         

 Freezer 1    Freezer 1    Freezer 2   

Shelf Avg Temp Stdev  Avg Temp Stdev  Avg Temp Stdev 
 (°C) (°C)  (°C) (°C)  (°C) (°C) 

1a -18.4 0.2  -18.4 0.2  -17.5 0.1 

2b --- ---  -19.7 0.1  -18.8 0.1 

2c --- ---  -19.8 0.1  -19.0 0.1 

3b -20.4 0.2  -20.3 0.1  -19.6 0.1 

3c -20.5 0.1  -20.2 0.1  -19.7 0.2 

4a --- ---  -19.4 0.2  -18.3 0.2 
a Observations from center of a 10 cm diameter and 6.3 cm tall instrumented specimen. 
b Observations form center of a 15 cm diameter and 11.5 cm tall instrumented specimen. 
c Observations ¼ diameter from outside edge of a 15 cm diameter and 11.5 cm tall specimen.  

 

After determining which shelves were appropriate for specimen conditioning, 

relationships between freezer setting and temperature were developed for both freezers. 

Instrumented specimens were placed on shelves 1 to 4 for both freezers as indicated in Trial 2 

of the temperature gradient investigation. All temperature settings were monitored for freezer 

1, and freezer 2 was monitored for settings 1, 4, and 7. Temperature was measured every 5 

minutes over a 2 hour period after reaching equilibrium temperature (i.e. 144 measurements 

per freezer per setting) and Figure 3.14 presents relationships between individual temperature 

measurements and freezer setting for both freezers.  

 

 

 

 

 

 

 

 

 

 

 

 a) Freezer 1 b) Freezer 2 
 

Figure 3.14. Freezer Calibration  

 

3.5.4 Freeze Thaw Specimen Conditioning 

 

During conditioning, near-room temperature specimens which had been hot water 

conditioned and slowly cooled were transferred to pre-chilled freezers and allowed to freeze 

to -22°C (nominal temperature) for 24 hours. Both freezers achieved this temperature when set 

to setting 5 of 7. Instrumented specimens containing K-type thermocouples were placed as 

shown in Figure 3.13 to verify that specimens were frozen to the correct temperature.  After 

24 hours, freezers were turned off and specimens were thawed with the doors closed.  

For conditioning protocols where specimens were subjected to two FT protocols, 

specimens were frozen as described in the previous paragraph for the first cycle. The second 

FT cycle was modified slightly. After specimens had thawed to approximately 2°C from the 
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first FT cycle, freezer doors were opened for 30 min to ensure that specimens had thawed. 

Freezer doors were then shut and the freezers were turned back on for 24 hours before turning 

freezers off and allowing specimens to thaw to near-room temperature with the doors closed. 

After specimens were returned to room temperature, they were removed from the freezers and 

air dried for six weeks in laboratory conditions prior to testing. 

 

3.6 Mixture Tests 

 

Five types of mixture tests were utilized throughout this report. Intermediate 

temperature testing consisted of non-instrumented indirect tensile (IDT), instrumented IDT 

(referred to as SIDT for Superpave IDT), and Cantabro mass loss (CML) testing. Low 

temperature testing consisted only of SIDT. High temperature testing consisted only of 

Hamburg Loaded Wheel Testing (HLWT). Mixture infiltration testing was also conducted in 

field environments for test strips. Specific details of mixture testing are provided in the 

following sub-sections.  

 

3.6.1 Indirect Tensile Testing (Non-Instrumented) 

  

 Non-instrumented indirect tensile (IDT) testing was performed on 10 cm diameter 

specimens after conditioning to 25°C in air (Figure 3.15). Loading conditions conformed to 

AASHTO T283, and IDT loading heads were used. Specimens were loaded diametrically at a 

rate of 50 mm/min until failure, and the IDT strength (St) was determined using Equation 3.3.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 a) Conditioning to 25°C b) Non-Instrumented IDT Test 
 

Figure 3.15. Non-Instrumented IDT Testing 
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max2000

 (3.3) 

Where, 

St = Indirect Tensile Strength (kPa) 

π = 3.14159 

Pmax  = Maximum Load (N) 

t = Specimen Thickness (mm) 

D = Specimen Diameter (mm) 

 

3.6.2 Indirect Tensile Testing (Instrumented) 
 

 Instrumented IDT tests (referred to as SIDT tests) were conducted at 20°C and -10°C 

to determine fracture energy (FE) of approximately 31 mm thick specimens. For intermediate 

and low temperatures, a higher fracture energy is desired to withstand cracking. FE specimens 

were produced by removing an approximately 12.5 mm thick slice from the top and bottom of 

63 mm cores (Figure 3.16a to 3.16c), and these slices were used for binder testing (or discarded 

in a few isolated cases). Steel gage points with nominal dimensions of 6 mm thickness and 8 

mm diameter were affixed to specimen faces with 38 mm gage lengths using Devcon 5 Minute 

Epoxy Gel. Specimens were allowed 15 minutes in the Figure 3.16d gluing jig to allow 

sufficient strength gain prior to handling. 

 After gage points were affixed to FE specimens, specimens were conditioned in an 

environmentally controlled chamber set to 20°C or -10°C before testing. Specimens tested at 

20°C were conditioned for a minimum of 2 hr before testing, and specimens tested at -10°C 

were conditioned for a minimum of 3 hr but not more than 24 hr before testing. For simplicity, 

FE+20C and FE-10C are used to indicated FE measured at 20°C and -10°C, respectively. 

Specimen deformation responses were measured using four Epsilon 3910 extensometers 

(LVDTs) that were magnetically attached to the previously discussed steel gage points (Figure 

3.16e). Loading rates of 50 mm/min and 12.5 mm/min were targeted for FE+20C and FE-10C, 

respectively. FE was determined as the area under the stress-strain curve between initial 

loading that the peak point on the displacement differential curve (DDC) as discussed in 

section 2.6.4. Data analysis considered four cases for asphalt concrete specimens as described 

in section 4.5.11.4 of Cox et al. (2015a). Case 1 considered the test to be correctly conducted 

and performed no correction. Case 2 included cases where the point of fracture occurred after 

the peak load which resulted in excessive FE values, and analysis only considered the area 

under the stress-strain curve up to the point of max load in case 2 situations. Case 3 was 

described as situations where LVDTs seemed to have shifted during testing, and regressions 

of data prior to the point of shifting was used to estimate FE. Case 4 circumstances included 

tests where the DDC curve was never positive, and the test was considered invalid. Case 4 is 

also described in AASHTO T322.  
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a) 63 mm core b) 12.5 mm slices c) FE specimen interior (≈31 mm) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

d) gluing gage points e) Instrumented IDT Test 
 

Figure 3.16. Fracture Energy Test Process 

 

3.6.3 Cantabro Mass Loss 

 

 Cantabro Mass Loss (CML) testing was performed on 15 cm diameter cores and 15 cm 

diameter lab compacted specimens after conditioning to 25°C in the environmental chamber 

shown in Figure 3.15. Specimens were weighed to determine an initial mass, subjected to 300 

revolutions in a Las Angeles abrasion drum without steel spheres charge, brushed lightly, and 

weighed a second time to determine the mass lost during testing (Figure 3.17). Specimens were 

tested within 30 minutes of removal from the environmental chamber (they were in laboratory 

conditioned air during this time), and the abrasion drum internal temperature was maintained 

at 25±2°C. Specimen mass loss (ML) was calculated using Equation 3.4. Temperature 

conditions and the number of revolutions applied during CML testing were consistent 

regardless of specimen geometry or compaction method. 

 

 

 

 

 

Top Bottom 

38 mm gage 

length 

Displacement 

Sensors 



 50 

 

 

 

 

 
 

 

 

 

     

Figure 3.17. Cantabro Mass Loss Testing 
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Where, 

ML = Mass Loss (%) 

M1 = Initial Specimen Mass 

M2 = Final Specimen Mass 
 

3.6.4 Hamburg Loaded Wheel Tracking 
 

 Hamburg Loaded Wheel Tracking (HLWT) was performed as per AASHTO T324-14. 

Testing was conducted using pairs of 15 cm diameter cores which were sliced using the saw 

shown in Figure 3.9. Temperature was maintained at 50°C for all HLWT tests conducted, and 

load was maintained at 0.7 kN for 20,000 passes. Test outputs of rut depth (RDHLWT) at 20,000 

passes unless otherwise noted and stripping inflection point (SIP) provide a measure of mixture 

stability and moisture induced damage. The HLWT setup and a set of specimens before and 

after testing are shown in Figure 3.18.  
 

 

 

 

 

 

 

 

 

 
 

a) HLWT Equipment b) Specimens Pre-Test c)Tested Specimens 
 

Figure 3.18. Hamburg Loaded Wheel Tracking Test 

 

3.6.5 Mixture Infiltration 

 

 In-place infiltration was measured on test strips 1, 3, 5, 7, 9, and 10 in June of 2015 

using the Mississippi permeameter (MSP) described in Cox et al. (2015b). The MSP consists 

of an acrylic standpipe with a 50.8 mm (2 in) inner diameter with marks indicative of 12.7 and 

25.4 cm (5 and 10 in) of water head. A 6.3 mm thick neoprene foam rubber gasket conforming 

to ASTM D1056 provides a watertight seal with the pavement when a surcharge load is 
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applied. There were ten permeability locations (PLs) approximately 30 cm apart for each of 

the aforementioned strips with PLs increasing from south to north. All test locations were 

approximately equidistant from the Figure 3.1 baseline. The test standpipe and strip 1 test 

locations are shown in Figure 3.19. Infiltration rate (Inf) as defined in Equation 3.5 was the 

primary variable of interest for this test. 

 hh
At

a
Inf 21  (3.5) 

Where, 

Inf = infiltration rate (cm/min) 

a = inside cross-sectional area of permeameter standpipe (cm2) 

A = cross-sectional contact area (cm2) 

t = elapsed time between h1 and h2 (min) 

h1 = initial head across the test specimen (cm) 

h2 = final head across the test specimen (cm) 
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a) MSP Stand Pipe   b) MSP Field Testing Vehicle Support Frame 

 

 

 

 

 

 

 

 

 
 

b) Strip 1 Permeability Test Locations 

Figure 3.19. Field Permeability Testing 
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3.7  Binder Testing 

 

 Binder properties were measured on two types of samples: field core binder (FCB) that 

was extracted and recovered after varying levels of laboratory conditioning or field aging and 

2) as-received binder (ARB) samples that were collected the morning of test section 

construction. The binder recovery process is described in Section 3.7.1 whereas ARB sample 

handling is described in Section 3.7.2. All binder samples were evaluated following the 

procedures described in Section 3.7.3. 

 

3.7.1  Binder Extraction and Recovery 

 

FCB samples recovered from groups of slices from specimen tops (i.e. 0 to 1.3 cm 

below the pavement surface) are referred to as FCB0, and binders recovered from slices from 

specimen bottoms (i.e. 5.0 to 6.3 cm below the pavement surface) are referred to as FCB5. Six 

slices were combined to produce approximately 2 kg of loose mix to provide enough binder 

for the range of tests described in Section 3.7.3 while also allowing all binder needed for a 

combination of conditions in a single extraction. In most cases, the material trimmed from 

SIDT specimens in Section 3.6.2 was used for FCB evaluations. However, FCB was not 

recovered from SIDT specimens that were not used for longer term aging considerations. 

The binder recovery process consisted of two phases: extracting binder from aggregates 

and binder recovery. No more than one extraction was conducted per day, and mix from tops 

and bottoms of cores were recovered without blending top and bottom material since they have 

experienced different amounts of aging. Slices were initially heated in a 149°C forced draft 

oven in 5 minute intervals until loose enough to be separated (Figure 3.20a) before cooling to 

room temperature. The amount of time between producing loose mix and extraction was not 

monitored, but mix was stored in sealed bags between separation and extraction. 

Primary extraction was performed using a Humboldt H-1471 centrifuge (Figure 3.20b) 

and a series of three solvents: 1) toluene which had been recovered from prior extractions, 2) 

virgin toluene, and 3) a blend of 85% virgin toluene and 15% ethanol. Mixes were initially 

submerged in recovered toluene and allowed to soak for 455 mins. After initial soaking, the 

centrifuge was slowly accelerated to 3,600 rpm, and rotation was applied until extract drainage 

ceased.  Secondary washes used 250 mL of virgin toluene with 5 minute soaks until extract 

was no longer black, and the extraction process finished with a minimum of 3 washes using 

the toluene/ethanol blend to produce an amber color. Two containers were used to keep extract 

containing ethanol separate from other extract. 

A filterless centrifuge conforming to ASTM D1856 (Figure 3.20c) was used to remove 

material smaller than 0.075 mm from the extract produced during the process described in the 

previous paragraph to produce filtrate.  The secondary centrifuge was initially primed with 350 

mL of recovered toluene before processing extract, and extract containing no ethanol was 

processed first.  Extract containing ethanol was processed second, and filtrate streams were 

separated by ethanol or no-ethanol.   

The binder recovery process was performed using a BUCHI Rotavapor R-114 (Figure 

3.20d).  Ice-chilled water was circulated through condensation coils, and the recovery flask 

was heated in Paratherm heat transfer fluid during recovery. The heat transfer fluid was initially 

heated to 60°C, and an absolute pressure vacuum of approximately 600 mmHg was applied to 

the recovery system. Filtrate containing ethanol was transferred to the recovery flask first, and 
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the binder recovery (i.e., removal of toluene and ethanol) was allowed for approximately 15 

minutes before increasing heat transfer fluid to 110°C and transferring additional filtrate to the 

recovery flask. Throughout the recovery process, additional filtrate was transferred to the 

recovery flask and the condensate flask was emptied as appropriate. The first flask of 

condensate was disposed of through proper handling protocols to minimize the potential for 

ethanol contamination in recovered toluene, and additional flasks were kept for re-use as 

recovered toluene.  

Vacuum pressure was changed to 525 mm Hg after the recovery flask filtrate was stable 

enough to avoid boiling and heat transfer fluid was maintained at 110°C. Once all filtrate had 

been transferred to the recovery flask, the recovery flask pressure was decreased by 

approximately 25 mm Hg each time the condensate flask was emptied until the filtrate 

thickened noticeably and the system pressure was decreased to 200 mm Hg. Once condensation 

slowed to 1 or 2 drops every 30 seconds, the recovery flask was heated to 163 °C, and the 

system pressure was changed to 150 mm Hg. The recovery process continued for 30 minutes 

at these conditions. 

Ultimately, the recovery process was ended by removing the system vacuum and 

transferring recovered binder samples to a 6 oz tin. To facilitate the transfer of recovered binder 

to sample tins, recovery flasks were inverted and held over sample tins in a 163°C oven for 15 

minutes (Figure 3.20e). During that period, binder was allowed to drip into sample tins. A 

complete recovered binder sample is shown in Figure 3.20f. Recovered samples were sealed 

and stored in ambient conditions (i.e. approximately 21°C out of sunlight and sealed to 

minimize oxygen access) until transportation to Paragon Technical Services, Inc. (PTSi) for 

testing. 

 

 

 

 

 

 

 

 

 
 

a) loose mix b) Humboldt H-1471 c) ASTM D1856 centrifuge 

 

 

 

 

 

 

 

 

 

d) Büchi Rotavapor R-114 e) inverted flask setup f) recovered binder sample 
 

Figure 3.20. Binder Extraction and Recovery Process 
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3.7.2 As-Received Binder Sample Handling 
 

 During construction, binder was collected as-received at the asphalt mix plant (i.e. a 

representative sample of what was in the delivery tanker) and stored for consideration after 

conditioning. ARB samples were conditioned at PTSi and tested after 8 levels of binder 

conditioning as described in Table 3.14. Both binders were tested as-received. Then, there were 

seven conditions considered following standard short term conditioning per AASHTO T240. 

All long term conditioning was conducted at standard pressure and temperatures per AASHTO 

R28 with pressure aging vessel (PAV) times of 0 hr, 10 hr, 20 hr, 30 hr, 40 hr, 60 hr, and 80 

hr (a range of times outside current R28 protocols). Rolling Thin Film Oven (RTFO) was 

performed for 85 minutes at 163 oC as per T240, and PAV conditioning was at 2.1 MPa and 

100 oC.  
 

Table 3.14. As-Received Binder Test Matrix 

Binder Short Term 

Conditioning 

Long Term 

Conditioning 

Neat PG 67-22 

None None 

AASHTO T240 
0, 10, 20, 30, 40, 60, 

and 80 hours 

PG 67-22 with 

Evotherm 3GTM 

None None 

AASHTO T240 
0, 10, 20, 30, 40, 60, 

and 80 hours 
 

3.7.3 Binder Test Methods 
 

 All binder testing was conducted by PTSi. FCB samples were tested without further 

conditioning by PTSi (i.e. PAV and RTFO were not used for FCB samples). ARB samples 

were conditioned as described in Section 3.7.2. Three rheology tests were performed to 

evaluate binder properties over a wide range of temperatures, and Fourier Transform Infrared 

Spectroscopy (FTIR) was also performed. 

 During testing, samples were exposed to the minimum amount of heat as reasonably 

possible. For example, when shipping specimens via third party carriers, specimens were 

shipped overnight to minimize the amount of time in non-climate controlled conditions. The 

minimum amount of oven heating to produce appropriate binder samples was also applied by 

PTSi during testing, and binder samples were heated only one time prior to testing for most 

cases. 

 

3.7.3.1 Penetration at 25°C 
 

 Binder samples were tested for penetration (Pen) per ASTM D5. After transferring 

samples to 3 oz testing containers, samples were cooled in air, conditioned to 25°C in water 

for a minimum of 1 hour, and penetration tests were performed in triplicate while submerged. 

The conditioning bath and penetration equipment are shown in Figure 3.21. 
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 a) Penetration Water Bath b) Penetration Setup 

 

Figure 3.21. Asphalt Binder Penetration 
 

3.7.3.2 Dynamic Shear Rheometer 
 

 Dynamic shear rheometer (DSR) testing was performed at intermediate and high 

temperatures to determine the complex shear modulus (G*) and phase angle (δ) for each binder. 

Intermediate temperature DSR testing was performed using 8.0 mm plates (DSR8) with a 2.0 

mm gap, and high temperature DSR testing was performed using 25.0 mm plates (DSR25) and 

a 1.0 mm gap. Testing was performed according to AASHTO T315 to determine critical 

temperatures (Tc) for intermediate and high temperature behaviors. Critical temperatures were 

defined as the temperature where G*/sinδ was 2.20 kPa for Tc(DSR25) or G*sinδ was 5,000 kPa 

for Tc(DSR8). DSR tests were conducted with an Anton Paar SmartPave Plus 301 (Figure 3.22). 
 

 

 

 

 

 

 

 

 

 

 
 

a) Heating Chamber b) 25 mm Test c) 8 mm Plates 

 

Figure 3.22. Anton Paar SmartPave Plus 301 DSR 

 

3.7.3.3 Bending Beam Rheometer 

 

 Bending beam rheometer (BBR) testing assessed low temperature properties 

throughout this study. Tests were conducted to determine critical temperatures based on 

AASHTO T313. Critical temperature was defined as the temperature where stiffness (S) 

reached 300 MPa Tc(BBRS) or m-value reached 0.300 Tc(BBRm).  The BBR equipment used 

throughout this study is was a Cannon TE-BBR Thermoelectric Bending Beam Rheometer 

shown in Figure 3.23. The difference between Tc(BBRS) and Tc(BBRm) where Tc(BBRm) is 

subtracted from Tc(BBRS), referred to here as ΔTc, was suggested as a durability parameter of 
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virgin binders by Anderson et al. (2011). Rowe (2011) suggested a minimum limit for ΔTc of 

-5°C before taking immediate action. 

 

 
 

 
 

a) BBR Beam Molds b) BBR Beam Molding 

 
  

 

c) Cannon TE-BBR d) BBR Testing 

 

Figure 3.23. BBR Testing and Equipment 

 

3.7.3.4 Fourier Transform Infrared Spectroscopy 
 

 Fourier Transform Infrared Spectroscopy (FTIR) was performed to observe chemical 

characteristics of binder samples. FTIR analysis was conducted using the Nicolet 380 FTIR 

analyzer shown in Figure 3.24 and FTIR samples were prepared at the same time as rheology 

samples by pouring material onto wax paper, cooling, and trimming smaller pieces of the 

binder sample away using a heated spatula. Sliced areas were not placed over the FTIR 

spectrometer detector, and there was no control on film thickness in this investigation. 

Absorbance peak (AbsP) spectra were used to determine the carbonyl index (CI) and sulfoxide 

index (SI) relative to asphalt aging. In analysis, the AbsP peak heights at wave counts of 1700 

cm-1 and 1031 cm-1 were divided by the AbsP level at 1375 cm-1 to produce CI and SI indices, 

respectively.  

 

 

 

 

 

 

 

 

 
 

Figure 3.24. FTIR Testing Equipment 

Test Beam 
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CHAPTER 4 - DENSITY OBSERVATIONS 
 

4.1 Overview of Density Observations 

 

Reasonable measurement of in-place density is imperative to properly consider 

performance of field aged cores. In-place density has been long understood as a primary 

contributor to multiple pavement performance behaviors (e.g. Epps and Monismith, 1969; 

Santucci et al., 1985; Epps et al., 2002; Monismith et al., 2004). As such, air voids (Va) are a 

primary consideration for analysis performed throughout this report, and this chapter discusses 

a series of density observations from the first 4.5 years of this study relative to fundamental 

density properties.  

The two phase investigation presented in this chapter has direct implications to chapters 

5 to 8 of this report and is identical to the two phase investigation presented in Smith et al. 

(2017), which was written to address the paving industry on a broader scale. Phase I briefly 

describes five density measurement observations that occurred during the construction, 

sampling, and evaluation of materials for the test section. Phase II presents a controlled 

investigation of specimen drying to provide more clarity on a specific observation from Phase 

I. Much of the discussion in Smith et al. (2017) is not provided here for brevity, but the 

technical content leads to the same conclusions.  

 

4.2 Phase I Density Observations 

 

 There were five density observations that occurred during investigation for Chapters 5 

to 8. The first four observations are relative to understanding the pavement test section 

considered, but the fifth observation ultimately led to the Phase II density evaluation. The key 

observations were: accuracy of on-site density measurement techniques, pavement density 

gradients with depth, pavement density distribution in the longitudinal direction, maximum 

specific gravity (Gmm) variations, and moisture retention after CoreDry®(ASTM D7227). 

 

4.2.1 On-Site Density Measurement 

 

 On-site density was measured using two devices (Figure 3.1b and 3.1c) during test 

section construction: a PQI Model 301 and a Troxler Model 3440 nuclear density gauge (NDG) 

Density was measured with both gauges at a single location in Zone 2 during construction and 

one month after construction. Following the second in-place density measurement, the 

locations were cored and tested using T166. Howard et al. (2012) developed linear 

relationships through the origin to relate Va measurements for each of the strip locations. NDG 

measurements were more consistent over time than PQI measurements. NDG measured Va had 

a 1:1.00 (X:Y) relationship when comparing measurements during construction to the 

measurements taken one month later, and PQI Va measurements had a 1:1.15 relationship when 

comparing construction measurements to measurements taken one month later. Similar 

relationships between gauge measurements during construction and T166 measurements 

provided ratios of 1:1.06 for NDG to T166 and 1:1.50 for PQI to T166. The NDG provided 

greater reliability for this pavement. This observation is consistent with Williams et al. (2011) 

where the authors claimed that NDG measurements trended well with core density 

measurements. 
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4.2.2 Density Gradients with Depth 

 

There were 324 cores collected soon after construction which were tested with 

AASHTO T331 including the full layer (FL) thickness and re-tested after trimming to nominal 

heights of 63 mm. The Figure 4.1 equality plot compares Va of cores considering the FL to Va 

of cores considering the 63 mm closest to the surface. As shown, Va for sliced cores was lower 

then FL cores, which is consistent with results in Al-Omari et al. (2002) 

 

 
Figure 4.1. Density Gradient with Depth 

 

4.2.3 Spatial Density Variations  

 

Compaction patterns varied between Zone 1 and Zone 2 with one vibratory compactor 

used during construction, and this created an opportunity to assess compaction effects on 

in-place Va, and high replication samples collected prior to 4 years of field aging indicated that 

pavement density varied longitudinally. Figure 4.2 provides density observations for varying 

locations with high replicate samples indicated by 95% confidence interval boxes and the 

quantity of specimens for bulk samples indicated; Va measurements from 150 mm cores 

collected after 4 years of aging are indicated by points. The high Va variability in the 

longitudinal direction indicates that modifying compaction patterns can meaningfully alter in-

place Va. This is not surprising, but the test section considered herein provided an opportunity 

to quantify vibratory roller effects on pavement density.  

 

y = 0.95x
R² = 0.97
n = 324

6

10

14

18

6 10 14 18

V
a

 A
ft

e
r 

T
ri

m
m

in
g

 t
o
 6

3
 m

m
 (

%
)

Full Layer Va (%)

Specimen Thickness



 

 

59 

 
Figure 4.2. Longitudinal Direction Air Voids Variation 
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4.2.4 Gmm Measurements Over Time 

 

 Maximum specific gravity (Gmm) tests were performed on loose mix sampled from the 

paver during construction and aged cores to determine if aggregate pores were absorbing 

binder during field aging (Figure 4.3). Although West et al. (2014) documented Gmm changes 

after field aging, there were no meaningful changes to Gmm after field aging in this study (e.g. 

highest change in core measured Gmm over time was 0.012 g/cm3). In fact, Gmm from loose 

mixtures sampled during paving was the highest density measurement for each strip 

considered. The difference between loose mix Gmm and core measured Gmm from unaged 

materials was likely caused by trapped air pockets in broken up cores when compared to loose 

mixtures which had never been compacted.  
   

 
Figure 4.3. Gmm Results 

 

4.2.5 Initial Drying Observations 
 

The fifth observation from Phase I of this chapter was based on 470 cores that were 

sampled after two years of field aging, sliced to 63 mm, dried with ASTM D7227, and 

measured for Va with AASHTO T331. Cores were then stored in laboratory conditions and re-

weighed five months later; several cores had dried by 5 g or more (some as much as 29 g). All 

cores that had dried by 5 g or more were re-evaluated using AASHTO T331, and Figure 4.4 

provides an equality plot comparing Va after air drying to Va after ASTM D7227. The average 

change in Va was 0.44% for the specimens that were re-tested. After this observation, all field 

aged cores were dried at room temperature for a minimum of six weeks and monitored to 

ensure that there was not an appreciable amount of moisture drying from cores to affect Va 

measurements. 
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Figure 4.4. Long Term Drying vs. ASTM D7227 

 

 The accidental nature leading to Figure 4.4 also prevented key points of investigation 

from being captured, which led to Phase II. The Phase II experimental program was developed 

to observe moisture drying in a controlled environment that allowed comparisons between 

ASTM D7227 and traditional drying approaches over several points in time. The next section 

presents the Phase II drying investigation of 48 cores sampled from the test section on April 

1st, 2016. 

 

4.3 Secondary Drying Investigation  

 

4.3.1 Results of Secondary Drying Investigation 
 

Drying behaviors after field sampling are shown in Figure 4.5 and Table 4.1, which 

were collected as per Section 3.4.4. Note that the observed error in Va measurement (Va-Δo) 

after varying points in time indicates the difference between Va measured after 10 weeks of 

drying and Va measured after the amount of drying time indicated. 

  

y = 1.05x

R² = 0.91

n = 226

Δavg = 0.44%

6

10

14

6 10 14

V
a

A
ft

e
r
 5

 m
o

n
th

s 
o

f 
D

r
y
in

g
 (

%
)

Va after ASTM D7227 (%)



 

 

62 

 

   
        a) Strip 1         b) Strip 2         c) Strip 3 

   
        d) Strip 4         e) Strip 5         f) Strip 6 

   
        g) Strip 7        h) Strip 8        i) Strip 9 

   
        j) Strip 10         k) Strip 11         l) Strip 12 

 

Figure 4.5.  Air Voids Measured Over Drying Time after Coring 
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 TABLE 4.1. Calculated Va as a Function of Drying Time 

  1 day   2 days  1 week  4 weeks 

  Drying Protocol   Drying Protocol  Drying Protocol  Drying Protocol 

Strip A B C D  A B C D  A B C D  A B C D 

1 
Va (%)1 7.96 6.11 8.53 9.33  8.14 6.26 8.63 9.38  8.52 6.62 8.83 9.37  9.01 7.17 9.15 9.37 

Va-Δo (%) 1.48 1.54 0.95 0.04  1.30 1.39 0.85 -0.01  0.92 1.03 0.65 0.00  0.43 0.48 0.33 0.00 
                     

2 
Va (%)1 8.88 8.30 10.78 12.18  9.05 8.55 10.87 12.21  9.46 8.95 11.11 12.20  9.88 9.22 11.47 12.20 

Va-Δo (%) 1.13 0.95 0.91 0.02  0.96 0.70 0.82 -0.01  0.55 0.30 0.58 0.00  0.13 0.03 0.22 0.00 
                     

3 
Va (%)1 8.53 8.25 10.63 11.65  8.74 8.42 10.74 11.68  9.16 8.83 11.00 11.68  9.73 9.38 11.29 11.68 

Va-Δo (%) 1.62 1.59 0.77 0.03  1.41 1.42 0.66 0.00  0.99 1.01 0.40 0.00  0.42 0.46 0.11 0.00 
                     

4 
Va (%)1 8.77 8.57 9.93 11.19  9.00 8.85 10.06 11.20  9.52 9.45 10.36 11.20  10.25 10.20 10.64 11.20 

Va-Δo (%) 2.05 2.13 0.79 0.01  1.82 1.85 0.66 0.00  1.30 1.25 0.36 0.00  0.57 0.50 0.08 0.00 
                     

5 
Va (%) 5.96 5.99 6.70 8.32  6.07 6.12 6.80 8.38  6.33 6.38 7.02 8.39  6.71 6.73 7.35 8.39 

Va-Δo (%) 1.09 1.10 0.97 0.07  0.98 0.97 0.87 0.01  0.72 0.71 0.65 0.00  0.34 0.36 0.32 0.00 
                     

6 
Va (%)1 7.51 6.33 8.37 8.40  7.68 6.48 8.48 8.48  8.08 6.82 8.72 8.48  8.48 7.22 9.01 8.48 

Va-Δo (%) 1.22 1.18 0.80 0.08  1.05 1.03 0.70 0.00  0.65 0.69 0.46 0.00  0.25 0.29 0.17 0.00 
                     

7 
Va (%)1 9.54 9.67 10.63 12.24  9.74 9.87 10.73 12.25  10.16 10.16 10.97 12.24  10.71 10.40 11.20 12.24 

Va-Δo (%) 1.58 0.78 0.61 0.00  1.38 0.58 0.51 -0.01  0.96 0.29 0.27 0.00  0.41 0.05 0.04 0.00 
                     

8 
Va (%)1 8.68 8.80 9.14 10.01  8.84 9.04 9.23 10.03  9.18 9.45 9.45 10.02  9.56 9.66 9.64 10.02 

Va-Δo (%) 0.99 0.88 0.65 0.01  0.83 0.64 0.56 -0.01  0.49 0.23 0.34 0.00  0.22 0.02 0.15 0.00 
                     

9 
Va (%)1 8.61 9.01 8.53 10.36  8.82 9.28 8.64 10.38  9.30 9.78 8.88 10.38  9.89 10.35 9.25 10.38 

Va-Δo (%) 1.59 1.56 1.02 0.02  1.38 1.29 0.91 0.00  0.90 0.79 0.67 0.00  0.31 0.22 0.30 0.00 
                     

10 
Va (%)1 9.04 7.75 8.38 10.88  9.25 7.99 8.49 10.90  9.72 8.46 8.70 10.89  10.26 9.07 9.06 10.89 

Va-Δo (%) 1.46 1.78 0.96 0.01  1.25 1.54 0.85 -0.01  0.78 1.07 0.64 0.00  0.24 0.46 0.28 0.00 
                     

11 
Va (%)1 9.84 9.94 8.88 10.69  10.06 10.24 9.00 10.72  10.59 10.78 9.26 10.72  11.29 11.36 9.69 10.72 

Va-Δo (%) 2.03 1.73 1.23 0.03  1.81 1.43 1.11 0.00  1.28 0.89 0.85 0.00  0.58 0.31 0.42 0.00 
                     

12 
Va (%)1 8.54 7.82 9.61 11.01  8.73 8.07 9.73 11.04  9.15 8.51 9.99 11.04  9.78 9.17 10.45 11.04 

Va-Δo (%) 1.18 2.00 1.29 0.03  1.69 1.75 1.17 0.00  1.27 1.31 0.91 0.00  0.64 0.65 0.45 0.00 

Average    
1.51 1.44 0.91 0.03 

 
1.32 1.22 0.81 0.00 

 
0.90 0.80 0.57 0.00 

 
0.37 0.32 0.24 0.00 

  Va-Δo (%)    
                      

1Va back-calculated using mass over time and T166 bulk volume; Va-Δo (%) = Va at end of experiment – Calculated Va 
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4.3.2 Analysis of Results from Secondary Drying Investigation  

 

 Results from Figure 4.5 indicate noticeable changes in back calculated Va over time for 

protocols A to C; this suggests that all non-oven dried specimens dried gradually after coring. 

This observation was not surprising based on the initial drying observation of Phase I, but it 

does not agree with other references which claim that D7227 enables users to accurately 

measure Va of field cores within 1 day of coring (Bae et al. 2012). However, the gradual trends 

of Va measurements over time appear to reach relatively constant values after 6 weeks of drying 

in Figure 4.5, which supports that the six week drying period in laboratory conditions used for 

all field aged specimens used in Chapters 5 to 8 was appropriate. 

The Table 4.2 analysis of variance (ANOVA) and subsequent Table 4.3 ranking of 

drying protocols over time was used to evaluate differences in the Phase II drying protocols. 

The Table 4.2 ANOVA considers a block statistical evaluation using drying protocol and time 

as treatments and strips as blocks. Note that all Va errors discussed in this chapter are absolute 

values and not ratios to be applied to Va values (e.g., an incorrect Va observation of 9.0% for a 

core with actual 10% Va corresponds to Va-Δo of 1.0%).  
 

Table 4.2. Phase II ANOVA 

Source d.f. Sig? 

Total (corr) 191 --- 

Strip 11 Yes 

Protocol 3 Yes 

Drying Time 3 Yes 

Protocol * Drying Time 9 Yes 

Error 165 --- 

 

 Table 4.2 reports that test strip, drying protocol, and drying time produced significant 

effects on Va-Δo, and there was significant interaction between drying protocol and drying time. 

Thus Table 4.3 ranks drying protocol and drying time combinations simultaneously based on 

Va-Δo where lower values are desired. 
 

Table 4.3. Ranking of Drying Protocols 

Protocol 

Drying Time 

(days) 

Mean Va-Δo 

(%) t Grouping 

A 1 1.51 A 

B 1 1.44 A B 

A 2 1.32     B C 

B 2 1.22         C 

C 1 0.91            D 

A 7 0.90            D 

C 2 0.81            D 

B 7 0.80            D 

C 7 0.57               E 

A 28 0.37                  F 

B 28 0.32                  F 

C 28 0.24                  F 

D 1 0.03                     G 

D 28 0.00                     G 

D 7 0.00                     G 

D 2 0.00                     G 
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When considering the Table 4.3 ranking, Protocol D (oven) was the only protocol to 

sufficiently dry cores within 1 day. There was no significant difference between Va-Δo of 

Protocol A and B, and Protocol C seemed to accelerate the drying process by approximately 1 

week. Further, there were no non-oven drying protocols to have non-significant Va-Δo within 4 

weeks of drying. However, Va-Δo had decreased to a much more manageable level after 4 weeks 

of drying. It is possible that the highly absorbent aggregates used in M14 to M16 affected the 

drying potential of field cores as discussed in the following subsection. 
 

4.3.3 Mixture Volumetric Considerations 
 

 Figure 4.6 identifies three volumes which have potential to contain moisture in field 

aged cores: inter-connected air void volumes (Vaic), non-connected air void volumes (Vanc), 

and the volume in aggregate pores that did not fill with asphalt binder (VGsa-Gse). The first two 

volumes in the previous list are frequently considered in Va, but the third volume is rarely 

considered past measuring effective specific gravity (Gse). VGsa-Gse can be quantified provided 

that traditional mixture volumetric properties are known. 
 

 
 

Figure 4.6. Asphalt Mixture Volumetrics 

Va=Air Voids = Vaic + Vanc ; Vp=Volume of Pores = Vba + VGsa-Gse 

Vb=Volume of Binder = Vbe + Vba; VMA=Voids in Mineral Aggregate = Va + Vbe

Vsb=Bulk Volume of Stone; Vse=Effective Volume of Stone; Vsa=Apparent Volume of Stone

Pb = Binder Content by Mix Mass = Pbe(mix) + Pba(mix); Ps = Aggregate Content by Mix Mass

Pbe(mix) = Effective Binder Content by Mix Mass; Pba(mix) = Absorbed Binder Content by Mix Mass

VGsa-Gse
Vaic

Vanc

Agg.

Agg.Agg.Agg.
Agg.

Agg.

Agg.

Agg.
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 To consider the likelihood of the moisture retained in field cores after D7227 being 

contained in VGsa-Gse, a matched pair t-test was conducted to compare Va-Δo to the approximate 

change in Va measurement if VGsa-Gse was the only volume to contain water and VGsa-Gse was 

completely filled with water. This approximated change in Va measurement was described as 

Va-Δa and calculated with Equation 4.1. These values were matched with Va-Δo calculated based 

on the Va measured on the 12 protocol C cores after 10 weeks of laboratory drying to the 

specimen mass in air immediately after D7227. 
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 (4.1) 

 

 Where, 

 γwater = specific gravity of water 

 Mcore = core mass 

 Ps = percent of stone 

 Abs = aggregate moisture absorption 

 Pba(mix) = percent of binder absorbed into aggregate pores based on mix mass 

 Gb = specific gravity of binder 

  

 In the matched pairs t-test, the Va-Δa was 1.22% on average and Va-Δo was 1.02% on 

average. The difference between Va-Δa and Va-Δo was 0.06% to 0.30% based on a 95% 

confidence interval, which suggests that Va-Δa and Va-Δo are related. Stated another way, the 

amount of error in Va measurement immediately after D7227 was within 0.3% Va of the 

amount of error that would occur if VGsa-Gse was completely filled with moisture and D7227 

removed all moisture contained in the interconnected and non-interconnected air void volumes. 

Further, there were only 2 cases (strips 11 and 12) where Va-Δo was greater than Va-Δa.  

 

4.3.4 Drying Observations of Previously Dried Cores 

 

 To evaluate the differences between moisture which had longer periods (i.e. years) to 

absorb into aggregate pores to moisture absorbed into cores during laboratory activities (e.g. 

T166 density measurement), specimen weights for the non-oven protocols in Phase II were 

monitored for two weeks after T166 measurement. As shown in Figure 4.7, there is no 

meaningful change in Va after the first day of drying after T166 for each of the D7227 dried 

specimens. This suggests that D7227 was sufficient in removing moisture absorbed during a 

short period. The amount of time required to achieve constant Va measurements for Protocols 

A and B was also much lower for moisture induced from T166 testing than moisture retained 

from field aging. 

A third drying trial was conducted for 24 of the 36 non-oven dried cores which were 

trimmed to nominal thicknesses of 63 mm. There were eight strips with specimens requiring 

slicing, and there were no cases where only some of the cores from a respective strip were 

trimmed. While density of cores after slicing is not reported in this chapter, core masses were 

monitored over a two week period after slicing. There was evidence that D7227 was adequate 

in removing all meaningful moisture from cores that were sliced after being fully dried (i.e. 

D7227 cores dried by no more than 0.1% over a two week period after D7227), and cores dried 

in Protocols A and B after slicing achieved constant mass within two week. Thus, moisture 
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retained after slicing with a wet-saw also dried from field cores more readily than moisture 

retained from field aging. 

 

   
        a) Strip 1         b) Strip 2         c) Strip 3 

   
        d) Strip 4         e) Strip 5         f) Strip 6 

   
        g) Strip 7        h) Strip 8        i) Strip 9 

   
        j) Strip 10         k) Strip 11         l) Strip 12 

 

 
 

Figure 4.7. Air Voids Measured over Drying Time after AASHTO T166 
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4.4 Summary and Conclusions of Density Observations 

 

 The work of this chapter was performed to ensure that density measurements 

throughout this report were reasonable. Phase one provides five initial observations that 

occurred while verifying accurate density of field cores sampled after 0 to 4 years of field 

aging, and Phase II evaluated the effects of moisture retained in field cores in a controlled 

experiment. While there were multiple points of investigation presented, the information 

ultimately leads to one conclusion relative to this report. There was substantial moisture 

retained in field aged cores, and ASTM D7227 did not sufficiently remove this moisture that 

had absorbed into field cores over long periods of field aging. It is likely that this moisture is 

contained within aggregate pores, and the type of error documented in the Phase II 

investigation will always result in a higher Gmb or lower Va measurement than what is accurate. 

This conclusion had two impacts on practices in Chapters 5 to 8 of this report: 

 

 All field aged cores were dried in ambient laboratory conditions for six weeks prior to 

density measurement to allow sufficient drying time.  

 

 ASTM D7227 was only relied on for the removal of moisture introduced during short 

periods such as sawing or density measurement.  
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CHAPTER 5 – TEST RESULTS 
 

5.1 Overview of Material Test Results 

 

 The nature of this report where multiple factors are investigated using a single test 

section lends itself to the repeated use of some data for multiple purposes. All test data 

collected through five years of aging is presented in this chapter, including specimens taken 

immediately after construction and either tested in that state or after being laboratory 

conditioned. Chapters 6 to 8 utilize the data reported in this chapter for analysis. Data 

collected after six years of aging was used herein in a standalone manner, and as such it is 

reported in Chapter 9 alongside pertinent assessment of that data. 

 

5.2 Hamburg Loaded Wheel Test Results 

 

 Table 5.1 summarizes HLWT test results from PMLC specimens first reported in 

Howard et al. (2012) and PMFC specimens collected soon after construction and annually 

after 2 to 5 years of field aging. Of the 24 tests conducted on PMLC specimens, specimens 

had an average Va of 5.8% when measured with T166. There were 173 HLWT tests (346 

specimens) conducted on PMFC specimens. Each column represents the rut depth (RDHLWT) 

after 20k cycles. There were a few cases where RDHLWT reached the test limit of 14 mm for 0 

year tests (high air voids); subscripted numbers after the number of tests indicate the number 

of tests where RDHLWT reached 14 mm. However, there were no cases where a stripping 

inflection point (SIP) was observed. 

 

Table 5.1. Summary of HLWT Test Results Over Time 

Strip  
0 Year –  

PMLC 

0 Year –  

PMFC 
 

2 Year –  

PMFC 
 

3 Year –  

PMFC 
 

4 Year –  

PMFC 

 5 Year –  

PMFC 

1  5.8 (2) [0] 8.2 (6) [0]  4.2 (4) [0]  3.9 (7) [0]  4.0 (2) [0]  3.4 (2) [0] 

2  6.1 (2) [0] 8.1 (6) [0]  ---  ---  ---  --- 

3  5.4 (2) [0] 7.9 (6) [0]  2.8 (5) [0]  3.3 (9) [0]  4.4 (2) [0]  1.9 (2) [0] 

4  4.7 (2) [0] 8.9 (6) [0]  ---  ---  ---  --- 

5  6.5 (2) [0] 8.4 (6) [0]  2.9 (4) [0]  2.8 (5) [0]  2.1 (6) [0]  2.3 (2) [0] 

6  4.7 (2) [0] 8.7 (6) [0]  ---  ---  ---  --- 

7  5.1 (2) [0] 10.2 (6) [0]  4.2 (2) [0]  3.5 (7) [0]  ---  2.0 (2) [0] 

8  6.5 (2) [0] 9.6 (6) [0]  ---  ---  ---  --- 

9  5.2 (2) [0] 10.7 (6) [0]  4.0 (8) [0]  3.8 (13) [0]  5.6 (2) [0]  2.4 (2) [0] 

10  4.1 (2) [0] 9.3 (61) [0]  3.8 (2) [0]  3.6 (8) [0]  3.5 (3) [0]  2.3 (2) [0] 

11  6.3 (2) [0] 11.8 (62) [0]  ---  ---  ---  --- 

12  6.5 (2) [0] 11.9 (63) [0]  ---  ---  ---  --- 

Columns indicate average RDHLWT (mm) after 20k cycles (no. of tests) and [no. of SIPs]. 

 

5.3 Plant Mixed and Lab Compacted Cantabro and Indirect Tensile Test Results 

 

 Table 5.2 summarizes all results collected from PMLC specimens. Of the 395 PMLC 

specimens, there were 144 CML tests with specimen height (ht) of 6.3 cm, 132 CML tests 

with a 11.5 cm ht, and 119 IDT tests. Three target Va levels of 4%, 7%, and field (respective 

of each strip) were used.  

 



70 

 

Table 5.2. Short Term Aged Tensile Strength and Mass Loss of PMLC Specimens 

Mix 

HT  

(hr) 

Target 

Va 

(%) 

 ML (ht = 6.3 cm)   ML (ht = 11.5 cm)  St (ht = 6.3 cm) 

 Avg 

(%) 

COV 

(%) 
n 

Va 

(%) 

 Avg 

(%) 

COV 

(%) 
n 

Va 

(%)  

Avg 

(kPa) 

COV 

(%) 
n 

Va 

(%) 

M14 

0 
4  14.4 7 12 4.3  10.4 10 8 3.9  2,047 5 3 4.8 

7  --- --- --- ---  --- --- --- ---  1,652 1 3 8.0 

1.0 

4  13.1 3 3 4.4  13.3 4 3 4.5  1,986 2 3 4.7 

7  19.0 9 3 7.7  18.1 5 3 7.8  1,617 6 3 7.7 

Field  18.4 11 3 9.1  17.3 11 3 9.3  1,407 2 3 9.4 

2.3 

4  14.0 17 3 4.2  13.8 5 3 4.1  2,040 5 3 5.0 

7  20.4 5 3 7.6  18.2 7 3 7.8  1,635 5 3 7.9 

Field  23.0 11 3 10.3  19.2 6 3 10.3  1,225 11 3 10.9 

5.8 

4  15.9 4 3 4.2  15.6 11 3 4.6  2,124 7 2 5.1 

7  18.7 11 3 7.6  20.0 4 3 7.7  1,524 6 3 8.0 

Field  25.6 10 3 10.6  21.0 8 3 11.0  1,251 11 2 11.4 

7.9 

4  18.9 7 3 4.6  15.3 9 3 4.6  2,275 5 3 4.7 

7  22.0 11 3 7.8  21.7 13 3 8.0  1,688 2 3 7.8 

Field  34.3 7 3 13.4  28.0 10 3 13.1  1,056 6 3 13.2 

M15 

0 
4  14.9 11 12 4.3  9.1 9 8 3.3  1,994 4 3 4.9 

7  --- --- --- ---  --- --- --- ---  1,518 3 3 7.6 

1.1 

4  13.7 11 3 4.1  12.0 3 3 4.3  1,945 6 3 5.0 

7  17.8 15 3 7.7  16.8 7 3 7.9  1,638 3 3 7.7 

Field  18.1 10 3 8.3  17.7 14 3 8.5  1,491 3 3 8.9 

2.4 

4  13.8 17 3 4.2  13.5 9 3 4.4  2,204 2 3 4.8 

7  17.7 6 3 7.6  18.0 14 3 7.9  1,759 4 3 7.6 

Field  19.9 4 3 8.4  18.1 4 3 8.6  1,606 3 3 9.1 

5.6 

4  15.7 8 3 4.1  13.3 4 3 4.4  2,151 2 2 4.9 

7  18.9 8 3 7.5  18.9 9 3 7.7  1,562 10 3 7.7 

Field  23.9 11 3 10.2  21.9 9 3 10.7  1,316 7 2 10.8 

8.4 

4  14.7 3 3 4.4  13.3 6 3 4.5  2,027 4 3 4.7 

7  16.8 2 3 7.9  16.5 4 3 7.9  1,564 6 3 8.1 

Field  23.3 6 3 10.8  21.9 9 3 10.8  1,223 3 3 10.8 

M16 

0 
4  13.6 7 12 4.6  8.6 24 8 3.8  2,086 6 3 4.9 

7  --- --- --- ---  --- --- --- ---  1,620 7 3 8.0 

1.0 

4  13.5 6 3 4.3  11.0 3 3 4.6  2,023 3 3 4.7 

7  18.3 7 3 7.9  17.2 8 3 7.8  1,625 11 3 8.0 

Field  19.5 6 3 10.6  22.1 8 3 10.7  1,236 5 3 11.2 

5.7 

4  15.7 7 3 4.3  14.1 9 3 4.4  2,207 4 3 5.0 

7  21.0 11 3 7.6  18.8 3 3 7.7  1,773 3 3 7.5 

Field  28.5 12 3 12.3  23.9 4 3 12.2  1,198 3 3 12.3 

8.1 

4  15.8 3 3 4.2  13.7 3 3 4.3  2,293 --- 1 5.3 

7  21.2 9 3 7.7  17.6 5 3 7.9  1,652 3 3 7.8 

Field  30.1 5 3 11.8  25.0 3 3 12.1  1,266 5 2 12.1 

10.5 

4  15.9 8 3 4.2  13.9 6 3 4.4  2,196 1 3 4.9 

7  19.0 7 3 7.6  17.1 6 3 7.9  1,723 3 3 7.9 

Field  24.0 3 3 11.3  18.0 8 3 11.6  1,287 6 3 11.8 

--- All specimens Lab-SGC compacted; CML specimens diameter (D) = 15 cm; Va reported as  

average; St specimen D = 10 cm 
 

5.4 Plant Mixed and Field Compacted Cantabro, IDT, and SIDT Test Results  
 

There were 2,253 PMFC specimens tested using CML, IDT, or SIDT for 

investigations in Chapters 6 to 8. In all, there were 1,264 CML tests, 797 IDT tests, and 192 

SIDT tests conducted as presented in Tables 5.3 to 5.5. Table 5.3 summarizes the results of 

all PMFC specimens collected after varying levels of field aging and CML or IDT tested 
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without laboratory conditioning. Table 5.4 summarizes the results of all PMFC specimens 

collected soon after construction that were subjected to varying conditioning protocols (CPs). 

Later chapters divide M16 into M16a and M16b based on haul distance effects, thus strip 12 

that was hauled for 10.5 hours is considered separately in Table 5.4. Table 5.5 summarizes 

SIDT test results considered for short term and longer term characterization. 
 

Table 5.3. ML and St of Non-Conditioned and Field Aged PMFC Cores 
   ML      St     

Age 

(Yr) 

Mix HT 

(hr) 

n Avg ML 

(%) 

COV ML 

(%) 

Avg Va 

(%) 

COV Va 

(%) 

 n Avg St 

(kPa) 

COV St 

(%) 

Avg Va 

(%) 

COV Va 

(%) 

0 

M14 

1.0 15 24.6 43 9.5 12  19 992 10 9.3 10 
2.3 15 32.1 60 10.9 10  8 1,034 9 10.6 9 
5.8 20 29.4 35 10.5 13  12 1,057 13 10.6 11 
7.9 19 48.6 37 13.2 12  14 748 17 13.2 13 

M15 

1.1 16 19.2 30 8.2 8  14 1,175 8 8.5 11 
2.4 13 19.4 21 8.8 14  11 1,206 10 8.4 16 
5.6 16 19.4 17 9.9 14  9 1,022 12 9.7 8 
8.4 12 27.9 26 11.0 15  11 926 12 10.6 8 

M16 

1.0 21 22.1 27 10.7 18  15 1,063 15 10.6 16 
5.7 27 31.6 47 11.9 22  15 956 22 12.2 20 
8.1 19 36.7 49 12.3 16  11 1,083 11 11.9 16 
10.5 21 35.4 55 12.9 19  10 1,081 5 11.7 11 

2 

M14 
1.0 21 34.8 36 9.2 9  20 1,272 11 9.2 9 
5.8 34 36.8 37 9.3 15  21 1,258 14 9.6 11 

M15 
1.1 26 21.4 16 7.6 7  5 1,622 8 7.4 7 
5.6 31 23.9 18 8.6 9  7 1,355 16 8.6 6 

M16 
1.0 54 26.5 26 9.0 10  35 1,503 8 8.7 12 
5.7 44 40.3 30 11.5 12  25 1,490 11 9.1 13 

3 

M14 
1.0 24 31.1 34 9.1 15  19 1,330 11 8.6 10 
5.8 35 34.4 22 9.1 11  25 1,392 13 9.2 15 

M15 
1.1 28 22.2 15 7.3 8  20 1,666 5 7.3 8 
5.6 28 23.4 26 7.9 10  20 1,435 13 7.8 11 

M16 
1.0 52 25.2 28 8.5 9  35 1,511 7 8.5 9 
5.7 42 41.4 37 11.2 16  30 1,430 13 11.2 9 

4 

M14 
1.0 11 42.9 55 9.7 18  12 1,462 20 9.3 14 
5.8 14 55.5 33 11.3 16  12 1,468 15 9.6 10 

M15 
1.1 13 28.5 29 6.9 11  10 1,764 11 7.6 11 
5.6 13 35.4 18 8.6 19  10 1,489 11 9 18 

M16 
1.0 14 36.1 36 8.3 25  12 1,624 13 8.3 20 
5.7 25 41.8 49 9.9 13  19 1,462 12 9.9 13 

5 

M14 

1.0 14 53.0 20 9.3 7  10 1,541 7 9.2 14 
2.3 10 32.0 18 9.7 9  10 1,491 8 9.7 8 
5.8 14 44.5 42 9.5 14  10 1,275 16 9.7 19 
7.9 10 48.2 26 11.2 8  10 1,392 14 11.1 7 

M15 

1.1 14 35.9 33 7.2 5  10 1,762 9 7.4 7 
2.4 10 25.2 22 6.5 9  10 1,775 9 6.6 11 
5.6 14 35.2 26 8.8 13  10 1,711 9 8.2 8 
8.4 10 45.5 16 11.1 4  10 1,421 9 9.7 7 

M16 

1.0 14 33.0 27 8.0 8  10 1,503 10 8.4 9 
5.7 25 57.1 35 10.8 13  16 1,479 13 10.4 10 
8.1 10 45.9 33 11.6 15  10 1,490 7 12.7 9 
10.5 10 56.2 15 13.4 7  10 1,341 9 11.9 6 

Note: all data is included in this table, which includes potential outliers removed for select types of  

analysis in Chapters 6 to 8. 
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Table 5.4. Mass Loss and Tensile Strength of Lab Conditioned PMFC Cores  

CP Mix 

 ML   St  

 

n 

Avg  

ML 

(%) 

COV  

ML 

(%) 

Avg  

Va 

(%) 

COV  

Va 

(%) 

 n 

Avg  

St 

(kPa) 

COV  

St 

(%) 

Avg  

Va 

(%) 

COV  

Va 

(%) 

CP1 

M14  20 33.0 44 11.1 18  10 1063 25 10.7 18 

M15  19 26.2 28 9.0 17  12 1323 14 9.3 13 

M16a  12 32.0 18 12.2 10  11 1130 13 11.9 17 

M16b  5 35.6 27 12.1 5  5 1202 10 11.4 7 

CP2 

M14  20 35.4 54 10.8 17  -- --- --- --- --- 

M15  21 23.0 23 9.2 17  -- --- --- --- --- 

M16a  10 32.4 50 12.1 11  -- --- --- --- --- 

M16b  4 25.5 33 12.6 15  -- --- --- --- --- 

CP3 

M14  18 73.5 35 11.3 17  -- --- --- --- --- 

M15  18 25.9 26 8.9 15  -- --- --- --- --- 

M16a  13 40.9 32 11.8 11  -- --- --- --- --- 

M16b  7 37.1 27 12.5 7  -- --- --- --- --- 

CP4 

M14  16 44.8 44 11.2 16  12 827 17 11.4 18 

M15  17 31.0 40 9.1 17  12 1041 9 8.6 11 

M16a  15 41.4 29 11.5 13  10 872 17 12.0 10 

M16b  7 45.5 25 12.4 8  5 963 11 11.3 10 

CP5 

M14  20 49.0 39 11.1 17  -- --- --- --- --- 

M15  18 35.1 38 9.2 16  -- --- --- --- --- 

M16a  11 44.1 16 12.2 10  -- --- --- --- --- 

M16b  6 46.3 48 12.2 5  -- --- --- --- --- 

CP6 

M14  18 52.5 38 11.1 17  12 777 24 10.9 17 

M15  18 32.0 35 8.9 16  14 862 26 8.9 15 

M16a  12 46.6 43 12.3 10  8 794 13 12.3 10 

M16b  7 44.7 27 12.5 10  6 914 13 11.8 12 

CP7 

M14  16 53.5 26 11.6 17  14 872 22 10.9 18 

M15  18 35.7 30 9.3 16  13 1105 12 9.2 15 

M16a  13 48.5 44 11.1 19  9 927 22 11.9 14 

M16b  7 45.6 25 12.7 10  4 961 10 11.6 5 

Note: all data is included in this table, which includes potential outliers removed for select types of  

analysis in Chapters 6 to 8.  
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Table 5.5. Fracture Properties of PMFC Cores 

Investigation 
Age or 

CP 

Test 

Temp 

(°C) 

M14  M15  M16 

HT 

(hr) n* 

FE Avg 

(kJ/m3) 

FE 

COV 

(%) 

Va 

Avg 

(%) 

Va 

COV 

(%)  

HT 

(hr) n* 

FE Avg 

(kJ/m3) 

FE 

COV 

(%) 

Va 

Avg 

(%) 

Va 

COV 

(%)  

HT 

(hr) n* 

FE Avg 

(kJ/m3) 

FE 

COV 

(%) 

Va 

Avg 

(%) 

Va 

COV 

(%) 

Short Term 0 Yr 

20 

1.0 3(3) 2.4 9 9.2 4  1.1 3(4) 3.1 22 8.5 3  1.0 3(3) 3.5 4 10.7 4 

2.3 3(4) 2.4 12 9.5 4  2.4 3(4) 2.2 32 9.0 6  5.7 3(4) 3.2 26 11.2 3 

5.8 3(4) 3.0 32 9.2 3  5.6 3(4) 2.6 33 9.4 2  8.1 3(4) 1.7 5 10.9 6 

7.9 3(4) 2.0 16 11.0 8  8.4 3(4) 1.5 17 9.2 8  10.5 3(3) 3.0 9 10.7 3 

-10 

1.0 3(4) 0.6 21 9.2 4  1.1 3(4) 0.6 6 8.6 2  1.0 3(4) 0.3 34 10.5 2 

2.3 3(3) 0.4 22 9.4 4  2.4 3(4) 0.6 18 9.0 6  5.7 3(4) 0.5 17 11.3 2 

5.8 3(4) 0.3 20 9.1 3  5.6 3(3) 0.4 26 9.5 3  8.1 3(4) 0.4 9 11.2 5 

7.9 3(4) 0.3 7 11.2 7  8.4 3(3) 0.3 54 9.4 7  10.5 3(4) 0.4 31 11.0 6 

Longer 

Term 

0 Yr 

20 1.0 3(3) 2.4 9 9.2 4  1.1 3(4) 2.9 23 8.0 3  1.0 3(4) 2.7 27 8.6 5 

5.8 3(4) 3.0 32 9.2 3  5.6 3(4) 2.6 33 9.4 2  5.7 3(4) 3.2 26 10.8 3 

-10 1.0 3(4) 0.6 21 9.2 4  1.1 3(4) 0.5 15 8.0 3  1.0 3(4) 0.4 17 8.9 6 

5.8 3(4) 0.3 20 9.1 3  5.6 3(3) 0.4 26 9.5 3  5.7 3(4) 0.5 17 11.3 2 

2 Yr 

20 1.0 3(3) 1.5 5 9.2 4  1.1 3(4) 1.2 22 8.0 3  1.0 3(4) 1.4 14 8.2 3 

5.8 3(3) 0.8 42 9.3 5  5.6 3(3) 1.2 4 8.9 2  5.7 3(3) 1.3 10 11.1 2 

-10 
1.0 3(4) 0.2 40 9.3 4  1.1 3(4) 0.5 14 7.9 3  1.0 3(4) 0.4 25 8.7 4 

5.8 3(4) 0.3 9 9.3 3  5.6 3(3) 0.4 10 9.1 4  5.7 3(4) 0.3 40 11.0 1 

4 Yr 

20 
1.0 3(4) 0.8 33 9.0 5  1.1 3(3) 0.9 8 7.6 5  1.0 3(4) 1.0 24 8.8 5 

5.8 3(4) 1.1 24 9.4 6  5.6 3(4) 0.9 29 9.2 6  5.7 3(4) 0.7 21 11.0 2 

-10 
1.0 3(4) 0.4 12 8.8 4  1.1 3(3) 0.3 22 7.5 3  1.0 3(4) 0.4 27 8.3 4 

5.8 3(4) 0.3 27 9.2 7  5.6 3(4) 0.4 54 8.8 7  5.7 3(4) 0.3 71 10.9 3 

CP4 

20 
1.0 3(4) 0.9 45 9.1 4  1.1 3(4) 1.9 5 8.0 4  1.0 3(4) 2.0 29 8.4 6 

5.8 3(4) 1.6 20 9.3 2  5.6 3(4) 1.9 21 9.5 3  5.7 3(4) 1.0 47 11.4 2 

-10 
1.0 3(4) 0.1 96 9.0 4  1.1 3(3) 0.3 35 8.0 4  1.0 3(3) 0.3 18 8.9 7 

5.8 3(3) 0.3 24 9.2 1  5.6 3(3) 0.2 20 9.4 4  5.7 3(3) 0.1 28 11.2 3 
*Number of specimens tested (n) with number of fracture faces considered within parenthesis. 
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5.5 Binder Test Results  

 

 There were 48 samples of field core binder (FCB) extracted and recovered from 

PMFC specimens used to assess aging, and as-received binders (ARB) were considered after 

eight conditions. All FTIR data from FCB is presented in Table 5.6, and FTIR data from 

ARB samples is provided in Table 5.7. Physical properties of FCB samples recovered from 

the pavement surface (i.e. FCB0) are presented in Table 5.8, and physical properties of FCB 

samples recovered from 5.0 to 6.3 cm below the pavement surface (i.e. FCB5) are presented 

in Table 5.9. Table 5.10 presents physical property measurements of ARB samples. 

 

Table 5.6. FTIR Results from Field Core Binders  

Mix 

HT 

(hr) 

Age 

or CP 

FCB0  FCB5 

Absorbance Peak Heights 

CI  SI 

 Absorbance Peak Heights 

CI SI 

1700  

cm-1 

1031  

cm-1 

1375  

cm-1 

 1700  

cm-1 

1031  

cm-1 

1375  

cm-1 

M14 

1.0 

0 Yr 0.008 0.026 0.059 0.14 0.43  0.007 0.027 0.060 0.11 0.45 

2 Yr 0.006 0.027 0.066 0.09 0.40  0.010 0.024 0.060 0.17 0.39 

4 Yr 0.008 0.023 0.040 0.21 0.59  0.009 0.028 0.053 0.16 0.53 

CP4 0.007 0.024 0.051 0.14 0.46  0.009 0.026 0.059 0.15 0.45 

5.8 

0 Yr 0.006 0.025 0.065 0.09 0.38  0.009 0.026 0.060 0.14 0.43 

2 Yr 0.011 0.028 0.056 0.19 0.50  0.012a 0.029a 0.053a 0.23 0.57 

4 Yr 0.012 0.030 0.055 0.22 0.54  0.010 0.027 0.059 0.16 0.45 

CP4 0.010 0.027 0.061 0.17 0.45  0.008 0.027 0.061 0.12 0.44 

M15 

1.1 

0 Yr 0.006 0.025 0.057 0.11 0.45  0.010 0.027 0.060 0.16 0.45 

2 Yr 0.012 0.029 0.060 0.20 0.48  0.008 0.025 0.060 0.12 0.41 

4 Yr 0.012 0.022 0.039 0.31 0.57  0.008 0.028 0.064 0.13 0.43 

CP4 0.008 0.022 0.046 0.18 0.46  0.010 0.029 0.060 0.16 0.48 

5.6 

0 Yr 0.008 0.025 0.060 0.13 0.43  0.010 0.026 0.059 0.16 0.44 

2 Yr 0.014 0.030 0.058 0.24 0.53  0.008 0.025 0.055 0.15 0.45 

4 Yr 0.009 0.026 0.035 0.28 0.75  0.010 0.031 0.055 0.18 0.57 

CP4 0.007 0.032 0.057 0.12 0.57  0.008 0.031 0.060 0.13 0.52 

M16 

1.0 

0 Yr 0.009 0.025 0.058 0.15 0.42  0.006 0.027 0.055 0.11 0.49 

2 Yr 0.009 0.030 0.058 0.16 0.51  0.007 0.025 0.059 0.12 0.43 

4 Yr 0.008 0.030 0.054 0.15 0.56  0.008 0.022 0.050 0.15 0.44 

CP4 0.009 0.026 0.057 0.16 0.45  0.007 0.030 0.058 0.12 0.52 

5.7 

0 Yr 0.008 0.026 0.060 0.13 0.43  0.008 0.026 0.059 0.14 0.44 

2 Yr 0.012 0.029 0.059 0.20 0.49  0.008 0.027 0.061 0.13 0.44 

4 Yr 0.010 0.027 0.044 0.23 0.61  0.007 0.019 0.044 0.16 0.44 

CP4 0.007 0.024 0.049 0.13 0.49  0.005 0.024 0.051 0.10 0.47 
a Measured values believed to be erroneous. 
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Table 5.7. FTIR Results from As-Received Binder 

Short 

Term 

PAV 

Time 

(hr) 

Neat PG 67-22 Used in M14 and M15   PG 67-22 Used in M16 

Absp Heights    Absp Heights   

1700  

cm-1 

1031  

cm-1 

1375  

cm-1 CI  SI 

 1700  

cm-1 

1031  

cm-1 

1375  

cm-1 CI  SI 

None None 0.002 0.008 0.059 0.02 0.14  0.001a 0.028a 0.053a 0.02 0.52 

T240 0 0.000 0.013 0.063 0.00 0.21  0.000 0.012 0.064 0.00 0.18 

T240 10 0.000 0.020 0.061 0.00 0.32  0.000 0.018 0.063 0.00 0.28 

T240 20 0.001 0.020 0.059 0.02 0.34  0.000 0.020 0.059 0.00 0.35 

T240 30 0.003 0.023 0.062 0.05 0.37  0.003 0.021 0.063 0.05 0.32 

T240 40 0.006 0.023 0.062 0.10 0.36  0.004 0.023 0.059 0.07 0.39 

T240 60 0.008 0.025 0.061 0.13 0.41  0.007 0.026 0.062 0.11 0.42 

T240 80 0.009 0.025 0.058 0.16 0.43  0.008 0.028 0.058 0.14 0.49 

PAV conditioning conducted at 100°C and 2.1 MPa 
a Measured values believed to be erroneous. 
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Table 5.8. Physical Properties of FCB0 Binders 

Mix 

HT 

(hr) Age/CP 

Pen  DSR25  DSR8  BBR 

  G*/sinδ = 2.20 kPaa  G*sinδ = 5.0 MPaa   Stiffness = 300 MPaa  m-value = 0.300a 

Penavg 

(dmm) 

 T1
 b 

kPa (°C) 

T2
 b 

kPa (°C) 

Tc 

(°C) 

 T1
 b 

MPa (°C) 

T2
 b 

MPa (°C) 

Tc 

(°C) 

 T1
 b 

MPa (°C) 

T2
 b 

MPa (°C) 

Tc 

(°C) 

 T1
 b 

--- (°C) 

T2
 b 

--- (°C) 

Tc 

(°C) 

M14 

1.0 

0 Yr 23  3.3 (76) 1.6 (82) 79.3  4.3 (22) 6.2 (19) 20.8  182 (-18) 385 (-24) -22.0  0.315 (-18) 0.269 (-24) -19.9 

2 Yr 15  4.2 (82) 2.1(88) 87.5  3.8 (28) 5.2 (25) 25.4  120 (-12) 244 (-18) -19.7  0.321 (-12) 0.269 (-18) -14.4 

4 Yr 10  2.2 (94) 1.2 (100) 94.1  3.8 (31) 5.0 (28) 28.0  98 (-6) 182 (-12) -16.8  0.324 (-6) 0.282 (-12) -9.5 

CP4 23  3.4 (76) 1.7 (82) 79.6  4.0 (22) 5.4 (19) 19.8  193 (-18) 373 (-24) -22.0  0.302(-18) 0.266 (-24) -18.4 

5.8 

0 Yr 27  3.6 (76) 1.7 (82) 80.1  3.7 (22) 5.3 (19) 19.5  163 (-18) 332 (-24) -23.1  0.319 (-18) 0.271 (-24) -20.4 

2 Yr 16  2.7 (88) 1.4 (94) 90.0  3.8 (28) 5.2 (25) 25.4  121(-12) 246 (-18) -19.7  0.323 (-12) 0.273 (-18) -14.7 

4 Yr 10  2.9 (94) 1.5 (100) 96.4  3.8 (31) 5.2 (28) 28.3  106 (-6) 203 (-12) -15.6  0.318 (-6) 0.268 (-12) -8.1 

CP4 22  4.6 (76) 2.2 (82) 82.0  4.0 (22) 5.4 (19) 19.8  196 (-18) 382 (-24) -21.8  0.303 (-18) 0.265 (-24) -18.4 

M15 

1.1 

0 Yr 28  3.4 (70) 1.5 (76) 73.3  3.5 (19) 5.0 (16) 16.0  252 (-24) 493 (-30) -25.6  0.303 (-24) 0.250 (-30) -24.3 

2 Yr 25  4.6 (76) 2.1 (82) 81.6  4.1 (22) 5.7 (19) 20.1  164 (-18) 320 (-24) -23.4  0302 (-18) 0.269 (-24) -18.4 

4 Yr 11  3.9 (88) 1.8 (94) 92.6  3.9 (31) 5.2 (28) 28.4  97 (-6) 184 (-12) -16.6  0.325 (-6) 0.283 (-12) -9.6 

CP4 24  3.1 (76) 1.5 (82) 78.9  3.8 (22) 5.4 (19) 19.7  184 (-18) 371 (-24) -22.2  0.308 (-18) 0.267 (-24) -19.1 

5.6 

0 Yr 49  2.8 (70) 1.3 (76) 71.9  4.1 (16) 5.8 (13) 14.5  187 (-24) 383 (-30) -28.0  0.322 (-24) 0.258 (-30) -26.0 

2 Yr 17  4.2 (82) 2.0 (88) 87.1  4.5 (25) 6.0 (22) 23.9  124 (-12) 246 (-18) -19.8  0.321 (-12) 0.272 (-18) -14.5 

4 Yr 11  2.5 (94) 1.3 (100) 95.0  4.4 (31) 5.8 (28) 29.6  120 (-6) 209 (-12) -15.9  0.313 (-6) 0.261 (-12) -7.5 

CP4 22  3.8 (76) 1.9 (82) 80.6  4.2 (22) 5.9 (19) 20.5  204 (-18) 396 (-24) -21.5  0.300 (-18) 0.261 (-24) -18.0 

M16 

1.0 

0 Yr 48  2.3 (70) 1.2 (760 70.2  4.8 (13) 6.3 (10) 12.5  204 (-24) 403 (-30) -27.4  0.324 (-24) 0.262 (-30) -26.3 

2 Yr 16  3.5 (82) 1.7 (88) 85.8  4.4 (25) 6.1 (22) 23.8  120 (-12) 242 (-18) -19.9  0.326 (-12) 0.271 (-18) -14.8 

4 Yr 10  4.2 (88) 2.1 (94) 93.7  4.4 (31) 5.8 (28) 29.6  116 (-6) 211 (-12) -15.5  0.313 (-6) 0.272 (-12) -7.9 

CP4 20  3.3 (76) 1.6 (82) 79.3  4.4 (22) 6.3 (19) 20.9  102 (-12) 205 (-18) -21.3  0.354 (-12) 0.296 (-18) -17.6 

5.7 

0 Yr 26  2.3 (76) 1.2 (82) 76.5  4.9 (19) 7.0 (16) 18.9  174 (-18) 342 (-24) -22.9  0.313 (-18) 0.276 (-24) -20.2 

2 Yr 15  2.4 (88) 1.2 (94) 88.9  4.1 (28) 5.6 (25) 26.1  151 (-12) 282 (-18) -18.6  0.309 (-12) 0.252 (-18) -12.9 

4 Yr 10  2.8 (94) 1.4 (100) 96.0  4.9 (31) 6.6 (28) 30.8  141 (-6) 249 (-12) -14.0  0.301 (-6) 0.257 (-12) -6.1 

CP4 18  4.2 (76) 2.1 (82) 81.4  4.9 (22) 6.9 (19) 21.9  113 (-12) 233 (-18) -20.1  0.347 (-12) 0.293 (-18) -17.2 

First Test Temperature (T1); Second Test Temperature (T2) 

aCritical property; bMeasured property with test temperature in parenthesis.  
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Table 5.9. Physical Properties of FCB5 

Mix 

HT 

(hr) Age/CP 

Pen  DSR25  DSR8  BBR 

  G*/sinδ = 2.20 kPaa  G*sinδ = 5.0 MPaa   Stiffness = 300 MPaa  m-value = 0.300a 

Pen 

(dmm) 

 T1
 b 

kPa (°C) 

T2
 b 

kPa (°C) 

Tc 

(°C) 

 T1
 b 

MPa (°C) 

T2
 b 

MPa (°C) 

Tc 

(°C) 

 T1
 b 

MPa (°C) 

T2
 b 

MPa (°C) 

Tc 

(°C) 

 T1
 b 

--- (°C) 

T2
 b 

--- (°C) 

Tc 

(°C) 

M14 

1.0 

0 Yr 29  4.6 (70) 2.1 (76) 75.7  4.4 (19) 6.2 (16) 17.8  151 (-18) 331 (-24) -23.2  0.322 (-18) 0.287 (-24) -21.7 

2 Yr 41  4.0 (70) 1.9 (76) 74.7  4.9 (16) 7.0 (13) 15.9  217 (-24) 442 (-30) -26.7  0.316 (-24) 0.260 (-30) -25.7 

4 Yr 17  3.1 (82) 1.5 (88) 84.7  4.2 (25) 5.7 (22) 23.3  142 (-12) 255 (-18) -19.6  0.320 (-12) 0.276 (-18) -14.7 

CP4 27  2.5 (76) 1.2 (82) 77.0  4.4 (19) 6.2 (16) 17.9  151 (-18) 357 (-24) -22.8  0.320 (-18) 0.269 (-24) -20.3 

5.8 

0 Yr 25  3.3 (76) 1.7 (82) 79.6  5.3 (19) 3.7 (22) 19.5  100 (-12) 205 (-18) -21.2  0.343 (-12) 0.297 (-18) -17.6 

2 Yr 21  2.5 (82) 1.3 (88) 83.2  4.1 (25) 5.6 (22) 23.1  95 (-12) 207 (-18) -20.9  0.358 (-12) 0.293 (-18) -17.3 

4 Yr 19  2.7 (82) 1.4 (88) 83.8  4.8 (22) 6.7 (19) 21.6  109 (-12) 214 (-18) -21.0  0.340 (-12) 0.297 (-18) -17.6 

CP4 21  2.3 (82) 1.2 (88) 82.5  4.5 (22) 6.2 (19) 21.0  208 (-18) 449 (-24) -20.9  0.300 (-18) 0.247 (-24) -18.0 

M15 

1.1 

0 Yr 50  2.4 (70) 1.1 (76) 70.8  3.7 (19) 5.4 (16) 16.7  217 (-24) 413 (-30) -27.0  0.316 (-24) 0.262 (-30) -25.7 

2 Yr 45  2.9 (70) 1.4 (76) 72.2  3.5 (19) 5.1 (16) 16.1  241 (-24) 456 (-30) -26.0  0.307 (-24) 0.254 (-30) -24.7 

4 Yr 18  2.4 (82) 1.2 (88) 82.6  4.1 (25) 5.7 (22) 23.2  143 (-12) 281 (-18) -18.6  0.329 (-12) 0.285 (-18) -15.9 

CP4 21  2.8 (76) 1.4 (82) 78.0  3.9 (22) 5.5 (19) 19.8  190 (-18) 407 (-24) -21.6  0.307 (-18) 0.257 (-24) -18.8 

5.6 

0 Yr 29  2.6 (76) 1.3 (82) 77.3  4.9 (19) 7.0 (16) 18.9  172 (-18) 349 (-24) -22.7  0.319 (-18) 0.270 (-24) -20.3 

2 Yr 30  2.3 (76) 1.1 (82) 76.2  4.4 (19) 6.3 (16) 17.9  163 (-18) 327 (-24) -23.2  0.325 (-18) 0.287 (-24) -21.9 

4 Yr 16  3.4 (82) 1.6 (88) 85.6  4.5 (25) 6.0 (22) 23.8  138 (-12) 254 (-18) -19.6  0.310 (-12) 0.273 (-18) -13.6 

CP4 21  3.6 (76) 1.7 (82) 80.0  4.6 (22) 6.3 (19) 21.2  105 (-12) 218 (-18) -20.6  0.358 (-12) 0.298 (-18) -17.8 

M16 

1.0 

0 Yr 36  3.9 (70) 1.8 (76) 74.4  4.1 (19) 6.0 (16) 17.4  148 (-18) 297 (-24) -24.1  0.331 (-18) 0.288 (-24) -22.3 

2 Yr 25  4.6 (70) 2.1 (76) 75.7  4.3 (19) 6.1 (16) 17.7  166 (-18) 331 (-24) -23.1  0.319 (-18) 0.281 (-24) -21.0 

4 Yr 22  3.1 (76) 1.5 (82) 78.8  4.1 (22) 5.8 (19) 20.3  204 (-18) 417 (-24) -21.2  0.311 (-18) 0.256 (-24) -19.2 

CP4 23  2.7 (76) 1.3 (82) 77.6  4.1 (22) 5.6 (19) 20.1  198 (-18) 399 (-24) -21.5  0.307 (-18) 0.266 (-24) -19.0 

5.7 

0 Yr 28  2.5 (76) 1.3 (82) 77.2  4.9 (19) 6.9 (16) 18.9  196 (-18) 383 (-24) -21.8  0.306 (-18) 0.268 (-24) -18.9 

2 Yr 22  4.4 (76) 2.0 (82) 81.4  4.4 (25) 6.1 (22) 23.8  128 (-12) 251 (-18) -19.6  0.339 (-12) 0.288 (-18) -16.6 

4 Yr 20  4.0 (76) 1.9 (82) 81.0  4.9 (22) 6.9 (19) 21.8  232 (-18) 510 (-24) -20.0  0.302 (-18) 0.244 (-24) -18.2 

CP4 20  3.3 (76) 1.6 (82) 79.5  4.2 (22) 6.0 (19) 20.5  205 (-18) 399 (-24) -21.4  0.303 (-18) 0.262 (-24) -18.4 

First Test Temperature (T1); Second Test Temperature (T2) 

 aCritical property; bMeasured property with test temperature in parenthesis. 
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Table 5.10. Physical Properties of ARB  

Binder 

Short 

Term 

Condition 

PAV 

Time 

(hr) 

Pen  DSR25  DSR8  BBR 

  G*/sinδ = 2.20 kPaa  G*sinδ = 5.0 MPaa   Stiffness = 300 MPaa  m-value = 0.300a 

Penavg 

(dmm) 

 T1
 b 

kPa (°C) 

T2
 b 

kPa (°C) 

Tc 

(°C) 

 T1
 b 

MPa (°C) 

T2
 b 

MPa (°C) 

Tc 

(°C) 

 T1
 b 

MPa (°C) 

T2
 b 

MPa (°C) 

Tc 

(°C) 

 T1
 b 

--- (°C) 

T2
 b 

--- (°C) 

Tc 

(°C) 

B1 

None 0 63  1.5 (64) 3.3 (58) 61.1  3.5 (16) 5.8 (13) 13.8  189 (-18) 432 (-24) -21.4  0.375 (-18) 0.282 (-24) -22.8 

T240 0 37  1.1 (76) 2.3 (70) 70.4  4.1 (19) 6.3 (16) 17.6  246 (-18) 497 (-24) -19.7  0.323 (-18) 0.256 (-24) -20.1 

T240 10 25  1.3 (82) 2.7 (76) 77.6  4.2 (22) 6.1 (19) 20.6  134 (-12) 286 (-18) -18.4  0.331 (-12) 0.285 (-18) -16 

T240 20 21  1.3 (88) 2.6 (82) 83.3  3.9 (25) 5.5 (22) 22.8  159 (-12) 318 (-18) -17.5  0.302 (-12) 0.265 (-18) -12.3 

T240 30 18  1.2 (94) 2.3 (88) 88.5  4.8 (25) 6.5 (22) 24.6  88 (-6) 175 (-12) -16.7  0.321 (-6) 0.277 (-12) -8.9 

T240 40 16  2.0 (94) 4.1 (88) 93.2  4.2 (28) 5.6 (25) 26.2  52 (0) 97 (-6) -16.8  0.335 (0) 0.299 (-6) -5.8 

T240 60 11  1.3 (106) 2.5 (100) 101.2  4.0 (31) 5.2 (28) 28.5  61 (0) 108 (-6) -16.8  0.302 (0) 0.266 (-6) -0.3 

T240 80 10  2.2 (112) 4.3 (106) 112.0  4.3 (34) 5.4 (31) 32.1  24 (12) 44 (6) -13.5  0.328 (12) 0.290 (6) 7.2 

B2 

None 0 57  1.8 (64) 4.0 (58) 62.6  4.1 (16) 6.6 (13) 14.7  212 (-18) 465 (-24) -20.7  0.366 (-18) 0.275 (-24) -22.4 

T240 0 35  1.1 (76) 2.4 (70) 70.7  4.2 (19) 6.4 (16) 17.7  252 (-18) 518 (-24) -19.5  0.324 (-18) 0.257 (-24) -20.1 

T240 10 24  1.3 (82) 2.7 (76) 77.7  4.5 (22) 6.5 (19) 21.1  138 (-12) 298 (-18) -18.1  0.333 (-12) 0.284 (-18) -16 

T240 20 20  1.2 (88) 2.4 (82) 82.6  4.1 (25) 5.9 (22) 23.4  164 (-12) 323 (-18) -17.3  0.304 (-12) 0.266 (-18) -12.6 

T240 30 17  2.1 (88) 4.3 (82) 87.4  4.9 (25) 6.8 (22) 24.9  84 (-6) 182 (-12) -15.9  0.328 (-6) 0.281 (-12) -9.6 

T240 40 15  1.5 (94) 3.1 (88) 90.9  4.1 (28) 5.6 (25) 26.1  99 (-6) 193 (-12) -16  0.308 (-6) 0.265 (-12) -7.1 

T240 60 12  1.7 (100) 3.5 (94) 98.0  4.0 (31) 5.3 (28) 28.6  58 (0) 112 (-6) -14.9  0.315 (0) 0.280 (-6) -2.6 

T240 80 11  2.2 (106) 4.3 (100) 105.8  4.1 (34) 5.2 (31) 31.5  42 (6) 75 (0) -14.4  0.314 (6) 0.282 (0) 3.4 

First Test Temperature (T1); Second Test Temperature (T2) 

 aCritical property; bMeasured property with test temperature in parenthesis. 

Neat PG 67-22 used in Strips 1 to 8 (B1); Neat PG 67-22 with 0.5% M1 Evotherm 3GTM (B2); PAV conditioning conducted at 100°C and 2.1 MPa 
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CHAPTER 6 – EFFECTS OF SHORT TERM AGING 
 

6.1 Overview of Short Term Aging 
 
  The construction approach used for the Figure 3.1 test section provided an opportunity 
to consider the effects of short term aging with respect to early age and longer term mixture 
performance. However, it presents a challenge when considering the Figure 3.1 test section for 
longer term field aging. Details of short term aging, the period where loose asphalt mixtures 
are exposed to high temperature and oxygen (to varying degrees) prior to compaction, is not 
always monitored, documented, or controlled, and there is limited information with respect to 
the effects of short term aging on mixture performance over time. There have been 
investigations to consider effects of silo storage (e.g. Kari, 1982; Jacques et al. 2016) and haul 
time (e.g. Wright and Paquette, 1966). Few have considered the effects of increased short term 
aging on mixture performance and there is even less documentation of short term effects on 
mixture performance after longer term aging. This chapter considers the effects of short term 
aging time on mixture performance in two phases: 1) materials collected soon after 
construction and 2) materials collected after longer term field aging.  
 This chapter’s primary objective is to characterize the effects of short term aging time 
during construction on short term and longer term mixture behaviors. Secondary emphasis is 
placed on factors to be considered in later chapters. To complete these objectives, the chapter 
uses binder properties from 24 extracted and recovered binder samples, and results from 2,379 
compacted mix specimen tests summarized in Chapter 5.  
 
6.2 Volumetrics and Stability of Mixtures Over Time 
 
 High absorption aggregates, like those used in mixes M14 to M16, have increased 
potential for binder to absorb into aggregate pores and can be susceptible to moisture induced 
damage. This section discusses changes to Gmm and HLWT results over time. Gmm was chosen 
based on the fundamental principle that additional binder absorption in aggregate pores, all 
other factors being equal, increases Gmm. HLWT testing was chosen based on the ability of 
RDHLWT and SIP to evaluate stability and moisture susceptibility of mixes.  

Figure 6.1 plots the increase in Gmm (∆Gmm) experienced during mixture hauling. 
Meaningful changes to Gmm due to increased HT were not observed when comparing the 
increase in Gmm due to binder absorption during hauling. The maximum and minimum increase 
in Gmm were both within T209 single operator limits for differences between two results (d2s) 
of the average increase observed, and the range of Gmm increase was less than the multiple 
laboratory d2s limit. Further, Section 4.2.4 demonstrates that binder did not continue absorbing 
into aggregate pores over longer term aging. In fact, the loose mixture Gmm values collected 
during construction were the highest Gmm values observed (Figure 4.3). This is expected to be 
the result of conglomerates in cores trapping small volumes of air when measuring Gmm on 
loose material collected from field cores. 
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Figure 6.1. Short Term Aging Effects on Gmm  

6.3 Cantabro Mass Loss Test Protocol Considerations 
 
 The primary mixture analysis in this chapter utilizes Cantabro data collected from cores 
with nominal heights of 6.3 cm and compares the effects of haul time (HT) to Cantabro factors 
identified in Cox et al. (2017). However, those results were for laboratory compacted SGC 
specimens with nominal heights of 11.5 cm. Thus, two Cantabro test protocol factors should 
be considered with respect to validating the use of 6.3 cm tall cores in this chapter: specimen 
geometry and compaction method. 
 
6.3.1 Cantabro Test Specimen Geometry 
 
 A matched pairs evaluation between SGC specimens with 11.5 cm heights and SGC 
specimens with 6.3 cm heights was used to consider specimen geometry effects. Three pairs 
of specimens were produced between comparable triplicate groups (i.e. the same mix, target 
Va, and HT) by pairing specimens with the greatest, intermediate, and least Va. Figure 6.2a 
provides an equality plot comparing ML of both specimen sizes. The observable trend indicates 
that ML for 6.3 cm tall specimens should be divided by a factor of 1.10 for reasonable 
comparisons to 11.5 cm tall specimens. This observation is acceptable as test dynamics with 
specimens being different sizes, and the differences caused by specimen height changes do not 
seem to be prohibitive for reasonable test results based on the coefficient of determination (R2) 
of 0.70 and p-value of < 0.01. 
 
6.3.2 Cantabro Test Specimen Compaction Method 
 
 A second evaluation considered matched pairs between 6.3 cm tall specimens that were 
either field cores or SGC specimens. Figures 6.2b and 6.2c present equality plots where 
matched pairs were formed between specimens that were not longer term aged, were of 
comparable height, and were of comparable Va (i.e., less than 0.5% difference in Va). The 
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relationship of Figure 6.2b (slope of 1.17 and R2 of 0.47) indicates that ML is higher in cores 
than in SGC specimens. However variability is visually increased when ML is greater than 
35%. Figure 6.2c compares the same specimen pairs when considering only results with ML 
less than 35%, which is also more representative of the Cox et al. (2017) database. The close 
relationship in Figure 6.2c (slope of 0.97 and R2 of 0.69) when considering ML results within 
the range of those used in the Cox et al. (2017) database suggests that it is reasonable to directly 
compare ML results from Superpave Gyratory Compactor (SGC) specimens and cores that are 
Cantabro tested if specimen geometry is considered. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 a) SGC Specimen Size b) Compaction – All Data c) Compaction – Select Data 
 

Figure 6.2. Cantabro Test Protocol Considerations 
 

6.4 Analysis of Short Term Aging Effects 
 
 The following four subsections present a four phase analysis of short term aging effects, 
including: 1) extracted binder property observations, 2) assessment of SIDT data, 3) 
assessment of ML and St results from plant mixed and laboratory compacted (PMLC) 
specimens, and 4) assessment of ML and St results from plant mixed and field compacted 
(PMFC) cores. 
 
6.4.1 Phase I – Extracted Binder Property Observations 
 
 Figure 6.3 presents extracted binder property results provided in Chapter 5 alongside 
continuous binder grades per AASHTO M320 that were collected soon after the test section 
was constructed. AASHTO M320 grading included DSR25 testing of as-recovered samples and 
AASHTO R28 conditioning of recovered binders prior to DSR8 or BBR testing. 
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 a) High Temperature 

 
 b) Intermediate Temperature 

 
 c) Low Temperature 

 
 d) ΔTc 

 
Figure 6.3. Extracted Binder Properties   
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 As shown in Figure 6.3a to 6.3c, most field core cases indicated modest binder 
stiffening as haul time increased based on increases in Tc(DSR25), Tc(DSR8), and Tc(BBRm). 
However, haul time does not seem to produce prohibitive binder properties in field core 
extracted binders. ΔTc did consistently decrease 0.7 to 2.1°C for all field core binder cases 
when increasing haul time from approximately 1 to approximately 6 hours, which indicates a 
increased potential for non-load associated distresses (Figure 6.3d). However no field core 
binder ΔTc values were below the -5°C that was suggested by (Rowe, 2011). 
 Haul time effects were observable in Tc(DSR25) properties of loose mix cases, but not 
in loose mix cases where binder were subjected to AASHTO R28 conditioning before binder 
testing (i.e. Tc(DSR8), Tc(BBRm), and ΔTc). The only case where increased haul time led to 
concerning properties was when binders were hauled for 10.5 hours as was the case for strip 
12. Further, the ΔTc trend was not apparent with haul time for loose mix cases, which indicates 
that haul time effects were secondary to longer term aging, as would be simulated by AASHTO 
R28. While the ΔTc values provided for loose mix in Figure 6.3d were below the -5°C 
suggested in Rowe (2011), there is no indication that haul time caused these values. 
 Though there were modest signs of increased susceptibility to non-load associated 
cracking as haul time increased based on binders stiffening and decreased ΔTc, there were no 
haul times of 8.4 hours or less that indicated prohibitive effects of haul time. Thus, there were 
measurable, but modest, haul time effects on binder properties when hauled for 1 to 8.4 hours. 
This same general conclusion was reached by Howard et al. (2013) where the authors 
considered the loose mix data presented in Figure 6.3a to 6.3c alongside other measurements. 
 
 6.4.2 Phase II – Assessment of SIDT Results 
 
 Results of SIDT testing are provided in Figure 6.4a and 6.4b for FE+20C and FE-10C with 
notes to indicate the average Va of all specimens tested. An outlier removal process which 
followed those of Moore and McCabe (2004) to identify potential outliers was completed (i.e. 
results more than 1.5 times the interquartile range away from the average). Ultimately, there 
were three to four FE measurements used in each Figure 6.4 bar. As shown, both FE+20C and 
FE-10C generally decrease with increased haul time, but with a large amount of variability. 
Regression assessments (Table 6.1) were used to evaluate the significance of FE vs HT and FE 
vs Va relationships. As shown, there was only one regression where FE+20C was 95% 
significant. Thus, this chapter does not attempt to assess the magnitude of FE+20C reduction 
based on HT. however, slopes from the four FE-10C regression with 95% significance (FE-10C 
vs haul time and FE-10C vs Va for M14 and M15) indicate that a 1% increase in Va was 
approximately 2.0 to 3.6 times more effective at changing FE-10C as a 1 hour increase in haul 
time. 
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a) FE+20C b) FE-10C 

 

Figure 6.4. Fracture Energy Results 
 
Table 6.1. Fracture Energy Relationships 
Mix Behavior Relationship R2 p-value Significant? 

M14 FE+20C FE+20C = 2.55 – 0.02 HT <0.01 0.73 No 
FE+20C = 5.47 – 0.31 Va 0.22 0.08 No 

M15 FE+20C FE+20C = 3.09 – 0.14 HT 0.35 0.01 Yes 
FE+20C = 3.87 – 0.16 Va 0.01 0.66 No 

M16 FE+20C FE+20C = 3.48 – 0.12 HT 0.13 0.11 No 
FE+20C = 1.43 – 0.12 Va <0.01 0.83 No 

M14 FE-10C FE-10C = 0.57 – 0.04 HT 0.65 <0.01 Yes 
FE-10C = 1.20 – 0.08 Va 0.37 0.02 Yes 

M15 FE-10C FE-10C = 0.67 – 0.05 HT 0.63 <0.01 Yes 
FE-10C = 2.14 – 0.18 Va 0.33 0.03 Yes 

M16 FE-10C FE-10C = 0.32 – 0.01 HT 0.15 0.14 No 
FE-10C = -0.14 + 0.04 Va 0.04 0.48 No 

 
6.4.3 Phase III – Assessment of ML and St Results in PMLC Specimens 
 

Figure 6.5 plots the plant mixed and SGC compacted results at 4% and 7% Va provided 
in Table 5.2. Figures 6.5a to 6.5c present trends for specimens compacted to 11.5 cm thick 
whereas Figures 6.5d to 6.5i provide results of specimens compacted to 6.3 cm thick. 
Relationships were evaluated generally in Figure 6.5 and statistical evaluations are provided 
in Tables 6.2 to 6.5. General assessments of trends analysis are provided in subsection 6.4.3.1 
and statistical assessments are provided in subsection 6.4.3.2. 
 
6.4.3.1 General Assessment of PMLC Results 
 

ML or St relationships with haul time were best produced using linear regressions in 
most cases where effects of haul time were shown in Figure 6.5, but logarithmic relationships 
provided the best fit between ML of 11.5 cm tall specimens compacted to 4% Va and haul time. 
First, haul time only had noticeable effects on ML or St in eight of the eighteen relationships 
(44%). Second, seven of the eight regressions (88%) that detected effects of haul time were for 
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specimens compacted to 4% Va. The tendency of haul time to primarily be detected only in 
specimens compacted to 4% Va suggests that haul time effects are secondary effects, which 
may not be noticed at densities of typical pavements. Third, the relationships with the highest 
R2 were logarithmic, which indicates that haul time effects are more severe during the first two 
hours of haul time. Fourth, there were more significant regressions detected for M14 specimens 
than for M15 or M16 mixes, which could be due to the higher mix temperatures during 
production (Tpre of 164°C for M14 vs 153°C for M15 and 148°C for M16). 
 

 
 
 
 
 
 
 
 
 
 
 
   
 a) M14 CML ht = 11.5 cm b) M15 CML ht = 11.5 cm c) M16 CML ht = 11.5 cm 
   
 
 
 
 
 
 
 
 
 
 
 d) M14 CML ht = 6.3 cm e) M15 CML ht = 6.3 cm f) M16 CML ht = 6.3 cm 

   
 g) M14 IDT ht = 6.3 cm h) M15 IDT ht = 6.3 cm i) M16 IDT ht = 6.3 cm 
 

Figure 6.5. Cantabro and Indirect Tensile Analysis of PMLC Specimens 
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Table 6.2. Cantabro and Indirect Tensile Regressions of PMLC Data 
CML (ht = 11.5 cm)  CML (ht = 6.3 cm)  IDT (ht = 6.3 cm) 

Mix Va 

(%) p-value Significant?  Mix Va 

(%) p-value Significant?  Mix Va 

(%) p-value Significant? 

M14 4 <0.01 Yes  M14 4 <0.01 Yes  M14 4 <0.01 Yes 
7 <0.01 Yes  7 .26 No  7 0.90 No 

M15 4 <0.01 Yes  M15 4 0.72 No  M15 4 0.54 No 
7 0.90 No  7 .70 No  7 0.64 No 

M16 4 <0.01 Yes  M16 4 <0.01 Yes  M16 4 0.02 Yes 
7 0.90 No  7 .46 No  7 0.19 No 

 
6.4.3.2 Statistical Assessment of PMLC Results 
 
 To further investigate the Figure 6.5 trends, four analysis of variance (ANOVA) 
assessments were conducted at the 95% confidence level to evaluate the effects of HT on ML 
and St in plant mixed and SGC compacted specimens (Table 6.3). ML evaluations were divided 
by target Va and considered treatments of mix and haul time (HT) rounded to the nearest hour 
with specimen height (ht) as a block factor. St evaluations considered the same treatments as 
ML evaluations, but had no block factors. As expected, the ANOVAs indicate significant 
effects of ht, mix and HT on ML for both evaluations, but treatment interaction was evident in 
specimens compacted to 7% Va. Thus, Table 6.4 ML rankings can consider treatment factors 
individually at 4% Va but must consider treatments collectively when compacted to 7% Va. 
Table 6.4 first presents rankings of all ML data and subsequently presents ML corresponding 
to separate specimen sizes. St ANOVA results indicate significant effects of HT on St at 4% 
with no evidence of interaction, but St at 7% Va was only sensitive to treatment interaction and 
neither treatment individually. Thus, Table 6.4 St rankings consider HT independently at 4% 
Va, but consider combinations of mix and HT at 7% Va.  
 
Table 6.3. PMLC ANOVAs 
   4% Va  7% Va 
Response Source  d.f. p-value Significant?  d.f. p-value Significant? 

ML 

Total (Corrected)  131 --- ---  71 --- --- 
ht  1 <0.01 Yes  1 0.01 Yes 

Mix  2 <0.01 Yes  2 <0.01 Yes 
HT  5 <0.01 Yes  4 0.03 Yes 

Mix * HT  7 0.23 No  5 0.01 Yes 
Error  116 --- ---  59 --- -- 

St 

Total (Corrected)  40 --- ---  44 ---  
Mix  2 0.08 No  2 0.09 No 
HT  5 <0.01 Yes  5 0.20 No 

Mix * HT  7 0.06 No  7 0.04 Yes 
Error  26 --- ---  14 ---  

 
 For interpretation, Table 6.4 rankings present the average ML or St for the indicated 
number of specimens (n) meeting the criteria indicated by test type, mix, and HT. However, 
statistical differences are only indicated when two averages do not belong to the same t-group. 
For example, there is no significant difference in ML of specimens compacted to 4% Va (all 
data) and hauled for 6 to 11 hr as all three combinations belong to t-group “A”. However, there 
is a significant difference detected between ML of specimens from mix hauled for 1 hr or 11 h 
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as specimens hauled for 1 hr belong to t-groups “C” and “D” while specimens hauled for 11 
hr belong to t-groups “A” and “B”. 
 Rankings for both mixture tests provide more conclusive results at 4% Va than at 7% 
Va, which agrees with the previous observation that most relationships with significance for 
ML or St to HT were in specimens compacted to 4% Va. Rankings at 4% Va suggest that most 
changes to ML and St occurred during the first 2 hr of HT with non-significant differences 
occurring after 2 hr. This observation also mimics the finding from Figure 6.3 where the 
strongest relationships were logarithmic and indicated little change after 2 hr. Further, the 
average increase in ML between 1 and 8 hr of HT was 2.5% in 4% Va specimens without 
respect to specimen geometry (Table 6.4). The average ML increase over the same amount of 
time was 2.0% and 3.1% for 11.5 cm and 6.3 cm tall specimens, respectively. Test results at 
7% Va do not provide as much clarity. Substantial chaining across t-groups for both tests at 7% 
Va limits the conclusions at 7% Va. 
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Table 6.4. Rankings of PMLC Results 1 
 ML (all data)  ML (ht = 11.5 cm)  ML (ht = 6.3 cm)  St      
Ranking Mix HT 

(hr) 
n Avg  

(%) 
t-group  Mix HT 

(hr) 
n Avg  

(%) 
t-group  Mix HT 

(hr) 
n Avg 

(%) 
t-group  Mix HT 

(hr) 
n Avg 

(kPa) 
 t-group 

Mix  
(4% Va) 

M14 --- 44 14.0 A  M14 --- 20 12.9 A  M14 --- 24 14.9 A  M16 --- 13 2,142  --- 
M15 --- 44 13.2    B  M15 --- 20 11.4    B  M15 --- 24 14.7 A  M14 --- 14 2,094  --- 
M16 --- 44 13.0    B  M16 --- 20 11.3    B  M16 --- 24 14.4 A  M15 --- 14 2,059  --- 

HT  
(4% Va) 

--- 8 18 15.3 A  --- 6 9 14.3 A  --- 8 9 16.5 A  --- 11 3 2,197  A 
--- 6 18 15.0 A  --- 8 9 14.1 A  --- 11 3 15.9 A  --- 8 7 2,173  A 
--- 11 6 14.9 AB  --- 11 3 13.9 A  --- 6 9 15.8 A  --- 6 7 2,169  A 
--- 2 12 13.8    BC  --- 2 6 13.6 A  --- 0 36 14.3    B  --- 2 6 2,124  AB 
--- 1 18 12.8       CD  --- 1 9 12.1    B  --- 2 6 13.9    B  --- 0 9 2,044     BC 
--- 0 60 12.3          D  --- 0 24 9.4       C  --- 1 9 13.4    B  --- 1 9 1,986        C 

Mix and HT 
(7% Va) 

M14 8 6 21.8 A  M14 8 3 21.7 A  M14 8 3 22.0 A  M16 6 3 1,774  A 
M16 6 6 19.9    B  M14 6 3 20.0 AB  M16 8 3 21.2 AB  M15 2 3 1,760  AB 
M16 8 6 19.4    BC  M15 6 3 18.9    BC  M16 6 3 21.0 AB  M16 11 3 1,724  AB 
M14 6 6 19.4    BC  M16 6 3 18.8    BC  M14 2 3 20.4 ABC  M14 8 3 1,689  ABC 
M14 2 6 19.3    BCD  M14 2 3 18.2    BC  M14 1 3 19.0    BCD  M16 8 3 1,653  ABCD 
M15 6 6 18.9    BCD  M14 1 3 18.1    BC  M16 11 3 19.0    BCD  M14 0 3 1,653  ABCD 
M14 1 6 18.5    BCDE  M15 2 3 18.0    BC  M15 6 3 18.9    BCD  M15 1 3 1,639  ABCD 
M16 11 6 18.0    BCDE  M16 8 3 17.6    BC  M14 6 3 18.7    BCD  M14 2 3 1,636  ABCD 
M15 2 6 17.8       CDE  M16 1 3 17.2       C  M16 1 3 18.3    BCD  M16 1 3 1,626  ABCD 
M16 1 6 17.7       CDE  M16 11 3 17.1       C  M15 1 3 17.8       CD  M16 0 3 1,621     BCD 
M15 1 6 17.3          DE  M15 1 3 16.8       C  M15 2 3 17.7       CD  M14 1 3 1,618     BCD 
M15 8 6 16.7             E  M15 8 3 16.5       C  M15 8 3 16.8          D  M15 8 3 1,565        CD 
--- --- --- --- ---  --- --- --- --- ---  --- --- --- --- ---  M15 6 3 1,563        CD 
--- --- --- --- ---  --- --- --- --- ---  --- --- --- --- ---  M14 6 3 1,525           D 
--- --- --- --- ---  --- --- --- --- ---  --- --- --- --- ---  M15 0 3 1,519           D 

Note HT values shown are rounded to the nearest hour2 
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Both Section 6.4.3 assessments lead to the same observations: 1) HT effects are 
detectable in PMLC specimens compacted to 4% Va, but HT effects were less detectable in 
PMLC specimens compacted to 7% Va, 2) most ML or St increase during hauling occurred 
during the first 2 hr, and 3) less desirable and more pronounced behaviors were observed in 
M14 specimens than M15 or M16 specimens. Stated another way, haul time effects were 
detected in PMLC specimens compacted to 4% Va, where there is inherently less variability, 
but PMLC specimens compacted to more realistic density levels for in-place pavements (i.e. 
7% Va) did not indicate the effects of haul time. 
 
6.4.4 Phase IV – Assessment of ML and St Results in PMFC Cores 
 
 Phase IV assessments conducted a global assessment (Section 6.4.4.1) and a controlled 
assessment (Section 6.4.4.2) of 848 CML and 640 IDT tests conducted on PMFC cores that 
were sampled soon after construction or after up to five years of field aging. Figure 6.6 presents 
scatter plots between mixture test results and production variables of interest, including: haul 
time (HT), mix temperature before hauling (Tpre), presence of chemical warm mix technology, 
field age in years, and air voids (Va). The Figure 6.6 trends suggest that there could be effects 
of each of the five factors considered, but these trends neglect the potential for factor 
interaction (e.g. generally increased Va in strips with longer haul times). Thus, the following 
two sub-sections conduct more detailed analysis which consider the effects of factors 
independently of one another. 
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a) ML – Haul Time b) ML - Tpre c) ML – Cemical WMA 
 
 
 
 
 
 
 
 
 
 
 

d) ML – Longer Term Age e) ML – Air Voids 
 
 
 
 
 
 
 
 
 
 
 

 f) St – Haul Time g) St - Tpre h) St – Chemical WMA 
 
 
 
 
 
 
 
 
 
 
 

 i)St – Longer Term Age j) St – Air Voids 
Figure 6.6. Global Assessment of CML and IDT Data from PMFC Cores 
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6.4.4.1 Global Assessment of PMFC Results 
 

Multiple regression was used to individually assess the impact of the Figure 6.6 
variables on ML and St. This analysis was conducted in SAS statistical software using PROC 
REG, which estimates linear coefficients for all variables considered. Table 6.5 presents two 
analysis approaches. The first approach considered all Figure 6.6 variables, and the second 
approach considered only the variables identified as having significant effects on ML or St 
during the first analysis. Variable transformations (i.e. logarithmic and quadratic relationships) 
were evaluated for each variable of interest, but the inability of variable transformations to 
meaningfully improve regression fit led to only considering linear regressions. The final 
regressions determined in Table 6.5 are provided as equations in Equation 6.1 and 6.2. 
 
Table 6.5. Multiple Regression Analysis of CML and IDT Results from PMFC Cores 
 CML  

(All Parameters) 
 IDT  
(All Parameters) 

 CML  
(Sig Parameters) 

 IDT  
(Sig Parameters) 

Parameter Value p-value Sig?  Value p-value Sig?  Value p-value Sig?  Value p-value Sig? 
β0 -81.2 <0.01 Yes  2796.3 <0.01 Yes  -76.5 <0.01 Yes  2780.1 <0.01 Yes 
βHT -0.17 0.26 No  -1.0 0.68 No  --- --- ---  --- --- --- 
βChemWMA 0.49 0.70 No  57.7 <0.01 Yes  --- --- ---  59.7 <0.01 Yes 
βTpre 0.34 <0.01 Yes  -5.8 <0.01 Yes  0.32 <0.01 Yes  -5.4 <0.01 Yes 
βAge 4.27 <0.01 Yes  82.0 <0.01 Yes  4.26 <0.01 Yes  81.8 <0.01 Yes 
βVa 5.34 <0.01 Yes  -84.2 <0.01 Yes  5.25 <0.01 Yes  -85.3 <0.01 Yes 
Model --- <0.01 Yes  --- <0.01 Yes  --- <0.01 Yes  --- <0.01 Yes 
R2adj 0.56 --- ---  0.72 --- ---  0.56 --- ---  0.72 --- --- 
 
 ML = – 76.5 + 0.32 (Tpre) + 4.26 (Age) + 5.25 (Va) (6.1) 
 
 St = 2780.1 + 59.7 (ChemWMA) – 5.4 (Tpre) + 81.8 (Age) – 85.3 (Va) (6.2) 
 
 Where, 
 ML = Cantabro Mass Loss (%) 
 St = Indirect Tensile Strength (kPa) 
 Tpre = Mix Temperature Before Hauling 
 ChemWMA = Presence of Chemically Based Warm Mix Additive (no = 0 ; yes = 1) 
 Age = Longer Term Aging Time (years) 
 Va = Air Voids (%) 
 
 As shown in Table 6.5, the Equation 6.1 model had an adjusted coefficient of 
determination (R2adj) of 0.56 and was statistically significant with a p-value of < 0.01, which 
is acceptable based on the amount of scatter which is inherent with CML results when testing 
field cores. The Equation 6.2 model had R2adj of 0.72 and was also statistically significant with 
p-value of < 0.01. There were statistically significant coefficients determined for Tpre, Age, and 
Va for both regressions, and there was a significant coefficient detected for ChemWMA in 
Equation 6.2. For both models, there was no significant effect of HT detected. This suggests 
that there were no significant effects of HT detected in field core tests for ML or St. 
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6.4.4.2 Controlled Assessment of PMFC Results 
 

Two further controlled assessments were completed to consider the effects of HT and 
Va on ML and St in cores. The first considered HT effects at single points in time between test 
strips, and the second considered HT effects on ML or St change over five years of 
environmental exposure. These assessments are described in the next two paragraphs in the 
order mentioned. Both assessments produced pairs of cores that were from the same mix, had 
within 0.2% Va of one another, and differed by only one variable (i.e. haul time between strips 
of the same mix or field aging time within the same test strip). After pairs were produced, the 
effects of HT were evaluated by producing mass loss ratio (MLR) or tensile strength ratio (StR) 
between control specimen tests or specimens with increased HT or increased field aging. 
 

  
a) MLR at Single Points in Time Between Test Strips 

 
b) StR at Single Points in Time Between Test Strips 
 

   All Data 
 Outliers 

Removed 
  

 
 

All Data 
 Outliers 

Removed 
Plot 
ID 

ΔHT 
(hr) 

Age 
(yr) 

Avg 
MLR n  

Avg 
MLR n 

 Plot 
ID 

ΔHT 
(hr) 

Age 
(yr) 

Avg 
StR n  

Avg 
StR n 

A 1.3 0 1.02 32  1.00 28  K 1.3 0 1.05 26  1.05 22 
B 4.5 to 4.8 0 1.18 60  1.06 54  L 4.5 to 4.8 0 1.03 38  1.03 38 
C 6.9 to 7.3 0 1.09 28  0.93 24  M 6.9 to 7.3 0 1.04 22  1.04 22 
D 9.5 0 1.15 22  1.12 18  N 9.5 0 1.15 14  1.15 14 
E 4.5 to 4.8 2 1.04 60  1.00 54  O 4.5 to 4.8 2 0.98 60  0.97 52 
F 4.5 to 4.8 3 1.04 66  1.02 52  P 4.5 to 4.8 3 1.00 60  1.00 60 
G 4.5 to 4.8 4 1.08 18  1.08 18  Q 4.5 to 4.8 4 1.05 32  1.02 30 
H 1.3 5 0.71 24  0.69 16  R 1.3 5 0.99 20  1.01 18 
I 4.5 to 4.8 5 0.74 18  0.67 16  S 4.5 to 4.8 5 0.97 20  0.97 20 
J 6.9 to 7.3 5 1.02 8  1.02 8  T 6.9 to 7.3 5 0.93 8  0.93 8 

 
Figure 6.7. Controlled Assessment of PMFC Core Data at Single Points in Time  
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Figure 6.7 contains plots for the relative change in ML and St resulting from changes in 
HT. The ten cases describe the effects of HT increase (ΔHT) for a single age in time by using 
cores from strips hauled for approximately 1 hour as control tests. For example, a bar with 
ΔHT of 1.10 MLR indicates that ML of a specimen hauled for approximately 2 hours produced 
ML that was 1.10 times the ML of a paired specimen hauled for approximately 1 hour. Shaded 
areas indicate the ranges where the effects of ΔHT are not considered as meaningful differences 
(i.e. behavior ratios between 0.9 and 1.1). Potential outliers were identified by determining 
which ratios were more than 1.5 times the interquartile range away from the average ratio 
(Moore and McCabe, 2004). There were four cases where meaningful effects of ΔHT were 
detected (i.e. D, H, I, and N) when potential outliers were removed, and six cases detected 
when all ratios were considered (i.e. B, C, D, H, I, and N). This observation leads to the same 
conclusion as Section 6.4.4.1 where there was little to no effect of HT detected in field core 
tests. 

 

 
a) MLR Over 5 Years Within Test Strips 

 
b) StR Over 5 Years Within Test Strips 
 

  All Data  Outliers Removed    All Data  Outliers Removed 
Plot 
ID 

HT 
(hr) 

Avg 
MLR n  

Avg 
MLR n 

 Plot 
ID 

HT 
(hr) 

Avg 
StR n  

Avg 
StR n 

A 1.0 to 1.1 2.41 18  2.29 15  F 1.0 to 1.1 1.47 14  1.44 13 
B 2.3 to 2.4 1.42 7  1.42 7  G 2.3 to 2.4 1.40 8  1.40 8 
C 5.6 to 5.8 2.17 30  2.10 29  H 5.6 to 5.8 1.36 14  1.36 14 
D 7.9 to 8.4 1.60 18  1.55 17  I 7.9 to 8.4 1.49 15  1.48 13 
E 10.5 1.56 4  1.56 4  J 10.5 1.25 5  1.25 5 

 
Figure 6.8. Controlled Assessment of PMFC Core Data Over Five Years 

 
 Figure 6.8 considers the effects of HT on the increase in ML or St between 0 year and 
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the control and ratios present the test property after 5 years of aging compared to the test 
property of specimens from the same pair when tested without longer term aging. As shown, 
there were no signs of HT causing increased ML or St after 5 years of field aging. Observations 
from Figures 6.7 and 6.8 lead to the same conclusion from section 6.4.4.1 where there was 
little to no effect of haul time detected in field core tests. 
 
6.5 Discussion of Short Term Aging Effects 
 
 Table 6.6 summarizes the four phase analysis conducted in Section 6.4. The four phase 
analysis detected haul time effects with binder and mixture tests in some cases, but most phases 
resulted in not detecting haul time effects. In fact, there were no cases where field cores from 
the full-scale test section detected negative effects from haul time. Thus, the effects of haul 
time were secondary for this test section. However, the magnitude of haul time effects where 
detected in mixture tests is worth further discussion. 
 
Table 6.6. Summary of Short Term Aging Effects on Material Properties 
Phase Description Haul Time Observations 

I Binder Data 
Analysis 

- All data collected without longer term aging 
- There were no prohibitive binder properties measured where HT ≤ 8.4 hr 
- ↑HT  ↑Tc(DSR25) in binder samples extracted from cores (no binder conditioning) and 

binder samples extracted from loose mix samples (PAV conditioned) 
- ↑HT  ↑Tc(BBRm) and ↓ΔTc in in binder samples extracted from cores (no binder 

conditioning) but not binder samples extracted from loose mix samples (PAV conditioned) 

II 
Assessment 
of Fracture 
Energy Data 

- All data collected without longer term aging 
- FE+20C of sliced specimen was not sensitive to Va measured on upper 6.3 cm 
- FE-10C of sliced specimens was sensitive to Va measured on upper 6.3 cm in M14 and M15, 

but not M16 
- Based on FE-10C reduction: 1% Va↓ was 2.0 to 3.6 times as impactful as 1 hour ↑ in HT 

III 

Assessment 
of PMLC 
Specimen 
Data 

- All data collected without longer term aging 
- HT effects are detectable at 4% Va, but are less obvious at 7% Va 
- Average ML↑ was 2.2% in 11.5 cm tall specimens at 4% Va as HT increased from 1 to 8 hr 
- Average ML↑ was 3.1% (2.8% after Figure 6.2a* factor) in 6.3 cm tall specimens at 4% Va 

as HT increased from 1 to 8 hr 
- HT effects are more pronounced in M14 than in M15 or M16 
- Highest R2 values observed in logarithmic relationships between ML and HT in specimens 

with 4% Va and ht = 11.5 cm 
- Significant effects of HT on ML and St occurred in first 2 hr of haul time 

IV 

Assessment 
of PMFC 
Specimen 
Data 

- Data collected after 0, 2, 3, 4, and 5 years of field aging 
- HT effects were not significant in ML or St multiple regression models 
- MLR due to HT was 1.04 (0.99 without outliers) on average in the ten cases considered 
- StR due to HT was 1.01 (1.01 without outliers) on average in the ten cases considered  
- Average HT based MLR or StR was 0.9 to 1.1 in 16 of 20 groups 
- HT did not affect increase in ML or St due to longer term aging 

*The Figure 6.2a factor indicated that ML results in 6.3 cm tall specimens should be divided by 1.1 for 
comparison to the Cox et al. (2017) database. This factor does not apply to MLR. 
 
 Sections 6.4.2 and 6.4.3 where the analysis phases where meaningful effects of haul 
time were detected, and there were minimal to no effects of haul time detected in Section 6.4.1 
or Section 6.4.4. Section 6.4.2 determined that a 1% Va increase was 2.0 to 3.6 times as 
impactful at decreasing FE-10C through SIDT testing. Section 6.4.3 indicated that increasing 
haul time from 1 to 8 hours produced a 2.5% ML increase in all specimens tested (i.e. all data 
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ML column at 4% Va from Table 6.4). This effect on ML can be used to compare with the 
effects of mixture property changes from Cox et al. (2017) as summarized in Table 6.7. Based 
on Figure 6.2a, it is inappropriate to made direct comparisons between ML of specimens with 
different dimensions, and the following paragraph relies on the ML increase in 11.5 cm 
specimens (2.0% ML or MLR of 1.17) to make comparisons to Table 6.7 where the database 
relied completely on 11.5 cm Cantabro tests.  
 
Table 6.7. Effects of Mixture Changes on ML after Cox et al. (2017) 
Mixture Change General Effect on ML 
High PG Grade 6°C↑  ↑ML 6.9% 
Inclusion of SBS 
Polymer 

PG 67-22 (neat) to PG 76-22 (SBS)  ↓ML 2.3% 
PG 64-22 (neat) similar to PG 76-22 (SBS) (9.1% ML vs. 9.2% ML) 

Aggregate Type Limestone to Gravel with no RAP  ↑ML 3.6% 

Va 
1% Va ↑  ↑ML 0.6% (un-aged) & ↑ML 0.6 to 2.8% (conditioned or field aged) 
↑Va (7% to 9%)  MLR 1.10 (un-aged) & MLR 1.09 to 1.22 (conditioned or field aged)   

Dust to Binder 
Ratio (D/Pbe) 

0.1 D/Pbe ↑  ↑ML 2.2%  

Binder Content (Pb) 
↑Pb from design by factor of 1.1 to 1.2  ↓ML by factor of 0.6 to 0.8 
↓Pb from design by factor of 0.8 to 0.9  ↑ML by factor of 1.5 to 2.0 

Field Aging1 1 Year  ↑ML by factor of 1.16 to 1.40 (average of 1.22) 
-- All specimens were SGC compacted and 11.5 cm tall 
1Specimens were field aged on an asphalt pavement in Columbus, MS with plastic pipe surrounding specimen  
edges. Tops were directly exposed to the environment and bottoms were in direct contact with the pavement. 
 

 Comparing the 2.0% ML increase between 1 hour and 8 hours of haul time to the ML 
increases in Table 6.6, the effects of an 8 hour haul time were less than ML effects caused by 
a 6°C increase in high PG binder grade, a change in coarse aggregate type, or a reduction in Pb 
by a factors of 0.8 to 0.9 (i.e. 0.5% to 1.0% Pb decrease for M14 to M16). The ML change 
produced by 8 hour hauls were of approximately the same magnitude as the inclusion of SBS 
polymer or a 0.1 increase in dust to effective binder ratio. The only Table 6.6 factor to have a 
lesser effect on ML than 8 hours of hauling was where Va was increased from 7% to 9%, but 
the effects of Va were more pronounced than haul time effects after longer term aging or longer 
term conditioning had occurred.  
 
6.6 Summary of Short Term Aging Effects 
 
 This chapter conducted an investigation of haul time effects of the mixtures used in the 
Figure 3.1 test section where mixes were hauled for 1.0 to 10.5 hours and subsequently 
monitored for five years of environmental exposure. Preliminary considerations determined 
that mixes had consistent volumetrics and were stable over time with no appreciable binder 
absorption as a result of haul time or after up to 3 years of field aging. Through a four phase 
analysis of haul time effects, haul time was determined to have secondary effects on mixture 
behaviors detected using the Cantabro mass loss and Indirect Tensile strength tests when 
compared to factors such as compacted density or field aging time. There were practically no 
signs of decreased mixture behavior in mixtures hauled between approximately 2 and 
approximately 8 hours when evaluated soon after construction, and there were no negative 
effects of haul time detected after five years of environmental exposure. Overall, the authors 
did not find evidence to support detrimental effects of increased haul times up to 8 hours in 
this chapter. There was evidence of haul time effects in some cases, but haul time effects were 
secondary. 
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CHAPTER 7 – FIVE YEAR MIXTURE AGING RESULTS 
 
7.1 Overview of Mix Conditioning 
 
 This chapter considers the Chapter 3 conditioning protocols and uses mixture tests to 
pair the damage produced from laboratory conditioning to the damage produced by exposure 
to non-load associated environmental factors in the Figure 3.1 test section. To complete this 
objective, the Cantabro Mass Loss (CML), indirect tensile (IDT), and Superpave 
instrumented indirect tensile (SIDT) tests were used to compare properties of cores collected 
soon after construction that had been subjected to laboratory conditioning and cores which 
were collected after 0, 2, 3, 4, or 5 years of environmental exposure.  
 
7.2 Analysis of Mix Conditioning Results 
 
 Based on observations from Chapter 6, this chapter: 1) neglected effects of haul times 
up to 8.5 hours by combining CML and IDT test results by mix (i.e. M14, M15, and M16a); 
2) did not consider strip 12 based on the effects of haul time observed after 10.5 hours of 
hauling in Chapter 6, which is why strips 9 to 11 are designated M16a; 3) considers the 
observations that moisture induced damage was not observed in the first five years of aging 
based on there being no stripping inflection points (SIPs) determined in 197 HLWT tests 
described in Table 5.1.  
 Prior to matching the effects of laboratory conditioning to environmental exposure, an 
outlier removal process was completed for CML and IDT test results based on linear 
regressions between ML and Va or St and Va. All CML and IDT test results from M14, M15, 
or M16a that were originally presented in Tables 5.3 and 5.4 were considered for outlier 
removal, and Table 7.1 summarizes the results after outlier removal. Outliers were identified 
by determining the Cook’s distance, that was originally described by Cook (1977), for each 
data point considered in 63 regressions between ML or St and Va. Results where the Cook’s 
distance was greater than four divided by the total number of observations were removed as 
outliers. 
 Table 7.1 provides summary statistics (i.e. average (avg) and coefficient of variation 
(COV)) and regressions between ML or St and Va after outlier removal.  Coefficients of 
determination (R2) and probabilities of non-significance (p-value) are provided for each 
regression. The total number of data points considered (n) and the number of outliers 
removed (no) are also provided. For example, the average St of 0 year specimens from M14 
was 955 kPa with a COV of 17%, and these values were measured on 52 of the original 53 
data points after one outlier was removed. Subsections 7.2.1 and 7.2.2 only consider results 
which were not identified as outliers in the Table 7.1 outlier removal process.  
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Table 7.1. Cantabro and Indirect Tensile Test Results after Outlier Removal 

Mix Age 
or CP 

ML     St 

n no 
Avg 
(%) 

COV 
(%) 

Va Avg 
(%) 

Va COV 
(%) 

Regression R2 p-value  n no 
Avg 
(kPa) 

COV 
(%)  Va Avg 

(%) 

Va COV 
(%) 

Regression R2 p-value 

M14 

0 year 69 6 31.5 46 10.9 16 ML =6.5(Va) – 39.7 0.65 <0.01  53 1 955 17  10.8 18 St =1643 – 63.8 (Va) 0.58 <0.01 
2 year 55 6 34.7 33 9.2 13 ML =7.3(Va) – 32.6 0.63 <0.01  41 2 1272 12  9.4 10 St =2562 – 137.7 (Va) 0.66 <0.01 
3 year 59 4 32.2 26 9.1 12 ML =5.6(Va) – 18.7 0.58 <0.01  44 1 1359 12  8.9 14 St =2057 – 78.0 (Va) 0.35 <0.01 
4 year 25 2 47.9 42 10.0 18 ML =10.1(Va) – 56.5 0.83 <0.01  24 1 1454 18  9.4 12 St =3177 – 183.0 (Va)  0.67 <0.01 
5 year 48 3 43.2 31 9.9 12 ML =5.8 (Va) – 14.4 0.27 <0.01  40 3 1425 12  9.8 15 St =2112 – 69.9 (Va) 0.35 <0.01 
CP1 20 1 30.3 28 11.1 19 ML =3.2(Va) – 5.3 0.61 <0.01  10 1 1102 3  10.6 9 St =2143 – 98.1 (Va) 0.66 <0.01 
CP2 20 1 32.4 43 10.8 17 ML =6.5 (Va) – 37.5 0.72 <0.01  --- -- --- ---  --- --- --- --- --- 
CP3 18 1 43.4 37 11.1 16 ML =7.1 (Va) – 35.6 0.63 <0.01  --- -- --- ---  --- --- --- --- --- 
CP4 16 1 42.5 43 11.3 17 ML =7.3 (Va) – 40.1 0.59 <0.01  12 1 839 17  11.4 19 St =1543 – 61.6 (Va) 0.90 <0.01 
CP5 20 1 47.0 37 11.1 18 ML =6.0 (Va) – 19.0 0.44 <0.01  --- -- --- ---  --- --- --- --- --- 
CP6 18 2 52.4 37 11.1 18 ML =9.1 (Va) – 49.2 0.83 <0.01  12 1 757 24  10.9 18 St =1490 – 67.3 (Va) 0.54 0.01 
CP7 16 1 51.7 25 11.5 17 ML =3.6 (Va) – 10.1 0.33 0.03  14 0 872 22  10.9 18 St =1657 – 72.3 (Va) 0.54 <0.01 

M15 

0 year 57 5 20.3 23 9.3 16 ML =2.4 (Va) – 2.0 0.61 <0.01  45 5 1088 14  9.2 15 St =2039 – 103.4 (Va) 0.82 <0.01 
2 year 57 4 22.9 15 8.1 10 ML =1.7 (Va) + 9.3 0.17 <0.01  40 2 1490 12  7.9 10 St =2843 – 171.2 (Va)  0.55 <0.01 
3 year 56 5 22.2 16 7.5 9 ML =2.8 (Va) + 1.3 0.32 <0.01  40 1 1559 11  7.6 20 St =2790 – 162.9 (Va)  0.50 <0.01 
4 year 26 2 30.5 21 7.8 20 ML =2.1 (Va) + 14.2 0.26 0.01  20 0 1627 14  8.3 17 St =2340 – 86.1 (Va) 0.29 0.01 
5 year 48 2 35.0 29 8.3 22 ML =4.3 (Va) – 0.2 0.58 <0.01  40 2 1681 12  8.0 17 St =2650 – 121.4 (Va)  0.62 <0.01 
CP1 19 1 24.9 19 9.0 17 ML =2.0 (Va) + 6.7 0.44 <0.01  12 1 1335 14  9.3 14 St =2595 – 135.7 (Va)  0.90 <0.01 
CP2 21 1 23.3 23 9.1 17 ML =2.5 (Va) + 0.2 0.56 <0.01  --- -- --- ---  --- --- --- --- --- 
CP3 18 3 24.6 22 8.7 16 ML =3.3 (Va) – 3.8 0.71 <0.01  --- -- --- ---  --- --- --- --- --- 
CP4 17 2 30.1 42 9.0 18 ML =7.1 (Va) – 33.8 0.85 <0.01  12 1 1049 9  8.6 11 St =1752 – 81.6 (Va) 0.74 <0.01 
CP5 18 2 33.2 34 8.9 14 ML =7.6 (Va) – 34.1 0.70 <0.01  --- -- --- ---  --- --- --- --- --- 
CP6 18 1 30.1 26 8.7 15 ML =4.0 (Va) – 5.1 0.49 <0.01  14 1 906 18  8.9 16 St =1458 – 61.7 (Va) 0.29 0.06 
CP7 18 1 34.4 28 9.2 16 ML =6.0 (Va) – 21.2 0.83 <0.01  13 0 1105 12  9.2 15 St =1872 – 83.6 (Va) 0.71 <0.01 

M16a 

0 year 67 4 28.7 42 11.4 19 ML =4.2 (Va) – 19.6 0.61 <0.01  41 2 1035 17  11.4 18 St =1918 – 77.2 (Va) 0.77 <0.01 
2 year 98 6 31.3 33 10.1 16 ML =5.1 (Va) – 19.8 0.60 <0.01  60 1 1495 10  8.8 12 St =2177 – 77.4 (Va) 0.34 <0.01 
3 year 94 6 30.8 40 9.6 19 ML =6.1 (Va) – 28.2 0.79 <0.01  65 0 1474 11  9.8 17 St =1982 – 52.0 (Va) 0.29 <0.01 
4 year 39 2 37.6 42 9.3 19 ML =5.9 (Va) – 17.0 0.41 <0.01  31 3 1533 12  9.0 17 St =2383 – 94.1 (Va) 0.61 <0.01 
5 year 49 3 46.8 38 10.0 18 ML =6.6 (Va) – 19.1 0.46 <0.01  36 2 1511 8  10.4 19 St =1696 – 17.8 (Va) 0.07 0.12 
CP1 12 1 32.3 18 12.1 10 ML =4.3 (Va) – 19.4 0.72 <0.01  11 1 1140 13  11.9 17 St =1939 – 67.0 (Va) 0.83 <0.01 
CP2 10 1 28.1 33 12.1 12 ML =6.0 (Va) – 44.3 0.81 <0.01  --- -- --- ---  --- --- --- --- --- 
CP3 13 0 40.9 32 11.8 11 ML =5.8 (Va) – 26.8 0.34 0.04  --- -- --- ---  --- --- --- --- --- 
CP4 15 0 41.4 29 11.5 13 ML =4.6 (Va) – 11.7 0.35 0.02  10 1 907 12  11.9 11 St =970 – 5.3 (Va) 0.00 0.87 
CP5 11 1 45.3 14 12.2 10 ML =3.3 (Va) + 4.6 0.46 0.03  --- -- --- ---  --- --- --- --- --- 
CP6 12 1 42.2 31 12.1 9 ML =1.2 (Va) + 27.9 0.01 0.77  8 1 782 13  12.1 10 St =1569 – 65.1 (Va) 0.56 0.05 
CP7 13 2 47.0 43 10.9 20 ML =8.4 (Va) – 44.6 0.83 <0.01  9 0 927 22  11.9 14 St =2169 – 104.1 (Va)  0.75 <0.01 
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7.2.1 Cantabro Mass Loss Results 
 
 Table 7.2 provides results from 105 paired t-tests where each matched pair considered 
specimens: 1) with Va differences of no more than 0.2%, 2) that were from the same mix, and 
3) that only differed by mixture condition or field age. The 95% confidence intervals of 
change in mass loss (ΔMLCI) were determined based on a number of specimen pairs 
considered (npair) between specimens of a given CP and age combination. In other words, 
ΔMLCI describes the increase in ML of field aged specimens that were not laboratory 
conditioned (MLf) to the ML of specimens which has been subjected to laboratory 
conditioning (MLl). For interpretation, tests with an all negative ΔMLCI indicate that the 
laboratory CP produced more damage than the amount of environmental exposure 
considered, and an all positive ΔMLCI indicates that field aging was more severe. No 
significant difference is detected when ΔMLCI contains both negative and positive values, but 
a ΔMLCI which is more centered on zero with a smaller range indicates stronger agreement. 
For example, 2 years of field exposure matched closest with CP3 in M14 because ΔMLCI was 
more centered on zero for the comparison of CP3 to 2 years of field aging than when 
compared to 3 years or 4 years of environmental exposure (although there was no statistical 
difference between CP3 and 3 years or 4 years of aging). 
 There is a noteworthy difference in the M15 response to laboratory conditioning 
when compared to the other two mixes. While CPs using hot water followed by FT produced 
more damage than oven conditioning for all mixes, Table 7.1 indicates that M15 was more 
susceptible to oxidation and more resistant to moisture conditioning or FT damage than the 
other two mixtures. These differences are likely due to differences in Va (see Table 7.1) and 
moisture infiltration as M15 has lower Va and lower moisture infiltration. Based on 
measurements as per Section 3.6.5, the average moisture infiltration (Inf) for mixes M14, 
M15, and M16a were respectively 1.7, 0.5, and 2.7 centimeters per minute. 
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Table 7.2. Matching Field Aging to Laboratory Conditioning with Cantabro Results 
Summary of CP  M14   M15  M16a 
Relative to Field  npairs ΔMLCI (%) Conclusion  npairs ΔMLCI (%) Conclusion  npairs ΔMLCI (%) Conclusion 

CP1 = 0 to 2 years 

 14 -5.0 to 1.7 0 years = CP1a  15 -7.2 to -2.9 0 years < CP1  11 -6.2 to -0.4 0 years < CP1a 

 10 7.0 to 16.4 2 years > CP1  13 -1.5 to 2.9 2 years = CP1a  10 5.6 to 14.6 2 years > CP1a 

 11 7.9 to 13.4 3 years > CP1  10 -2.7 to 3.9 3 years = CP1  7 8.9 to 20.2 3 years > CP1 
 12 9.8 to 30.1 4 years > CP1  12 6.3 to 11.8 4 years > CP1  7 12.1 to 38.5 4 years > CP1 
 14 11.9 to 21.8 5 years > CP1  13 12.4 to 18.0 5 years > CP1  10 18.3 to 34.0 5 years > CP1 

CP2 = 0 to 2 years 

 19 -4.8 to 4.6 0 years = CP2a  20 -5.2 to -1.5 0 years < CP2  9 -0.7 to 5.1 0 years = CP2 a 
 15 10.6 to 20.1 2 years > CP2  15 -0.2 to 4.9 2 years = CP2 a  8 7.7 to 18.4 2 years > CP2 
 11 8.0 to 16.7 3 years > CP2  11 0.3 to 4.5 3 years > CP2  5 3.6 to 30.9 3 years > CP2 
 11 10.0 to 29.4 4 years > CP2  10 6.8 to 17.6 4 years > CP2  6 22.8 to 38.7 4 years > CP2 
 16 10.6 to 21.0 5 years > CP2  15 13.1 to 19.0 5 years > CP2  8 23.0 to 40.0 5 years > CP2 

CP3 = 2 to 3 years 

 17 -15.6 to -2.2 0 years < CP3  14 -7.5 to -3.9 0 years < CP3  13 -13.9 to -4.4 0 years < CP3 
 12 -3.3 to 10.3 2 years = CP3a  13 -1.8 to 2.6 2 years = CP3a  13 -7.2 to 5.7 2 years = CP3 
 10 -1.7 to 11.9 3 years = CP3  11 -1.6 to 4.3 3 years = CP3  9 -6.5 to 7.5 3 years = CP3a 
 10 -0.9 to 19.4 4 years = CP3  9 1.8 to 13.0 4 years > CP4  8 2.3 to 26.3 4 years > CP3 
 13 3.5 to 11.6 5 years > CP3  11 11.1 to 16.8 5 years > CP3  12 7.4 to 28.8 5 years > CP3 

CP4 = 3 years 

 14 -16.1 to -4.6 0 years < CP4  15 -15.9 to -5.1 0 years < CP4  5 -25.8 to 0.0 0 years < CP4 
 10 -4.2 to 15.9 2 years = CP4  12 -4.2 to 1.3 2 years = CP4  14 -8.6 to 4.0 2 years = CP4 
 7 -4.8 to 10.7 3 years = CP4a  9 -2.3 to 3.2 3 years = CP4a  11 -7.0 to 7.0 3 years = CP4a 
 10 1.0 to 28.7 4 years > CP4  9 -3.4 to 14.5 4 years = CP4  11 -1.0 to 22.0 4 years = CP4 
 13 0.0 to 20.6 5 years = CP4  9 4.3 to 16.6 5 years > CP4  14 11.5 to 27.9 5 years > CP4 

CP5 = 2 to 4 years 

 18 -17.3 to -5.1 0 years < CP5  16 -18.6 to -9.0 0 years < CP5  10 -21.2 to -7.9 0 years < CP5 
 12 -6.3 to 6.9 2 years = CP5  14 -9.4 to -2.8 2 years < CP5  9 -5.6 to 5.1 2 years = CP5a 
 9 -5.9 to 5.5 3 years = CP5a  10 -5.9 to -1.3 3 years < CP5  8 -4.6 to 12.5 3 years = CP5 
 13 -4.4 to 12.8 4 years = CP5  9 -0.9 to 8.6 4 years = CP5a  6 -8.4 to 27.6 4 years = CP5 
 15 -7.7 to 10.5 5 years = CP5  12 -4.0 to 12.5 5 years = CP5  9 12.7 to 31.0 5 years > CP5 

CP6 = 3 to 5 years 

 14 -24.8 to 13.3 0 years < CP6  16 -14.9 to -8.2 0 years < CP6  11 -19.6 to -0.5 0 years < CP6 
 10 -7.0 to 3.0 2 years = CP6  15 -7.4 to -1.7 2 years < CP6  10 -8.2 to 14.7 2 years = CP6 
 9 -10.1 to 4.5 3 years = CP6  12 -7.9 to 0.7 3 years = CP6  8 -11.5 to 18.5 3 years = CP6a 
 12 -6.3 to 9.7 4 years = CP6  11 -1.7 to 7.6 4 years = CP6a  8 4.1 to 36.6 4 years > CP6 
 12 -5.3 to 7.0 5 years = CP6a  11 2.6 to 14.1 5 years > CP6  11 3.6 to 27.3 5 years > CP6 

CP7 = 4 to 5 years 

 13 -25.0 to -8.0 0 years < CP7  17 -16.9 to -10.6 0 years < CP7  9 -30.5 to -7.6 0 years < CP7 
 7 -19 to 4.2 2 years = CP7  12 -9.7 to 3.4 2 years < CP7  10 -14.8 to -4.4 2 years < CP7 
 8 -16.3 to 2.1 3 years = CP7  10 -7.1 to -1.0 3 years < CP7  7 -13.0 to 2.2 3 years = CP7 
 10 -11.7 to 12.3 4 years = CP7  7 -2.6 to 10.6 4 years = CP7a  7 -9.7 to 10.1 4 years = CP7a 
 12 -10.6 to 7.5 5 years = CP7a  12 -0.7 to 11.2 5 years = CP7  9 -1.1 to 20.1 5 years = CP7 

a closest match between field age and CP for a given mix; npairs = number of pairs considered; ΔMLCI = Confidence Interval of MLf – MLl
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7.2.2 Superpave Indirect Tensile Results 
 
 Table 5.5 provides Fracture Energy (FE) data after field aging and CP4, which was 
the only conditioning protocol considered in SIDT analysis. CP4 noticeably decreased FE-10C 
and FE+20C for most cases. CP4 reduced FE-10C to levels lower than that seen after 4 years of 
aging in five of the six test strips. The sixth strip (i.e. strip 3) detected no differences between 
any of the field ages or conditioning protocols considered with respect to FE-10C. FE+20C was 
noticeably decreased after CP4 in all strips considered. With respect to FE+20C, CP4 produced 
less than 2 years worth of environmental exposure in four of the test strips and as much 
damage as 2 to 4 years of environmental exposure in the other two strips. These observations 
indicate that CP4 simulated 1 to 4 years of environmental exposure, which is in general 
agreement with results from CML testing considering the limited SIDT dataset. 

 

 
 
 a) 20°C Results b) -10°C Results 
 

Figure 7.1. Results of SIDT Testing 
 
7.2.3 Indirect Tensile Results 
 
 Figure 7.2 presents normalized St for mixtures M14, M15, and M16a after the 
laboratory conditioning protocols and field aging times considered for IDT testing. 
Normalized values in Figure 7.2 were determined using the average Va for all IDT specimens 
considered by mix and determining the St corresponding to those Va levels using Table 7.1 
regressions. For example, 1,005 kPa for St of M14 specimens at 0 years was determined 
using 10.0% Va and the Table 7.1 regression for St.  

As shown, St increased from the 0 year St when considering field ages of 2 to 5 years, 
and CP1 was the only protocol to produce St increases after laboratory conditioning. CP1 
produced less than 2 years worth of environmental exposure for M14 and M16a whereas CP1 
produced approximately the same St as 3 years of environmental exposure for M15. Thus, 
CP1 simulated between 1 and 3 years of environmental exposure based on St results. 
However, it is concerning that CP4, CP6, and CP7 all reduced St with CP7 having the least 
amount of St change of all protocols considered for IDT testing. If IDT testing was suitable to 
universally consider mixture damage, St would have indicated at least a comparable change 
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after CP7 as the difference imparted by CP1 or CP4. Based solely on St, there appears to have 
been very little to no damage caused by 14 days of exposure to 64°C, which is unrealistic. 

 
Figure 7.2. Normalized IDT Test Results 

  
7.3 Discussion of Results 
 
 The only conditioning protocol evaluated with all three mixture tests (CML, SIDT, 
and IDT) was CP4. Generally, both CML and SIDT test results collected after CP4 
conditioning suggests 1 to 4 years of environmental exposure depending on test method (i.e. 
increased ML, decreased FE-10C, and decreased FE+20C). Alternatively, St property changes 
indicated that CP4 decreased St while field aging only increased St. Therefore, the remainder 
of this section considers whether ML or St is more suitable as a mixture property to compare 
conditioning protocols to environmental exposure time. 
 In ideal circumstances, mixture properties used to evaluate changes in mixture 
integrity should consistently increase or decrease with increased exposure to oxidation, 
moisture, or freeze-thaw cycles. Air voids should also compound in the same direction as 
these damage mechanisms. Regressions in Table 7.1 show that ML consistently increased 
with air voids while St consistently decreased with increased air voids. Damage from field 
aging time in years (tF) was shown in consistently increase both ML and St as shown in 
Equations 7.1 and 7.2, which are linear regressions of all non-laboratory conditioned cores 
used to produce Table 7.1 regressions.  
 
 ML (Tbl 7.1) = 2.75 (tF) + 25.4  p-value < 0.01 (7.1) 
 
 St (Tbl 7.1) = 102 (tF) + 1111 p-value < 0.01  (7.2) 
 
 The effects of the four laboratory conditioning protocols on ML and St are 
demonstrated in Table 7.3 and Figure 7.3. Mixture parameters used to consider damage 
should always increase or decrease with additional exposure to oxidation, moisture 
conditioning, or freeze-thaw conditioning (in some cases no change could be acceptable, but 
indications of property improvement is not). 
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Eight paired t-tests considered the effects of CP1, CP4, CP6, and CP7 on ML and St 
(Table 7.3). ML t-tests combined all Table 7.2 matched pairs for a given conditioning 
protocol where 0 year cores were considered, and St pairs followed the same approach. As an 
example, 40 Cantabro matched pairs for 0 year to CP1 comparisons were produced (i.e. 
14+15+11 from Table 7.2 row 1). As demonstrated in Table 7.3, CP1 and CP4 effects 
compounded to further increase ML when CP7 was conducted, but the effects of CP1 and 
CP4 conflicted with each other with less damage indicated in CP7 based on St results. 
 
Table 7.3. Statistical Inequality of Cantabro Mass Loss and Indirect Tensile Strength 
Condition Description Cantabro     Indirect Tensile Strength 

ML Effect npairs p-value Sig?  St Effect npairs p-value Sig? 

CP1 5 days – 85°C Air 
(AASHTO R30) 3.4 % ↑ 40 <0.01 Yes  168 kPa ↑ 27 <0.01 Yes 

CP4 14 days – 64°C Water 
+ 1 Freeze-Thaw  10.8% ↑ 34 <0.01 Yes  90 kPa ↓ 29 <0.01 Yes 

CP6 28 days – 64°C Water 13.7% ↑ 41 <0.01 Yes  204 kPa ↓ 28 <0.01 Yes 
CP7 CP1 + CP4 15.9% ↑ 39 <0.01 Yes  61 kPa ↓ 33 <0.01 Yes 
npairs = number of pairs considered; Sig? = was property effect significant at 95% confidence 
 

 The Table 7.3 analysis is presented graphically in Figure 7.3 where mixture test 
properties of laboratory conditioned cores are plotted on the vertical axis and non-
conditioned (i.e. CP0) mixture test properties are plotted on the horizontal axis. The Table 
7.3 conclusion is supported by Figure 7.3 equality line slopes. Slopes from Figures 7.3a to 
7.3d indicate increased damage based on ML results when more severe laboratory 
conditioning methods were used, and CP7 (i.e. CP1 followed by CP4) indicates the greatest 
amount of mixture damage. However, IDT test results indicate the least amount of property  
(i.e. St) change based on the equality plot slope in Figure 7.3h when compared to slopes from 
Figure 7.3e to 7.3h. This suggests that damage mechanisms may counteract one another to 
indicate less property change or mixture improvement based on St. Based on these 
observations, the collective conditioning protocol assessment in Table 7.4 relies on Cantabro 
and SIDT assessments with no reliance on IDT assessments. 
 
 
  



 
 

 103 

 
 

Matched Pairs Equality Linear (Matched Pairs) 

 
 a) ML – CP1 e) St – CP1 
 

 
 b) ML – CP4 f) St – CP4 
 

 
 c) ML – CP6 g) St – CP6 
 

 
 d) ML – CP7 h) St – CP7 
 

Figure 7.3. Inequality of Cantabro Mass Loss and Indirect Tensile Strength 
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Table 7.4.  Collective Assessment of Conditioning Protocols 
Conditioning 
Protocol 

Cantabro 
Assessment 

SIDT 
Assessment 

IDT  
Assessment 

Collective 
Assessment 

CP1 0 to 2 years --- 1 to 3 years 0 to 2 years 
CP2 0 to 2 years --- --- 0 to 2 years 
CP3 2 to 3 years --- --- 2 to 3 years 
CP4 3 years 1 to 4 years 0 years  3 years 
CP5 2 to 4 years --- --- 2 to 4 years 
CP6 3 to 5 years --- 0 years  3 to 5 years 
CP7 4  to 5 years --- 0 years  4 to 5 years 
 = Test results indicate behaviors that do not agree with field behaviors. 
 
7.4  Summary of Mix Conditioning 
 
 This chapter considered the effects of damage produced in asphalt mixes from 
laboratory conditioning and matched the resulting damage to damage produced from up to 5 
years of non-load associated environmental exposure in the Mississippi climate. Based on the 
analysis conducted, the Cantabro test consistently indicated increased damage with respect to 
the three mechanisms considered (i.e. hot air, hot water, and freeze-thaw cycles). Results 
from non-instrumented indirect tensile testing were shown to produce confounding results in 
some cases where multiple distress mechanisms had taken place. Thus, the Cantabro test was 
used to compare mixture conditioning protocols to damage due to non-load associated 
damage experienced over five years in the north Mississippi climate. Table 7.4 summarizes 
the overall assessment where laboratory conditioning protocols were matched to 
environmental effects from field aging.  

The guidance in Table 7.4 can be used in a variety of manners. For example, during 
mixture design, pavements that are in less critical circumstances might be required to meet a 
given mass loss value for a lesser damaging protocol (e.g. CP1), whereas pavements to be in 
situations where handling environmental exposure is of more critical importance might be 
required to meet more stringent protocols (e.g. CP7). Another example might be to pick 
mixes for a given project that fare better in CP7 than other mixes. This paragraph should be 
considered examples for MDOT, not recommendations to MDOT. Specific recommendations 
at the present time are made in Chapter 10. 
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CHAPTER 8 – BINDER TEST RESULTS  
 

8.1 Overview of Binder Test Results 

 

 This study provided a very good opportunity to evaluate binder property changes due to 

environmental exposure in an asphalt mixture. A dataset where original binders were sampled 

during paving and evaluated after longer term aging to evaluate binder conditioning levels is 

rare. This chapter compares binder properties after varying levels of binder conditioning at 

standard pressure and temperature levels outlined in AASHTO R28 to determine the amount of 

conditioning time necessary to simulate the binder property changes seen for the Figure 3.1 test 

section. 

 

8.2. Analysis of Binder Test Results 

  

 This section determines the amount of PAV conditioning time (PAVi) necessary to 

simulate the binder property changes experienced during field aging for the binders used in the 

Figure 3.1 test section. Figure 8.1 presents relationships between PAVi and the binder properties 

of interest for the neat PG 67-22 used in M14 and M15 (referred to as B1) and the PG 67-22 

modified with 0.5% M1 Evotherm 3GTM (referred to as B2). Trends were predictable (R2 > 0.90 

in all cases), and the majority of PAVi relationships were linear. Pen (Figure 8.1a) was the only 

exception with Pen following an exponential relationship with PAVi. In many cases PAVi 

effects were more pronounced in B1 than in B2 (i.e. for Tc(DSR25), Tc(BBRm), and ΔTc), which 

indicates that that additive decreased the effects of aging. 

 Table 8.1 relies on the Figure 8.1 regressions to determine PAVi to produce binder 

properties similar to those seen during field aging. To account for binder property changes 

resulting from the inclusion of RAP and other mixture production factors, mixture offsets were 

determined in the fourth column of Table 8.1 by subtracting the AASHTO T240 conditioned 

material property for binders B1 or B2 from the average 0 year property measured on FCB 

samples by mix. For example, the Pen mixture offset of -11 dmm for M14 was determined by 

averaging the FCB values with no longer term aging (23, 27, 29, and 25 dmm from Tables 5.8 

and 5.9) and subtracting the T240 conditioned ARB Pen for B1 (37 dmm from Table 5.10). This 

same process was completed for all mixture offsets in Table 8.1, and mixture offsets were added 

to the end of Figure 8.1 regressions to uniformly shift them to consider the effects of B1 and B2 

being incorporated in mixes M14, M15, and M16. As an example, the -11 dmm offset for M14 

Pen was added to  Pen = 30.9e-0.016(PAVi) to produce Pen = 30.9e-0.016(PAVi) – 11 and subsequently 

solved for PAVi (see Table 8.1 column 5). Table 8.1 column 5 regressions were then used in 

conjunction with FCB properties measured in Tables 5.6, 5.8, and 5.9 to determine PAVi needed 

to experience the same amount of property change as field aging or CP4 (the only mixture 

conditioning protocol considered for binder properties). This approach produced negative PAVi 

in some cases, and negative PAVi values were replaced with zeros based on the understanding 

that field aging and the CP4 conditioning protocol do not improve binder properties. 

 Had the test section considered in this report been constructed with the intention of 

considering PAV effects as opposed to being used in an emergency paving demonstration, large 

quantities of all raw materials would have been obtained and a comprehensive mixture offset 

would have been determined. Since this was impossible with the test section used for this report, 
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ARB and 0 year FCB sample properties was used.  
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Figure 8.1. Pressure Aging Vessel Time Behaviors for As-Received Binder 
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Table 8.1. PAV Times (PAVi) in hours to Simulate Binder Changes in Mixtures 1 

Binder 

Property 
Mix 

Figure 8.1 

Regression 

Mixture 

Offset 

Regression Plus Offset Solved for 

PAVi (Modified Fig. 8.1 Regression) 

 Test 

Strip 

2 Year PAVi  4 Year PAVi  CP4 PAVi 

 FCB0 FCB5  FCB0 FCB5  FCB0 FCB5 

Pen 
(dmm) 

M14 Pen = 30.9e-0.016(PAVi) -11 PAVi = ln[(Pen+11)/30.9](-1/0.016) 
 1 11 0  24 6  0 0 
 3 8 0  24 2  0 0 

M15 Pen = 30.9e-0.016(PAVi) +2 PAVi = ln[(Pen-2)/30.9](-1/0.016) 
 5 18 0  77 41  21 30 
 7 45 6  77 49  27 30 

M16 Pen = 28.4e-0.014(PAVi) -1 PAVi = ln[(Pen+1)/28.4](-1/0.014) 
 9 37 6  68 15  22 12 
 10 41 15  68 22  29 22 

Tc(DSR25) 
(°C) 

M14 Tc(DSR25) = 0.50(PAVi)+72.3 +8.3 PAVi = (Tc(DSR25)-80.6)(1/0.50) 
 1 14 0  27 8  0 0 
 3 19 5  32 6  3 4 

M15 Tc(DSR25) = 0.50(PAVi)+72.3 +2.9 PAVi = (Tc(DSR25)-75.2)(1/0.50) 
 5 13 0  35 15  7 6 
 7 24 2  40 21  11 10 

M16 Tc(DSR25) = 0.42(PAVi)+73.1 +3.9 PAVi = (Tc(DSR25)-77.0)(1/0.42) 
 9 21 0  40 4  5 1 
 10 28 10  45 10  10 6 

Tc(DSR8) 
(°C) 

M14 Tc(DSR8) = 0.17(PAVi)+18.8 +1.8 PAVi = (Tc(DSR8)-20.6)(1/0.17) 
 1 28 0  44 16  0 0 
 3 28 15  45 6  0 2 

M15 Tc(DSR8) = 0.17(PAVi)+18.8 -1.1 PAVi = (Tc(DSR8)-17.7)(1/0.17) 
 5 14 0  63 32  12 12 
 7 36 1  70 36  16 21 

M16 Tc(DSR8) = 0.16(PAVi)+19.3 -0.8 PAVi = (Tc(DSR8)-18.5)(1/0.16) 
 9 33 0  69 11  15 10 
 10 48 33  77 21  21 13 

Tc(BBRm) 
(°C) 

M14 Tc(BBRm) = 0.33(PAVi)–19.4 +0.2 PAVi = (Tc(BBRm)+19.2)(1/0.33) 
 1 15 0  29 14  2 0 
 3 14 6  34 5  2 4 

M15 Tc(BBRm) = 0.33(PAVi)–19.4 -4.0 PAVi = (Tc(BBRm)+23.4)(1/0.33) 
 5 15 0  42 23  13 14 
 7 27 5  48 30  16 17 

M16 Tc(BBRm) = 0.28(PAVi)–18.9 -1.8 PAVi = (Tc(BBRm)+20.7) (1/0.28) 
 9 21 0  46 5  11 6 
 10 28 15  52 9  13 8 

ΔTc 

(°C) 

M14 ΔTc = -0.27(PAVi)+0.2 -2.9 PAVi = (ΔTc+2.7)(-1/0.27) 
 1 10 0  17 8  3 0 
 3 9 3  18 3  3 1 

M15 ΔTc = -0.27(PAVi)+0.2 -2.2 PAVi = (ΔTc+2.0)(-1/0.27) 
 5 11 0  19 3  4 3 
 7 12 0  24 15  6 3 

M16 ΔTc = -0.22(PAVi)+0.2 -2.7 PAVi = (ΔTc+2.5)(-1/0.22) 
 9 12 0  23 0  5 0 
 10 15 2  25 0  2 2 

CI+SI 

M14 (CI+SI) =0.004(PAVi)+0.26 +0.33 PAVi = ((CI+SI)-0.59)(1/0.004) 
 1 0 0  52 25  2 2 
 3 25 ---  42 5  7 0 

M15 (CI+SI) =0.004(PAVi)+0.26 +0.37 PAVi = ((CI+SI)-0.63)(1/0.004) 
 5 12 0  62 0  2 2 
 7 35 0  100 30  15 5 

M16 (CI+SI) =0.006(PAVi)+0.20 
+0.40 

PAVi = ((CI+SI)-0.61)(1/0.006) 
 9 10 0  15 0  0 5 

  10 14 0  39 0  2 0 
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8.3 Discussion of Binder Test Results 

 

Table 8.2 provides a summary of the Table 8.1 analysis where the range and averages 

of PAVi necessary to simulate 2 years or 4 years of binder aging are provided. As shown, the 

average PAVi to re-create property changes seen after 2 or 4 years of field aging was 21 

hours and 45 hours respectively when considering FCB0 binders collected from the pavement 

surface. The PAVi to re-create 2 or 4 years of aging when considering binders collected from 

5.0 to 6.3 cm below the pavement surface was 3 hours and 14 hours.  

 

Table 8.2.  Summary of PAV Times (PAVi) in hours to Simulate Field Aging  

Binder 

Property 

2 Year PAVi   4 Year PAVi 

FCB0  FCB5  FCB0  FCB5 

Range Average  Range Average  Range Average  Range Average 

Pen 8 to 45 27  0 to 15 5  24 to 77 56  2 to 49 23 

Tc(DSR25) 13 to 28 20  0 to 10 3  27 to 45 37  4 to 21 11 

Tc(DSR8) 14 to 48 31  0 to 33 8  44 to 77 61  6 to 36 20 

Tc(BBRm) 14 to 28 20  0 to 15 4  29 to 52 42  5 to 30 14 

ΔTc 9 to 15 12  0 to 3 1  17 to 25 21  0 to 15 5 

CI+SI 0 to 35 16  0 to 0 0  15 to 100 52  0 to 30 10 

Collective 0 to 48 21  0 to 33 3  15 to 100 45  0 to 49 14 

 

 Figure 8.2 uses the average PAVi values presented in Table 8.2 and compares the 

PAVi in hours needed between FCB0 and FCB5 binders. Based on the slopes of linear 

regressions that were forced through the origin, one year of aging was best simulated by 3.1 

PAVi hours at depth (i.e. 5 cm below the pavement surface) and by 11.1 PAVi hours at the 

pavement surface. Considering the 20 hour conditioning time provided in AASHTO R28-12, 

20 hours of PAVi in the FCB5 regression would simulate around 6.5 years of field aging. 

This is within the 5 to 10 year range suggested in AASHTO R28-12. Thus, the PAVi rate at 

depth seems to be in reasonable agreement with simulating 5 to 10 years of binder aging. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

FIGURE 8.2. Relationships Between Field Age and PAVi with Depth. 
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8.4 Summary of Binder Test Results 

 

 Based on the analysis and discussion presented in this chapter, 2 and 4 years of field 

aging were best replicated by 21 hours and 45 hours of PAV conditioning for binders 

collected from the top 1.3 cm of the pavement surface. The same field aging times were best 

simulated by 3 hours and 14 hours of PAV conditioning for binders collected from 5.0 to 6.3 

cm below the pavement surface for the same pavement. These rates correspond to PAV 

conditioning times of 11 hours per year of field aging and 3 hours per year of field aging for 

binder materials placed at pavement surfaces and 5 cm below pavement surfaces, 

respectively. 
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CHAPTER 9 – MIXTURE AGING RESULTS FOR YEAR SIX 
 

9.1 Overview of Year Six Field Aging Results 

 

 Scheduling and overall progress of this work made it possible to collect 165 cores 

after six years of field aging when the original plan was to cease monitoring of the test 

section after five years. Of these 165 cores, 36 were stored for potential testing of binder 

properties outside the scope of this report, 24 were tested for HLWT properties (Section 9.2), 

and 105 were tested via CML (Section 9.3). This data was kept separate from the primary 

experiments in Chapters 5 to 8 since there is a possibility that this data might be used in 

conjunction with additional monitoring beyond six years. 

 

9.2  Year Six Hamburg Test Results 

 

Figure 9.1 plots HLWT year 6 results versus those obtained at year 5. The cores 

tested at year 6 were often at higher air void levels than those at year 5. In retrospect, more 

closely aligning air voids between years 5 and 6 would have provided more clarity in HLWT 

results. Figure 9.1 provides modest evidence that HLWT resistance may have decreased 

between years 5 and 6, which is interesting considering the consistency over time shown in 

Table 5.1 over the first five years. Figure 9.1 indicated there could be some value in 

monitoring the Figure 3.1 test section for additional time to determine if any non-linearity in 

properties with time can be observed.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 9.1. Years Five and Six HLWT Test Results 

 

9.3 Year Six Cantabro Test Results 
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considered (n) and the number of outliers removed (no) are also provided. The remainder of 

this chapter only considers results which were not identified as outliers in the Table 9.1 

outlier removal process. 

 

Table 9.1. Cantabro Test Results For Six Years After Outlier Removal 

Mix 
Age 
or CP 

ML 

n no 
Avg 
(%) 

COV 
(%) 

Va Avg 
(%) 

Va COV 
(%) 

Regression R2 p-value 

M14 

0 year 69 6 31.5 46 10.9 16 ML =6.5(Va) – 39.7 0.65 <0.01 
2 year 55 6 34.7 33 9.2 13 ML =7.3(Va) – 32.6 0.63 <0.01 
3 year 59 4 32.2 26 9.1 12 ML =5.6(Va) – 18.7 0.58 <0.01 
4 year 25 2 47.9 42 10.0 18 ML =10.1(Va) – 56.5 0.83 <0.01 
5 year 48 3 43.2 31 9.9 12 ML =5.8 (Va) – 14.4 0.27 <0.01 
6 year 30 2 60.3 29 9.1 12 ML =12.3(Va) – 52.1 0.59 <0.01 

M15 

0 year 57 5 20.3 23 9.3 16 ML =2.4 (Va) – 2.0 0.61 <0.01 
2 year 57 4 22.9 15 8.1 10 ML =1.7 (Va) + 9.3 0.17 <0.01 
3 year 56 5 22.2 16 7.5 9 ML =2.8 (Va) + 1.3 0.32 <0.01 
4 year 26 2 30.5 21 7.8 20 ML =2.1 (Va) + 14.2 0.26 0.01 
5 year 48 2 35.0 29 8.3 22 ML =4.3 (Va) – 0.2 0.58 <0.01 
6 year 30 1 37.4 18 8.1 11 ML =4.5 (Va) +1.04 0.29 <0.01 

M16a 

0 year 67 4 28.7 42 11.4 19 ML =4.2 (Va) – 19.6 0.61 <0.01 
2 year 98 6 31.3 33 10.1 16 ML =5.1 (Va) – 19.8 0.60 <0.01 
3 year 94 6 30.8 40 9.6 19 ML =6.1 (Va) – 28.2 0.79 <0.01 
4 year 39 2 37.6 42 9.3 19 ML =5.9 (Va) – 17.0 0.41 <0.01 
5 year 49 3 46.8 38 10.0 18 ML =6.6 (Va) – 19.1 0.46 <0.01 
6 year 45 1 61.9 35 9.9 13 ML =9.4 (Va) – 31.1 0.30 <0.01 

 

Figure 9.1 plots ML versus field age for all non-outlier data points from mixes M14, 

M15, and M16a. Figure 9.1 has scatter, and a considerable amount of this scatter can be 

attributed to this plot neglecting effects of varying mixes or air voids. Figure 9.1 is intended 

to be an overall view of the data, where future efforts can refine the trends. Figure 9.1, 

however, is very useful in showing that the slope of the ML to years in the field (tF) increased 

from 2.75 (equation 7.1 where 5 years of data were included) to 3.87, which is a very 

noticeable increase by adding only one year of data. Figure 9.1 suggests that ML increased 

more rapidly between year 5 and year 6. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 9.2. Cantabro Mass Loss Versus Time for Six Year Period 

ML(Tbl 9.1) = 3.87(tF) + 23.5
p-value <0.01

0

20

40

60

80

100

-1 0 1 2 3 4 5 6 7

M
L

(%
)

Field Age (years)



 

 

112 

 

Table 9.2 provides results from 21 paired t-tests that were conducted in an identical 

manner to the matched pair t-tests presented in Table 7.2. The ML of specimens collected 

after 6 years of field aging was consistently greater than all conditioning protocols 

considered. Table 9.2 aligns with all mixture collected after six years of field aging that 

suggests there is value in continuing to monitor this test section to determine if the rate of 

damage from environmental effects continues to progress as suggested from years 5 to 6, or 

if damage levels over time trend back toward those observed through five years of aging. 

 

Table 9.2. Comparing 6 Year Cantabro Results to Laboratory Conditioned Results  
M14    M15    M16a   

npairs ΔMLCI (%)  Conclusion  npairs ΔMLCI (%) Conclusion  npairs ΔMLCI (%)  Conclusion 

7 33.5 to 55.7  6Year > CP1  12 9.2 to 17 6Year > CP1  6 27.6 to 61.5  6Year > CP1 

11 34.4 to 51.3  6Year > CP2  12 11.9 to 18.8 6Year > CP2  5 24.3 to 70.1  6Year > CP2 

8 27.9 to 45.1  6Year > CP3  11 11.2 to 17.5 6Year > CP3  7 34.5 to 52.5  6Year > CP3 

7 32.7 to 50.7  6Year > CP4  11 10.5 to 17.7 6Year > CP4  10 23.3 to 50.1  6Year > CP4 

9 18.4 to 32.6  6Year > CP5  11 6.3 to 10.9 6Year > CP5  6 28.1 to 47.4  6Year > CP5 

6 15.0 to 47.6  6Year > CP6  12 6.8 to 11.2 6Year > CP6  7 11.8 to 63.6  6Year > CP6 

7 13.6 to 40.8  6Year > CP7  12 4.7 to 11.0 6Year > CP7  9 10.3 to 35.8  6Year > CP7 
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CHAPTER 10 - SUMMARY, CONCLUSIONS, AND 

RECOMMENDATIONS 
 

10.1 Summary 

 

 This report focused on characterization of the Columbus, MS test section described in 

Chapter 3 with emphasis on mechanisms known to relate to non-load associated damage due 

to environmental exposure. The main objective of this report was to characterize the effects 

of short and longer term aging on this test section. This objective was met through an 

investigation using predominately field cores with characterization of binder aging to a lesser 

extent.  

 Chapter 4 presented an investigation where the density effects of moisture remaining 

in field cores after field aging were characterized, and the resulting observations were 

considered in the treatment of all field aged cores considered in Chapters 5 to 9. Chapter 5 

contains the results of all non-density related material tests conducted in this report through 

five years of aging, and results from Chapter 5 are used as needed in Chapters 6 to 8. Chapter 

6 presents an analysis of the effects of haul time on mixture and binder properties. Chapter 7 

considers a combination of seven conditioning protocols and matches the effects of 

laboratory conditioning to the effects of environmental exposure on mixture properties. 

Chapter 8 presents a binder conditioning investigation where the exact binders used in test 

section construction were sampled the day of paving and subjected to varying levels of 

pressure aging vessel conditioning before matching the effects of laboratory conditioning to 

the effects of environmental exposure on asphalt binder properties. Chapter 9 explored 

mixture properties after six years of aging. 

A comprehensive assessment of mixture conditioning protocols to simulate 

environmental exposure in Mississippi had not been conducted prior to this effort. The 

contents of this report demonstrate a series of approaches to consider paving material 

property changes over time in Mississippi, and the next two sections provide conclusions and 

recommendations from these efforts. 

 

10.2 Conclusions 

 

 Multiple technical points documented throughout this report could be considered as 

conclusions, but many have been omitted from this chapter to provide more emphasis for 

primary points of the study. The overall conclusion of this study is that the Cantabro Mass 

Loss test can be used in conjunction with mixture conditioning protocols to evaluate the 

resistance of various paving mixtures to non-load associated environmental effects in the 

Mississippi climate. Emphasis was also placed on binder conditioning protocols by way of 

the Pressure Aging Vessel (PAV) for comparison to binder properties.  

 Because the effects of extended haul times up to 8.4 hours had secondary effects 

when compared to density or longer-term field aging, all strips of like mixture with haul 

times of 8.4 hours or less were considered equal for mixture conditioning. Mixture 

conditioning protocols consisting of hot air, hot water, and freeze-thaw cycles produced 

damage levels which were comparable to less than 2 years of field aging (i.e. 5 days in 85°C 

air) up to damage levels comparable to 5 years of environmental exposure (i.e. 5 days in 
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85°C air followed by 14 days in 64°C water and one freeze-thaw cycle) based on 

comparisons to field aged test results using the Cantabro Mass Loss test. 

 Binder conditioning efforts identified multiple factors which could impact decisions 

relative to binder conditioning protocols used for performance graded binders in Mississippi 

pavements. First, the effects of pavement depth were substantial with binders aged within the 

top 1.3 cm of the test section experiencing property changes at roughly three times the rate of 

property change for binder sampled from 5.0 to 6.3 cm below the pavement surface. 

Secondly, the 20 hour PAV protocol described in AASHTO R28-12 seemed on track to 

simulate 2 years of binder property changes at the surface or 6.5 years of binder property 

changes at depth. The binder property changes experienced at depth were on track to be 

within the 5 to 10 years of pavement life suggested in AASHTO R28-12. 

 

10.3 Recommendations 

 

 This report led to four recommendations, which align with the overall body of work 

in Volumes 1 to 3 of this report series. 

  

1. MDOT should only rely on ASTM D7227 to remove moisture induced during short 

exposure periods such as sawing or density measurement, and should not rely 

(without verification) on this method to remove moisture induced during field aging 

over time. Chapter 4 provides recommended guidance for obtaining proper densities 

of cores taken after years of environmental exposure. 

2. MDOT should consider the guidance in Table 7.4 for how to condition and test 

laboratory specimens to estimate field aging time in Mississippi. Cantabro testing is 

recommended for primary assessment, with Fracture Energy used as secondary 

information. Indirect tensile testing is not recommended for use in this capacity. The 

default recommendation is to use CP7 for conditioning with CML testing.  

3. MDOT should consider the data presented in Chapter 8 (Table 8.2 and Figure 8.2 in 

particular) when considering any changes to binder conditioning methods used for 

acceptance tests. RTFO and PAV conditioning are topics of national attention at the 

present time, and Chapter 8 should be used by MDOT for guidance when deciding 

matters related to binder grading. 
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