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Abstract

This thesis documents and discusses the analysisatdrial properties and pavement
performance for Highway 17 and Highway 655 pavemtial sections located in
northern Ontario. The object of this work was tonpare laboratory-aged material with
recovered asphalt cement and to develop an impraveanical aging method that
provides asphalt cement that more closely reflpobperties after 8-10 years of service.
Physical testing of the asphalt cements was doimg asbending beam rheometer (BBR)
and double-edge-notched tension (DENT) test fooratory aged material as well as
recovered material from the road. The comparisothefregular BBR, extended BBR
and elastic recovery test in BBR is also done f@ kaboratory-aged and recovered
material.

Two simple modifications to the regular pressurmggessel (PAV) aging protocol
were investigated as possible ways to improve tbeelation between field and
laboratory material properties. The length of t#&/Raging was doubled to 40 hours and
the weight for each pan was halved to 25 gramsa#t observed that the presently used
RTFO/PAV aging protocol does not produce sufficiaging. Hence, the conditions
chosen were more severe and therefore are likebyibg the laboratory aging closer to
the field aged condition. It was found that botk thcrease in time and the reduction in
weight were able to accomplish the stated objedtwenost but not all asphalt cements.

A separate investigation involved the infrared (I&)alysis of asphalt cements
recovered from a large number of contracts in easa@d northeastern Ontario. This

study indicated that those asphalts with a larg&yaffinic structure (low aromatics



index) showed excessive and premature cracking etelower levels of oxidation

(carbonyl index). In contrast, those pavementswhae largely spared of thermal distress
were constructed with asphalt cements that cordamere aromatics (high IR aromatics
indices). Aromatics allow the largely aromatic aapdnes that are formed upon
oxidation to remain well peptized rather than fldeted. Peptized asphaltenes allow for
good stress relaxation during winter and springvttaand thus such materials show a

reduced tendency for cracking.



Acknowledgements

I would like to express my gratitude and thanksngpsupervisor, Dr. Simon Hesp,
for his guidance, encouragement and advice inrdgsarch work. Without his help this
thesis would not have been possible.

| also wish to thank undergraduate students Logaight/for collecting IR data,
Eric Moult for BBR data, and Brian Kim for asphalée determination. Some of their
experimental results with relevance for this subgge mentioned and discussed in this
thesis. Furthermore, Neha Kanabar was always floerkelp in my work. Staff of the
Ministry of Transportation of Ontario’s Eastern aNdrtheastern Regional Offices is
specially thanked for providing the materials anstrdss surveys for the various trial
sections and regular contracts. Staff at Imperiis @arnia Research Centre is thanked
for obtaining Superpave® grading data.

Many sincere thanks go towards faculty membersif stad students of the
Department of Chemistry at Queen’s University foe fassistance to my degree. | am
grateful to my family for their constant encouragstnand moral support.

Finally, financial support for this research wasdty provided by the National
Sciences and Engineering Research Council of Caff&ERC), the Ministry of
Transportation of Ontario (MTQO), the Charitable Rdation of Imperial Oil of Canada,

and E.l. du Pont Canada.



Table of Contents

Abstract
Acknowledgements
Table of Contents
List of Figures

List of Tables

Abbreviations, Acronyms and Symbols

CHAPTER 1 INTRODUCTION
1.1 Definition of Asphalt
1.2 Sources of Asphalt
1.2.1 Composition of Asphalt
1.2.2 Properties of Asphalt
1.2.3. Relation between Constitution anddRingy
1.3 Failure Modes in Asphalt Pavements
1.4 Aging of Asphalt Materials

1.5 Scope

CHAPTER 2 BACKGROUND
2.1 Aging of Asphalt
2.2 Laboratory Aging

2.2.1 Rolling Thin-Film Oven (RTFO) Test

XV

XVi

10

10

11

12



2.2.1.1 Origin of Test and Ovewi
2.2.2 Pressure Aging Vessel (PAV)
2.2.2.1 Origin of Test and Ovewie
2.2.2.2 Reasons for PAV Time and Tempeeat
2.3 Physical Characterizations of Asphalt Material
2.3.1 Bending Beam Rheometer (BBR)
2.3.1.1 Overview and Method
2.3.2 Improved Low Temperature Specificafl@sting
2.3.2.1 Extended BBR Testing - Mif@thod LS-308
2.3.2.2 Ductile Failure Testing T8 method LS-299
2.4 Chemical Characterization of Asphalt Material
2.4.1 Introduction to Oxidation of Asphalt
2.4.2 Oxidation Effect on Fractions of Agfi
2.4.3 Oxidation Reaction Mechanism

2.4.4 Oxidation Effect on Physical Properiof Asphalt

CHAPTER 3EXPERIMENTAL METHODS

3.1 Materials and Recovery

3.1.1 Highway 17 Trial Sections near Petawdwaario
3.1.2 Highway 655 Trial Sections
3.1.3 Recovery of Asphalt Cements

3.2 Physical Testing

3.2.1 Regular BBR Testing According to AASHM2thod M320

Vi

12

13

14

16

17

17

18

02

21

22

22

22

23

26

28

30

30

03

31

32

33

33



3.2.2 Extended BBR Testing According to MTOthm LS-308
3.2.3 Elastic Recovery Testing
3.2.4 Ductile Failure Testing According to MMethod LS-299
3.2.5 Dynamic Shear Rheometer
3.3 Chemical Testing
3.3.1 Thin Film Aging at Different Temparee
3.3.2 Infrared Spectroscopy

3.3.3 Fraction Separation

CHAPTER 4 RESULTSAND DISCUSSIONS
4.1 Distress Surveys
4.1.1 Highway 17 Trial Sections near Petawawa, @nta
4.1.2 Highway 655 Trial Sections near Timmins, @ota
4.2 Physical Testing
4.2.1 Regular Bending Beam Rheometer iigsti
4.2.1.1 PAV Residues
4.2.1.2 Recovered Materials
4.2.2 Extended Bending Beam Rheemiesting
4.2.3 Elastic Recovery Testingi@iv Temperatures
4.2.4 Double-Edge-Notched Tendiesting
4.3 Infrared Spectroscopy Study of Asphalt Cemesddvered from
Eastern Ontario Paving Contracts

4.4 Chemical Testing

Vii

35

36

38

39

42

42

43

44

45

45

54

64

47

a7

48

52

57

62

71

74

79



4.4.1 Thin Film Aging at Different Temperature
4.5 Improvement in Current RTFO/PAV Protocol
4.6 Fraction of Asphalt (Asphaltenes)
CHAPTER 5 SUMMARY AND CONCLUSIONS

CHAPTER 6 FURTHER WORK

REFERENCES

viii

79

85

92

96

97

99



List of Figures

Figure 1. Sol-type asphalt [4] 5
Figure 2. Gel-type asphalt [4] 5
Figure 3. Severe ruts in an asphalt pavement [11] 6
Figure 4. Fatigue cracking in an asphalt road serfal] 7
Figure 5. Longitudinal and transverse cracks dubeanal effects [11] 8
Figure 6. Rolling thin film oven test [26] 13
Figure 7. Pressure aging vessel (PAV) [26] 15
Figure 8. BBR beam on its supports [26] 18

Figure 9. Chemical functionalities that are presermsphalt naturally (indicates 1)

and formed during oxidation in asphalt (indicatg§l®] 27
Figure 10. Aluminum BBR molds [61] 34
Figure 11. Bending beam rheometer [61] 35
Figure 12.Sample graph of elastic recovery test data [62] 37
Figure 13. Double edge notched tension (DENT)destup [19] 38
Figure 14. Dynamic shear rheometer [63] 39

Figure 15. Two different 8 mm and 25 mm diametenga molds

left to right respectively [61] 40
Figure 16 Distress survey for Highway 17 trial sections i2(065] 45
Figure 17 Distress survey for Highway 655 trial sections [17] 46

Figure 18. Highway 17 laboratory-aged (PAV) sangade temperature at which

stiffness S(t) = 300 MPa 48



Figure 19. Highway 17 laboratory aged (PAV) sangrkde temperature at which
slope m-value = 0.3. 49
Figure 20. Regular AASHTO M320 specification grattedaboratory-aged (PAV)
Highway 17 asphalt cements. 49
Figure 21. Highway 655 laboratory aged (PAV) sangpbade temperature at which
stiffness S(t) = 300 MPa [32]. 50
Figure 22. Highway 655 laboratory aged (PAV) sanybale temperature at

which m-value = 0.3 [32]. 51
Figure 23. Regular AASHTO M320 specification grattedaboratory-aged

(PAV) Highway 655 asphalt cements. 51
Figure 24. Highway 17 recovered sample grade teatyer at which stiffness

S(t) = 300 MPa. 52
Figure 25. Highway 17 recovered sample grade teatyer at which slope

m-value = 0.3 53
Figure 26. Regular AASHTO M320 specification grattesrecovered

Highway 17 asphalt cements. 53
Figure 27. Highway 655 recovered sample grade testyne at which

stiffness S(t) = 300 MPa. 54
Figure 28. Highway 655 recovered sample grade temtyne at which

m-value = 0.3 55
Figure 29. Regular AASHTO M320 specification grattesrecovered

Highway 655 asphalt cements 56



Figure 30. Elastic recovery of laboratory-aged (BRANghway 17 sections
at-12°C

Figure 31. Viscous compliance J(v) of laboratore@@PAV) Highway 17
sections at -12°C

Figure 32. Percentage elastic recovery of laboysaged (PAV) Highway 17
sections at -24°C

Figure 33. Viscous compliance J(v) of laboratore@@PAV) Highway 17
sections at -24°C

Figure 34. Percentage elastic recovery of laboyadged (PAV) Highway 655
sections at -10°C

Figure 35. Viscous compliance J(v) of laboratorgé{PAV) Highway 655
sections at -10°C

Figure 36. Percentage elastic recovery of laboyedged (PAV) Highway 655
sections at -20°C

Figure 37. Viscous compliance J(v) of laboratorgé{PAV) Highway 655
sections at -20°C

Figure 38. Percentage elastic recovery of laboyadged (PAV) Highway 655
sections at -30°C

Figure 39. Viscous compliance J(v) of laboratorge@@PAV) Highway 655
sections at -30°C

Figure 40. Percentage elastic recovery of Highw&ly i@covered

materials at -10°C

Xi

63

64

64

65

65

66

66

67

67

68

68



Figure 41. Viscous compliance J(v) of Highway 68&avered materials

at-10°C 69
Figure 42. Percentage elastic recovery of Highwily i@covered materials

at -20°C 69
Figure 43. Viscous compliance J(v) of Highway 68&avered materials

at -20°C 70
Figure 44. Percentage elastic recovery of Highwily i@covered materials

at -30°C 70
Figure 45. Viscous compliance J(v) of Highway 68&avered materials

at -30°C 71
Figure 46. The approximate critical crack tip opgndisplacements of recovered
samples of Highway 17 Sections 17-02, 17-03, 1&6017-61 72
Figure 47. The approximate critical crack tip opgndlisplacements for recovered
samples of Highway 655 sections 73

Figure 48. Carbonyl index of eastern Ontario pawogtracts

(see Table 7 for contracts detail) 76
Figure 49. Sulfoxide index of eastern Ontario pgwontracts 77
Figure 50. Aromatics index of eastern Ontario pgwantracts 77
Figure 51. Carbonyl indices of Section 655-4 wilffiedlent film thickness 79
Figure 52. Carbonyl indices of Section 655-7 wilfiedlent film thickness 80
Figure 53. Carbonyl indices of Highway 17 test & at 65°C 81
Figure 54. Sulfoxide indices of Highway 17 testtgets at 65°C 82

Figure 55. Aromatics indices of Highway 17 testtigers at 65°C 82

Xii



Figure 56. Carbonyl index of Sections 655-1 to 85&-45°C

Figure 57. Carbonyl Index of Highway 655 Sections dt 65°C

Figure 58. Sulfoxide Index of Highway 655 Sectidns at 65°C

Figure 59. Aromatic Index of Highway 655 Sectiorg at 65°C

Figure 60. Temperature at which stiffness S = 3BaMs. temperature at which
m-value = 0.3 of different aged asphalt cementfighway 17 Section 02
Figure 61. Temperature at which stiffness S = 3BaMs. temperature at which
m-value = 0.3 of different aged asphalt cementighway 17 Section 03
Figure 62. Temperature at which stiffness S = 3BaMs. temperature at which
m-value = 0.3 of different aged asphalt cementfighway 17 Section 60
Figure 63. Temperature at which stiffness S = 3BaMs. temperature at which
m-value = 0.3 of different aged asphalt cementfighway 17 Section 61
Figure 64. Temperature at which stiffness S = 3BaMs. temperature at which
m-value = 0.3 of different aged asphalt cementfighway 655 Section 1
Figure 65. Temperature at which stiffness S = 3BaMs. temperature at which
m-value = 0.3 of different aged asphalt cementfighway 655 Section 2
Figure 66. Temperature at which stiffness S = 3BaMs. temperature at which
m-value = 0.3 of different aged asphalt cementighway 655 Section 3
Figure 67. Temperature at which stiffness S = 3BaMs. temperature at which
m-value = 0.3 of different aged asphalt cementighway 655 Section 4
Figure 68. Temperature at which stiffness S = 3BaMs. temperature at which

m-value = 0.3 of different aged asphalt cementighway 655 Section 5

Xiii

83

84

84

85

86

86

87

88

89

89

90

90

91



Figure 69. Temperature at which stiffness S = 3BaMs. temperature at which
m-value = 0.3 of different aged asphalt cementighway 655 Section 6 91
Figure 70. Temperature at which stiffness S = 3@aMs. temperature at which
m-value = 0.3 of different aged asphalt cementfighway 655 Section 7 92
Figure 71. Comparison of asphaltenes percentagdifnway 17 test sections

with 3 percent variation bar 93
Figure 72. Comparison of asphaltenes percentagdifnway 655 test sections

with 3 percent variation bar 94

Xiv



List of Tables

Table 1. SHRP Properties for Highway 17 Bindef [6
Table 2. Highway 655 trial section details [19, 35]

Table 3. Highway 17 PAV Materials eBBR Results [20]
Table 4. Highway 17 Recovered Materials eBBR Req6#)]
Table 5. Highway 655 PAV Materials eBBR Results
Table 6. Highway 655 Recovered eBBR

Table 7. Eastern Ontario Paving Contracts

XV

13

32

57

58

60

61

75



AASHTO
AC

ASTM
BBR
CTOD
DENT
DSR

ER

HMA

LS
LTPPBInd®
m(t)

S(t)

MTO
NCHRP
NMR
NSERC
PG (PGAC)
SBS
SHRP
XRF

EWF

Abbreviations, Acronyms and Symbols

American Association of Stated Highway Transportation Officials
Asphalt Cement
American Society for Tegtiand Materials
Bending Beam Rheometer
Crack Tip Opening Displaent, m
Double-Edge-Notched Tensio
Dynamic Shear Rheometer
Elastic Recovery
Hot Mix Asphalt
Laboratory StandaesiMethod
Long Term Pavement PerfornreaBmder Selection Software
Slope of the Creepf¢ss Master Curve (m-value)
Time-dependent fleaticreep stiffness, MPa
Ministry of Transportati of Ontario
National Cooperative HiglywResearch Program
Nuclear Magnetic Resate®pectroscopy
Natural Sciences and Emgjiimg Research Council of Canada
Performance Grade (Perfooedbraded Asphalt Cement)
Styrene-Butadiene-&tgrBlock Copolymer
Strategic Highway Resledrogram
X-Ray Fluorescence $gscopy

Essential Work of Fraetu

XVi



PAV Pressure Aging Vessel
RTFO Rolling Thin Film Oven

SUPERPAVE® SUperior PERforming Asphalt PAVEe

Symbols

a length of a sharp crack, m

b Beam width, 12.5mm

B Specimen Thickness, m

Gic Plane-Strain fracture Energy,?.m

h Beam thickness, 6.25mm

Kic Fracture Toughness, N/

P Load applied, N

t Loading time, s

We Essential fracture energy, J

We Specific essential work of fraet, J.nf
W, Plastic or non essential workratture, J
Wp Specific plastic work of fraceyrd.n?
W, Total energy, J

Wi Specific total work of fractudm-2

XVii



Chapter 1

Introduction

Asphalt is a black material and owing to its sticlature and low price, it is used as the
world’s largest volume glue in road constructiom.North America it is called asphalt,
asphalt cement or asphalt pavement while in theofedie world it is known as bitumen.
Road construction plays a vital role in the develept of a sustainable infrastructure for
all economies. Countries without roads and highwaydl find themselves
underdeveloped and will struggle to attain a lesfelvealth that is generally reached in
the developed world. The construction of roads lighways has been a priority in the
western world since Roman times. Countries like Wimited States and Canada spend
billions of dollars to develop and maintain theighway transportation system. The
Province of Ontario spends roughly $300 million aalty on the purchase of asphalt
concrete for the construction and maintenance o¥ipcial roads and highways while
cities and municipalities spend a few times thissam on local roads [1]. To minimize
the costs of asphalt, it is crucial that propereriats are selected in order to guarantee an
optimized pavement life-cycle. It is forecast ttieg demand for asphalt cement will grow
by 2 percent annually through 2013 and that it veidich a yearly volume of just over 100

million metric tons worldwide [2].

1.1.1 Déefinition of Asphalt
The word “asphalt” is derived from the Greek worasphaltos” meaning “secure”.

Similarly the word “bitumen” originated from the 18krit word “jatu-krit” meaning



“pitch creating” [4]. In ancient times, asphalt wased as a mortar between bricks and
stones, for ship caulking and as a water proofiregemal [3]. It was mainly used for
adhesive applications where water-proofing propsnvere desired.

According to the Oxford English Reference Dictignasphalt is defined as “a tar like
mixture of hydrocarbons derived from petroleum rety or by distillation and used for
road surfacing and roofing” [4]. Asphalts are definby the American Society for
Testing and Materials (ASTM) as “dark brown to ldaementitious materials in which
the predominant constituents are bitumen that ogcupetroleum processing” [5].
According to the American Heritage Dictionary, aalpls defined as “a brownish-black
solid or semi-solid mixture of bitumen obtainednfrmative deposits or as a petroleum

byproduct, used in paving, roofing and water pnogfi[6].

1.1.2 Sour ces of Asphalt

The two sources of asphalt are from natural depasid residues from the petroleum
refining process:

(1) Natural asphalt is obtained from nature in ih& found in so called “asphalt lakes”
around the world. Pit Lake, Trinidad; Gard, AuvezgAin and Haute Savoie in France;
Central Iraq; Butin Island, Indonesia, etc are sahéhe sources for natural asphalt.
Further, there is a huge deposit of Athabasca @aads in northern Alberta which

currently produces about 95% of all natural asphathe world [7].

(2) Petroleum asphalt is obtained during the rejiqeocess of heavy crude oils. Asphalt
used for road construction is mainly produced fribwn refinery process. Different types

and grades of asphalt can be produce by using uar@perations. Vacuum and



atmospheric distillations are the basic processes in oil refineries to produce asphalt

and other useful products.

1.2.1 Composition of Asphalt
Rheology is the main science to characterize aspdmlit deals with flow and
deformation at various rates and temperatures. IBfieal properties of asphalt depend
on the physical arrangement of the constituent cubds and this change rapidly with
temperature. Asphalt is a highly complex matertstthas yet to be characterized
properly. It mainly consists of saturated and wnsdaéd aromatic as well as aliphatic
compounds with up to an estimated 150 carbon attissally the composition of the
asphalt depends a great deal on the type of crild®m which it is derived. Generally,
the molecular compounds within asphalt contain exygnitrogen, sulphur and other
heteroatoms. However, asphalt largely consists& percent by weight of carbon, up to
10 percent by weight of hydrogen, and ~ 6 percgniéight of sulphur, small amounts
of oxygen and nitrogen, and traces of metals likan,i nickel and vanadium. The
constituent compounds possess molecular weightsréimge from several hundred to
many thousands. The detailed composition of agglitilobtains a significant amount of
attention from several research groups around thr&lw

Due to its complex composition, asphalt is oftepasated in two different chemical
classes of constituents called asphaltenes aneémeslt Maltenes can further be divided
in three groups: saturates, aromatics, and refinghis study, a solvent precipitation

method was used to separate asphaltenes and nsgdlBéne



1.2.2 Properties of Asphalt

According to Usmani, “Asphalt consists of a uniquaymer-type network” [9]. It is
mainly a thermoplastic type of material that softerhen heated and on cooling regains
back its property by hardening. Asphalt also hagsao-elastic nature [4] in that it
exhibits the mechanical characteristics of viscllosr and elastic deformation over
certain temperature ranges.

Asphalt has traditionally been described as a walosystem consisting of high
molecular weight asphaltene micelles dispersedssotied in a lower molecular weight
oily medium (maltenes) [10]. At a microscopic levble micelles are formed from
asphaltenes that have an absorbed sheath of hidecuter weight aromatic resins
attached to stabilize them within the oily continagphase. Hence, any type of change in
the quantity or quality of the resins fraction cdinectly affect the properties of the
asphalt cement [4]. For example, if the quantityredin is sufficiently aromatic with
adequate solvating power, the asphaltenes are Ipefitized and possess good mobility
within the asphalt. This is known as a “sol-typesphalt as schematically shown in
Figure 1. In contrast, if the quantity of resinsimsufficient and less aromatic, the
asphaltenes will be less mobile and associate iegethis can create an irregular open
packed structure of micelles in which internal wiare filled with other constitution.

This is called “gel-type” asphalt as schematicalpwn in Figure 2.



@ Asphaltenes O Aromatic/naphthenic hydrocarbons @ Asphaltenes o A

High molecular weight ic/aliphati High molecular weight ic/aliphatic hydrocarbons
D aromatic hydrocarb%n < Naphthenic/aliphatic hydrocartions D argmalic hydrocarb%n i Haprenicialibheic hy

Low molecular weight — Saturated hydrocarbons ar weight — Saturated hydrocarbons
G aromatic hydrocarbon v @i Iéroggnr:gtl:eﬁ%rocarbgon i

Figure 1. Sol-type asphalt [4]. Figure 2. Gel-type asphalt [4].

This state of dispersion of the entire system hdsezt influence on the viscosity of
the asphalt cement and thus the rheological pedoom (rutting and cracking resistance).
The viscosity of saturates, aromatics and resingemnt: on their molecular weight
distribution. Viscosity increases as molar weiglittlme maltenes increases. As the
saturate fraction increases, it decreases the tsajvpower of the maltene fraction, as

saturates are generally known to facilitate theipration of asphaltenes.

1.2.3. Relation between Constitution and Rheol ogy
The following are general observations that havenbeade about the relationship
between constitution and rheology in asphalt cerfdgnt
1) At constant temperatures the viscosity increasabe amount of asphaltenes increases
in the parent maltenes.
2) Changes in concentration for fractions othenttiee asphaltenes show changes in the
rheological properties of asphalt as follows:

0] An increase in saturates with a constant ratioesfns to aromatics, softens

the asphalt.



(i) An increase in aromatics at a constant saturatessios ratio has less effect
on rheology but considerable reduction in sheacequtbility.
(i) An increase in resins results in hardening ofdbphalt and an increase in

viscosity.

1.3 Failure M odesin Asphalt Pavements

Pavement designers consider major failure modeshwhre fracture and permanent
deformation. This failure happens due to four défe types of distresses:

(1) Rutting: It occurs due to high temperature conditions. uichsconditions, strain
accumulates in the pavement and permanent defanma#ikes place. Deformation
results as a formation of ruts (tracks) on the augfof asphalt pavement (Figure 3).
Heavy loads at low frequencies and/or high tempeeat are the major cause of this

failure.

RN
Bl O\

Figure 3. Severe ruts in an asphalt pavement [11].

Fil\

(2) Fatigue: This mode of failure is observed due to the cydtiad of vehicles
(especially heavy trucks) until it is cracked (Figul). This is often reduced by early

repair planning.



Figure 4. Fatigue cracking in an asphalt road serfal].

(3) Maisture Damage: Failure due to moisture happens due to the lacdbesion and
cohesion between the asphalt cement and the aggraga sand fractions. In presence of
water, as asphalt is hydrophobic by nature andeagde is not, the asphalt mastic can let
go of the aggregate and sand fractions. This stigpphenomenon is a major cause of
failure in many roads. Anti-stripping agents andpgar compaction provide a remedy for
this type failure.

(4) Thermal Cracking: This type of failure takes place mainly due toélxposure of the
road to extremely low temperatures where thermalsses exceed the strength of the
materials. Frequent and long term low temperatuposure during winter can lead to
physical hardening which is mainly seen in cousthike Canada and the northern part of
the United States which have harsh winters for nmaopths in length. Thermal cracking
also happens due to repeated thermal stresses betodesign limit and this is called
thermal fatigue cracking (Figure 5). Another reatamthermal distress is the repetitive
loading by heavy traffic during the freeze-thawleyin early spring. This cycle develops

cracks at the surface and edge of the pavemenhvdhaic then progress to the full width



during the next cold winter. Thick layers will help prevent this type of distress to a

limited degree.

Figure 5. Longitudinal and transverse cracks dubdamal effects [11].

1.4 Aging of Asphalt Materials

As mentioned earlier, asphalt is a complex mixtfrerganic molecules, so the presence
of oxygen in the atmosphere and ultraviolet radraton its surface, along with changes
in temperature, play a significant role in the cieahaging process. Oxidation of asphalt
creates changes in the physical and chemical prepeof the material. The main
outcome of these reactions is that they increasestiffness of the asphalt cement. It
becomes hard and brittle resulting in cracks wioan$ are applied.

Physical aging is another process by which aspglaatient can stiffen, especially at
low temperatures during extended periods of comwiig. The mechanism of the
physical aging process varies depending on whitdralure one considers [12-15].
According to Petersen [16] there are the followimgee main causes for physical aging:
(i) Amount of composition present in asphalt changéh oxidation reactions.

(ii) Decrease in maltenes content due to volatilmaor adsorption.



(i) Slow crystallization of waxes and rearrangerhef asphaltene and resin molecules.
Due to the complex composition of asphalt that geanwidely with different sources, it
is still an ongoing research subject to identifg ttxact mechanism behind the physical

aging process.

1.5 Scope

Nowadays characterizations of physical propertresthe main methods to predict the
life cycle of asphalt cement. It has been obserttet an extended bending beam
rheometer (BBR) method in which the asphalt cermeenbnditioned for 1 h, 24 h and 72
h prior to specification grading provides a muchpiaved ranking of performance
compared to the regular BBR method in which théhapgement is only cooled for 1 h
prior to testing [17-19]. However, this method @ entirely successful because there are
still problems with current laboratory chemical ragiprotocols. These protocols are
known as the rolling thin film oven (RTFO) and e aging vessel (PAV) methods
and they generally do not age the materials chdlyicaa manner that is similar to what
happens to the asphalt cement in service. Henég,intportant to identify the types of
chemical changes that take place in order to dpvelo improved chemical aging
process. This thesis investigates the physicalcaedical changes that take place during
laboratory and field aging of a series of asphathents that were used in a northeastern

Ontario pavement trial constructed in 2003 and $adhim 2008 and 2009.



Chapter 2

Background

2.1 Aging of Asphalt

In order to investigate effects on the general erips of binders, particularly at low

temperatures, the aging of asphalt has receivesidenable attention in recent times. The
behavior of asphalt binders is dependent on termyreraand time such that time and
temperature can be used interchangeably. For eeampligh temperature within a short
time appears to be equivalent to a lower tempegadad longer time (time-temperature
superposition principle) [20].

During hot mixing, construction, and service thdadation that occurs in asphalt
binders is referred to as asphalt aging. The bibeéeomes more brittle in nature when
the oxidation takes place in presence of organitecutes that are present in asphalt,
which leads to an increase in viscosity and resaltee pavement distress of the asphalt
mixture. The enhancement in oxidative hardeningokap with the penetration of air in
to asphalt mixtures which have a higher percentdgaterconnected air voids. Thus,
improperly compacted asphalt pavements have aegyréatdency to exhibit oxidative
hardening and thus could fail prematurely. The dbahtomposition of asphalt binders
affects the adhesion (interaction) level between aggregate and modifiers of binders
[21] and also plays [22] an essential role in ottidahardening. Mainly when heat is
applied and progressive oxidation takes place, ati@g behavior of asphalt can be
related to the volatilization of its light compongnThere are two stages of a pavement's

life where oxidation can occur in the field [23]:

10



1. Hot mixing and construction: During the mixing and placement process the
asphalt binder is exposed to elevated temperaamésa large contact area with
the aggregates which can lead to rapid aging batNiahation and oxidation. The
aging mechanism which includes the loss of volatdad chemical oxidation that
result from elevated mixing and placement tempeeatdalls under the primary
process which is followed by oxidation in a secagdarocess during long term
service.

2. In-service: The constituent asphalt binder slowly ages asottygen from the
surrounding environment percolates through the HBii#d chemically reacts
during the life of an in-service HMA pavement.

In order to evaluate the effect of aging on shod long-term service conditions of the
pavement, the aging behavior of asphalt bindersttndse simulated in the laboratory.
The mechanical and rheological properties on thedris are used to evaluate the effect
of aging. The type of aging that occurs in asphiaitiers when mixed with hot aggregate
(hot-mixed asphalt) is termed short-term aging, iele the one that occurs after HMA
pavement is exposed to environmental conditionsteaitic for a long period of time is

termed long-term aging [24].

2.2 Laboratory Aging

In the laboratory the aging during mixing and camgion is simulated by the RTFO
procedure, whereas aging in-service life is sinmalaising the PAV procedure. Hence,
the asphalt binder tests concerned with mix andepteent properties like the DSR are

carried out on RTFO aged samples, whereas the lagphder tests concerned with in-

11



service performance like the DSR, BBR and DTT ayeedon samples first aged in the

RTFO and then in the PAV.

2.2.1 Rolling Thin-Film Oven (RTFO) Test

The key issue investigated by the RTFO is the tdssolatiles in spite of various other
factors that contribute to asphalt binder aginge @bphalt’s viscosity is increased due to
the loss of volatiles from the asphalt binder whighinly occurs during the processes of
manufacturing and placement. These processes agasfihalt binder by driving off a
substantial amount of volatiles when exposed toatésl temperatures. In-place asphalt
binder does not lose a significant amount of vidatover its life as shown through field

investigations [25].

2.2.1.1 Origin of Test and Overview
For the short term asphalt binder aging the RTERDwas developed as an improvement
to the Thin-Film Oven Test (TFOT). The asphalt sE®pvere placed in shallow pans
and heated in an oven for an extended period of timaccomplish simulated aging
during the TFOT process. An improved process dwefM~OT is the RTFO because:
* Due to the rolling action, asphalt binder is continsly exposed to heat and air
flow.
» Modifiers, if used, usually remain dispersed in #ephalt binder due to the
rolling action.
* The duration of the test is of 85 minutes only eatthan the 5 hours for the

TFOT.
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Short-term aging by heating a moving film of aspHahder in an oven for 85
minutes at 163°C (325°F) is carried out in the imgll thin-film oven (RTFO)
test. Determinations of effects by heat and aat thcurred in physical properties are
measured before and after the oven treatment l®r ¢¢ist methods. The asphalt binder
sample is poured in a small jar which is then placea circular metal carriage that

rotates within the oven (Figure 6) in turn creatihg moving film.

Figure 6. Rolling thin-film oven test [26].

The Rolling Thin-Film Oven test is embodied in AABB T 240 and ASTM D 2872

“Effect of Heat and Air on a Moving Film of Asphaitandards.

2.2.2 Pressure Aging Vessel (PAV)
Old pavements generally fail through a number sfrdsses of which cracking through

both thermal and load-induced stresses is a dribce. Hence, in the process of
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predicting various types of distresses a methasintmlate in an accelerated manner the
long-term aging of the asphalt binder is of utmogtortance. The PAV is the currently

used method of choice for simulating the long-taiging of asphalt materials. To predict
and control fatigue and low temperature crackingjstance, the Superpave® binder
specification requires that PAV-aged asphalt bindetested at intermediate and cold

temperatures.

2.2.2.1 Origin of Test and Overview
There were two general approaches considered islajf@ng a procedure to simulate
long term aging by oxidation [23]:
= Oven tests: Relatively simple, quick and older than pressestst Tests are based
on high temperatures and thin asphalt films to @@te the oxidation process.
Moreover, the asphalt binder samples lose a validuat of volatiles during
aging process. In-service, the constituent asghatters did not lose significant
amounts of volatiles was observed by field tesi§.[2
= Pressure tests. This approach has been around for over 40 yeaspite of its
lower popularity over oven tests. To increase ftiffeigion rate of oxygen into an
asphalt binder sample by using high pressure isnteehanism behind the
pressure tests. Thus during aging of asphalt bjribdes approach limits the loss
of volatiles.
To simulate the effects of long-term asphalt biralging that occurs as a result of 8 to
10 years pavement service, the pressure aging |v@38%) was adopted by SHRP

researchers [27]. In rubber product aging, theegdnconcept of the pressure aging
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vessel had been used for many years prior to Sapétp The PAV is a combination of
an oven and a pressure vessel method which is uking RTFO aged samples that are
exposed to high air pressure (300 psi) and temrerg®0°C, 100°C or 110°C) on the
basis of expected climatic conditions for 20 hours.

The simulated long-term aged asphalt binder foispay property testing is provided

by the Pressure Aging Vessel (PAV) as in Figure 7.

Figure 7: Pressure Aging Vessel (PAV) [26].

At lowa State University the standard asphalt bindaV was developed for long

term aging of asphalt cements which is also a stahohethod for aging rubber products

(as in ASTM D 454 and ASTM D 572) [28].
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2.2.2.2 Reasonsfor PAV Timeand Temperature [23]

This process is generally carried out for 20 haitr80, 100 or 110°C which was more
based on practical approach instead of theoretiGanerally this experiment was
performed for 6 days at 60°C and 300 psi. Thegedbd was deemed too long and the
test results showed up insufficient aging. Heneetdst temperature was raised in order
to produce shorter test times through increasedgagites. Initially the temperature for
the test was chosen as 100°C which during fielddabn turned out to be too mild for
hot climates and overly harsh for cold climatesu§hthree elevated temperatures are

used which simulate a different general environ@lerdgndition:

Temperature Simulation

194°F (90°C) cold climate
212°F (100°C) moderate climate
230°F (110°C) hot climate

The standard Pressure Aging Vessel proceduresnarecked in AASHTO R 28 and
ASTM D6521 — 08 “Accelerated Aging of Asphalt Bimddsing a Pressurized Aging
Vessel (PAV)”".

There are still distresses observed within one memtfive years of service that are
passed through above mentioned standard methodH&mrEe, it indicates that still some

space for improvement to predict the long-term ggirocess especially for cold weather.
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2.3 Physical Characterizations of Asphalt Material
The pavement contracts and builds up internal stgesis the surrounding temperature
drops. It does not have enough time to relax thesses if the contraction occurs fast
enough and load applies resulting in the formatibaracks in the pavement surface. The
resultant of this type of crack which is commonholwn as thermal crack could occur on
either of two related mechanisms which are as\ialo
1. Single thermal cycle below the critical temperature: The cause of stress to
quickly build up to a critical point that leadsdmcking is possible when a severe
drop in temperature takes place. The particulampteature related with these
critical stresses is called the "critical temperatuand the process is known as
"single-event low temperature cracking"”.
2. Thermal cycling abovethe critical temperature: The stresses could be built up
due to repeated thermal contraction and expansfoavoccur above the critical

temperature that leads to cracking.

2.3.1 Bending Beam Rheometer (BBR)

The failure mechanism of asphalt material is afguie same which includes the
thermal shrinkage that initiates and propagatessflar cracks in the asphalt binder
portion of the HMA in both the above mentioned sadéhe BBR test was developed to
measure the stiffness and rate of stress relaxatmmmonly known as the m-value, or
slope of the creep stiffness master curve asplivadtebs which are not too stiff at low
temperatures and which are able to relax builtttgsses are generally able to withstand

cold temperatures without extensive cracking.
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2.3.1.1 Overview and M ethod

A measure of low temperature stiffness and relargbroperties of asphalt is determined
on the basis of the Bending Beam Rheometer (BB&) fan asphalt binder's ability to
resist low temperature cracking could be determioedhe basis of these parameters.
The actual temperatures anticipated in the areaemie asphalt binder will be placed

determine the test temperatures used, which isgh® as other Superpave® binder tests.

Figure 8: BBR beam on its supports [26]

As in Figure 8, a small asphalt beam that is sinspliyported and immersed in a cold
liquid bath in a basic BBR test. The deflectioniagatime is measured when a load is
applied to the center of the beam. A measure of t@rasphalt binder relaxes the load
induced stresses is measured along with the stéfménich is calculated on the basis of
measured deflection and standard beam properties. BBR test, which is mainly

software controlled, is performed on the PAV agsghalt binder samples.
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The AASHTO standard M320 provides the specificatioteria for passing/failing the
BBR test [29]. The testing temperature and conalitig temperature are both the same in
this test method. Before testing, the binder sample conditioned for an hour at room
temperature followed by conditioning at -10°C a@0°C in refrigerators for an hour.
Above the design temperature of the pavementodding of the specimen in three-point
bending at a temperature of 10 degrees is cartigddi the assumption that the time-
temperature superposition is valid, and the 10Heémince reduces the testing duration of
the binder sample from 2 hours to 60 seconds [2D,IRthe stiffness value is below 300
MPa and the creep rate or slope of the creep stiffrmaster curve (m-value) is greater
than or equal to 0.3, then the sample passes #afisptions. The material fails the
specification if either the stiffness is above 3@@a or the m-value is below 0.3 and
could be used only in a location with warm climatonditions.

The current AASHTO M320 specification has turned twu be deficient through
recent investigations on a large number of paverrai$s and regular contracts [30, 31,
32, 33, 34]. A vast difference in low temperaturgcfure performance is shown in the
pavements of the exact same low temperature gG#2je3p, 36]. The AASHTO M320
has problems that relate to the absence of a propemical aging method and the
absence of true failure tests (BBR and DSR arelogexal tests that only measure in the
low strain regime whereas thermal cracking is d lHgain phenomenon) in addition to
the insufficient physical aging/conditioning of tlephalt cement. Thus an improved
performance grading method is needed. In Ontarecantly developed LS-308 method
on extended BBR testing that includes an incremaslea conditioning time prior to three-

point bending tests is one approach taken towelgriprovement in the method [37].
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2.3.2 Improved Low Temperature Specification Testing

In the earlier part of last century the effectsisdthermal conditioning on the low

temperature rheological properties of asphalt cérhame been studied by a significant
number of researchers. Measuring rheological ptgseat low temperatures in asphalt
cement [38, 39, 40] cautioned that physical hamtgmnechanisms need to be taken into
consideration. It was stated by Struik [41] thathwut considering the physical aging

phenomenon it is useless to study properties ligepand stress relaxation.

To address the inadequacies of the AASHTO M320ispa&ton, two test methods have
recently been developed in Ontario [30, 32, 34; 42]

% Extended BBR test - LS-308 [38]; and

% Double-edge-notched tension (DENT) test - LS-2%).[4

The physical aging phenomenon was more recentlgidered in great detail in the
research as an important indicator of thermal d¢recgerformance [15, 32, 34]. To study
the ductile failure mechanisms in asphalt cemeandt lawt mix asphalt under high strain
conditions the double-edge-notched tension (DENS) [30, 42, 43] has been introduced
in Ontario. As determined in the DENT protocol iasvfound that the approximate
critical crack tip opening displacement (CTOD) skoavgood correlation with thermal
and fatigue distress [30, 42].

Thus in comparison to the regular BBR protocol, 23 and LS-308 are the newly
developed test methods that give a consistentliebability to predict either good or

poor performance.
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2.3.2.1 Extended BBR Testing- MTO method L S-308

The experimental section shall consist of a detadlescription of the test method. In the
extended BBR test protocol conditioning of the sk®s carried out for three different
times [37] at two different temperatures. The terapge T, = Tgesign+ 10 and 3= Tgesign

+ 20 are the two different conditioning temperasurelated to the designed temperature
of the pavement. As it is expected that the physaging tendency peaks at very low
temperatures, the molecules cannot move whileghtelnitemperatures above, &ind the
thermodynamic tendency for waxes to crystallize asyghaltene molecules to precipitate
is absent therefore these two temperatures wergeohover the total 20°C range. The
method is designed to provide a high degree ofiden€te that thermal cracking is
prevented completely rather than to perfectly dateewith low temperature cracking
distress. Even though cold spell may not occurrduthe early life of the contract, the
roads that spend most of their time at a relativedym T, would need to be protected
from a cold spell at T The regular tests are done to check a pass &ititamperature
after one hour of conditioning, one day of condiitng, and three days of conditioning,
according to AASHTO M320 criteria where S(60)=30P&and m-value (60)=0.3.
Thus, the method is termed as an extended BBR Aéghe end of each conditioning
period, the grade temperature and subsequent tpasies are calculated. The warmest
minus the coldest limiting temperature where Shea00 MPa or m reaches 0.3 is the
worst grade loss. This test method has shown 95%racy in separating the good from

the poor performing asphalt cements [19].
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2.3.2.2 Ductile Failure Testing - MTO method L S-299

In the experimental section the procedure for LS-88all be discussed in detail. In the
process of the DENT test the pulling of a notchediér sample until it fails in a water
bath is carried out [43]. The temperature of 158Cniaintained in the water bath. The
distances between the two opposing notches are 5Inmm and 15 mm in length.
Conditioning was done for 24 hours at 15°C in tlaewnbath prior to testing. The failure
energy and the peak force are observed through tdss The crack tip opening
displacement (CTOD) is calculated from the peakdaat a 5 mm ligament length. The
strain tolerance in ductile failure, which shouklate accurately to the tendency for
cracking distress, is reported from the CTOD valuéower value of CTOD corresponds
to a worse condition of the roads; this test mefmayides an approximate 85% accuracy

[19].

2.4 Chemical Characterization of Asphalt Material

2.4.1 Introduction to Oxidation of Asphalt

To design pavements, the asphalt binder mateaiines physical properties that provide
optimum service performance and durability. Thenges in flow properties with time
are usually highly undesirable as they often leacetuced product performance or even
failure as the optimum performance properties #ratdependent on the flow or more
precisely the rheological properties of the asphalisphalt is subject to chemical
oxidation by reactions with atmospheric oxygen teatls to the hardening of the asphalt
which results into a deterioration of desirable bl properties. As a result, the asphalt

oxidation is of pragmatic importance.

22



The meaning of physicochemical characterizatiomigortant to understand further
changes in the properties of asphalt material. chemical forces at the molecular level
which are responsible for the physical properties different in spite of the fact that
asphalts have many physical properties that arde gsimilar to polymers. The
composition of a simple polymeric material consisfslarge molecules of similar
chemical composition. With changes in the environtaletemperature, the molecular
weights of the molecules do not change in the pelyrim comparison with polymer, the
asphalt material consists of relatively small males. Asphalt ranges from non-polar
hydrocarbons, which are similar in composition taxes, to highly polar or polarizable
hydrocarbon molecules consisting of condensed dfomag systems that incorporate
heteroatoms such as oxygen, nitrogen, and sulfius forming a complex mixture of
molecules. Hence, the molecular association of rpotemponents in the asphalt that
forms molecular agglomerates at the nano scalé peogides the polymeric property to

asphalt.

2.4.1.2 Oxidation Effect on Fractions of Asphalt

Although a variety of fractionation schemes haverbesed to separate asphalts into
generic fractions, perhaps the scheme most widebd un the past has been the
procedure developed by Corbett [44]. In the orddheir increasing molecular polarities
are saturates, naphthene aromatics, polar aromatidsasphaltenes, which were the four
fractions produced by the Corbett separation schéntight straw-colored oil, primarily
hydrocarbon in nature, with little aromaticity andow heteroatom content, except for

sulfur, is the saturate fraction. The saturatetimacis highly resistant to ambient air
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oxidation due to its low chemical reactivity. Dugirthe 18-year service period no
measurable loss of saturates fraction due to dridatas observed by Corbett and Merz
[25]. Generally, the changes in the remaining tiCeebett fractions on oxidation were

observed from the more non-polar fractions to npmi@r fractions as oxygen-containing
functional groups are formed in the asphalt molesuThe result is usually a net loss of
naphthene aromatics, and possibly a net loss iar @bmatics, with a corresponding
increase in the asphaltenes fraction as the var@agions have different reactivity

toward oxidation.

Several investigators have studied the uptake ofgex by the generic asphalt
fractions and the formation of oxygen-containingdtional groups formed by reaction
with the oxygen so as to provide additional cheiitsight. It was shown that saturates
fraction was relatively inert to the reaction widkygen as measured by oxygen uptake
through the studies by King and Corbett [45] whedushin films at 150°C, and by
Knotnerus [46], using dilute toluene solutions abént temperature. There was a slight
reactivity shown by the naphthene aromatics [43jjlevthe aromatics [46] fractions
showed no reactivity. However, the Corbett polamaatics fraction and the Knotnerus
resins and asphaltenes fractions were highly neactith oxygen. An immediate
reactivity was shown by the Corbett's asphaltemastibn. As the two studies used
different temperatures and oxidation conditionkn(fversus solution), different asphalts
and different separation techniques, a compari$dheoKing and Corbett fractions with
the Knotnerus fractions is relative. The increasthe reactivity with increasing fraction
polarity is shown by the results of both of theds#s. The ketone formation on oxidation

of Corbett fractions (thin films, 130°C) deriveafn Wilmington (California) asphalt by
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Petersen et al. [47] ranked the relative reactivitth atmospheric oxygen of saturates,
naphthene aromatics, polar aromatics, and asphkalteinactions as 1:7:32:40,
respectively, was directly measured. With the \s#gobeing an important performance-
related property, it has been shown [48] that tmeunt of ketones formed on oxidation
is linearly related to the increase in log visopsif the asphalt from the production of
ketones in asphalt. The sensitivity of given asptwaliscosity increase as a function of
ketone formation, however, is highly asphalt sofjocemposition) dependent.

To produce asphalt that is durable and resistgmtpger balance in the amounts of the
different chemical components is a must. A reductio compatibility and asphalt
durability is shown by the asphaltenes that arepmoperly dispersed by the resinous
components of the maltenes (the nonasphaltendainaof asphalt and referred to by
Corbett as petrolenes) [49, 50]. The asphaltenestiin as thickeners; fluidity is
imparted by the saturates and naphthene aromaticBoins which plasticize the polar
aromatics and asphaltenes fractions; the polar @iosnfraction imparts ductility to the
asphalts, and the saturates and naphthene aronmatosbination with the asphaltenes
produce complex flow properties in the asphalt vimsed on the Corbett's [51]
description of the effects on physical properti€she four generic fractions that were
separated by his procedure. “Each fraction or coatimn of fractions perform separate
functions with respect to physical properties, &nd logical to assume that the overall
physical properties of one asphalt are thus depegng®son the combined effect of these
fractions and the proportions in which they arespre” was the conclusion given by

Corbett.
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Hence, the ratios of asphalt fractions might notabeaccurate predictor of asphalt
durability based only on the weight percent offtiaetions as different sources of asphalt

have significant differences in chemical compositio

2.4.1.3 Oxidation Reaction M echanism

By various mechanisms of oxidation, the oxidatibragphalts that dominate at different
stages of the oxidation reaction is apparently darajed. The ketones are formed at the
first carbon of an alkyl chain attached to an artieni@ng, which is the benzylic carbon
position, as observed by Dorrence et al. [52]. st reactive ketone precursor is likely
to be a tertiary benzylic carbon, i.e. one having alkyl groups and one hydrogen atom
attached to the carbon adjacent to aromatic riftg Aydrogen on the tertiary benzylic
carbon is very reactive and is easily removed duoixidation. In four different asphalts
tested by Mill and Tse [53], it was observed thatt af the total benzylic hydrogen, 6-11
% is from the tertiary benzylic carbon, which wasurid using nuclear magnetic
resonance spectroscopy. The carbon-hydrogen bond urdiranched aliphatic
hydrocarbons is less reactive toward oxidation omparison to the carbon—-hydrogen
methine bond by orders of magnitude. A highly statitarboxylic anhydride can result
from the oxidation of these adjacent benzylic cagbtollowed by the condensation of
intermediates that would otherwise form ketoneg {B¥certain aromatic molecules that
have two adjacent benzylic carbon elements. Witpaot formation of carboxylic acids,
these anhydrides could be formed. In laboratory pawvement-aged asphalts, no
measurable amounts of esters and only trace amotinesw carboxylic acids have been

found [54]. Except for the anhydride formation réaw, it appeared that the hydrocarbon
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oxidation reaction almost always stops with ketdoemation at pavement aging
temperatures.

In Figure 9, the sulfur in asphalts (usually raggfrom about 1% to 6%) is present
primarily as sulfides [55, 56]. Alkyl substitutedl&ir, generally accounts for about one-
fourth to one-fifth of the sulfur present in thephalt [55, 56] and is quite reactive toward
oxidative aging to yield sulfoxides [55]. The fortioa of sulfoxides, the other dominant
oxidation product, has been shown to result froendkidation of organic sulfides that

are functional elements of many asphalt molecdés [
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Figure 9: Chemical functionalities that are preserdasphalt naturally (indicates 1)

and formed during oxidation in asphalt (indicate§l5]
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Nitrogen is present in several forms from the glighcidic pyrrolic types to the more
basic, strongly interacting pyridine type [57] winioccurs in asphalts in concentrations
ranging from about 0.2% to 1%. On the oxidativenggihe nitrogen types in asphalt are
not known to be significantly altered. The alkyycloalkyl or aromatic [55] may be
attached to the sulfur atom as the organic elemé&his cyclic sulfur molecules are quite
unreactive during oxidative aging and exist prirtyagsis thiophene homologs [56]. The
presence of phenolics is noted [57]. Although pmese relatively small amounts, the
carboxylic acids and 2-quinolone type functionaetiare highly polar and strongly
associate [56]. There is evidence that ketonessatfdxides are the major oxidation

products formed during oxidative aging as obseiuezhe experiment [58].

2.4.1.4 Oxidation Effect on Physical Properties of Asphalt

The different viscosity sensitivities of the diéet asphalts to the amount of ketones
formed, undoubtedly related to the dispersibilifyttee asphaltenes and to the dispersive
power of the asphalt maltenes fraction, have béserved [48]. The asphaltenes formed
on oxidative aging have similar effects on rhedtagiproperties as the asphaltenes
originally present in the asphalt was shown by M&om-Lin et al. [59]. With regard to
molecular association or aggregation (microstrugtitris instructive to consider further
the possible implications of the correlations pnése [58]. Both ketones and asphaltenes
are related linearly to each other if they are dihe related to log viscosity. The
formation of additional asphaltenes is strongly liegp by the ketones formed on aging.

Hence, by the fact that the polar aromatics fracsbows the greatest mass gain on
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oxidation, it is likely that most of the ketone® dormed on molecules from the Corbett

polar aromatics fraction.
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Chapter 3

Experimental Methods

3.1 Materialsand Recovery

3.1.1 Highway 17 Trial Sections near Petawawa, Ontario

The Highway 17 trial, near Petawawa, Ontario, waisstructed in 1996 on both lanes
starting some 5.4 km west of the Petawawa Rivee.@hmm thick binder course for this
trial was constructed in late 1996 whereas a sertacrse of equal thickness was placed
in June 1997.

The Petawawa trial was designed to include onedbimdth known insufficient low-
temperature performance for the location (the P&@&3 A further two binders were
selected with a grade right at the 98% confidemodé for that location of which one was
polymer-modified and the other was not (PG 58-3#B BG 58-34NP). Finally, one
additional section with an even lower limiting BBfemperature (PG 58-40P) was
chosen. Although not apparent, the PG 58-40P Hagheer polymer content than the PG
58-34P. Both binders were modified with SB dibladpolymer/sulfur system. Pertinent

properties for these materials are listed in Table
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Tablel. SHRP Propertiesfor Highway 17 Binders[20, 31]

Hwy 17 Modification S, MPa (60| m-value (60
Binder T, °C

Sections Type s, 300 max)| s, 0.3 min)

2 PG 58-40 SB Copolymer -3 208 0.333

3 PG 58-34P SB Copolymer  -24 266 0.307

60 PG 58-28 Unmodified -18 260 0.316

61 PG 58-34NP Unmaodified -24 225 0.304

3.1.2 Highway 655 Trial Sections

In Table 2, the details of asphalt cement for thghiay 655 pavement trial are given
below, where th®©x stands for oxidized asphalt, PPA stands forgubgphoric acid and
SB stands for styrene-butadiene block copolyriéso the 3'P stands for an additive
containing phosphorous (likely PPA and/or zinc kildithiophosphate, which is
commonly found in waste engine oils) while RET sd&nfor reactive ethylene
terpolymer. The phase lag between stress and dtraezndynamic rheological test is

denoted a8 where the complex modulus is denoted as G*.
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Table 2. Highway 655 trial section details[19, 34]

Additional
Modification PGAC
Section Base AC Additives
Requested Grade, °C
Detected
1 RET+PPA Lloydminister - 65-36
2 Ox unknown SB 65-36
3 SB unknown Zn 65-36
4 SB unknown Zn +°p 67-35
5 SB Western Canadian - 66-35
6 Ox unknown Zn +3'p 59-35
7 - unknown Zn +°p 54-35

3.1.2 Recovery of Asphalt Cements

32

The separation of the surface layers of the asmloaét samples from the bottom layers
was carried out using a diamond-tipped cutting sHwe soaking of each surface layer,
weighing about 4 kg, in 4-6 L of tetrahydrofuranHH) was carried out. A periodic

removal of theextract and its storage in a separate containepddicles to settle down

at the bottom, was performed. The asphalt cemest washed until the solution was
relatively clean compared to the beginning. Usimgtary evaporator, most of the solvent
was removed by a condensation method at relatie@ytemperatures of around 50°C.
To ensure complete removal of solvent from the &indt was then heated at a

temperature of 150°C and a vacuum pressure of albuvm Hg for an additional one



hour. By this method about 180 g of asphalt binder wdlecied from a total of around
4-6 L of THF. For all of the asphalt binders fol talal sections this was the standard

method of recovery that was used.

3.2 Physical Testing

3.2.1 Regular BBR Testing Accordingto AASHTO Method M 320

In order to be fluid enough to easily pour, the glmwas heated in the oven for
approximately 30-45 min at 160°C (sometime modifiagphalt takes more time
compared to unmodifiedpfter heating, the sample was stirred vigorouslynake sure
the sample is uniformly liquefied and then pouretb ialuminum molds greased with
Vaseliné™ while Teflon strips were placed against the grédaee of aluminum mold.
After pouring, the sample was cooled for a total dfour.A schematic of the aluminum
mold of the asphalt beam is shown in Figure 10. @eess asphalt was trimmed from
the top of each mold using a hot spatula after @ bour conditioning timeln a
controlled temperature fluid bath, the beam spegimesupported at two points 102 mm
apart.Then the loading of the beam at the midpoint, wittoad of approximately 1000

mN, for a period of 240 s is carried out.
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Figure 10. Aluminum BBR molds [26].

At a loading time of 60 second the beam stiffnessally known as “creep stiffness”
(S (1)) and the slope of creep stiffness mastevecym (t)) were calculated'he creep
stiffness should not go over 300 MPa at 60 secoadihg and the m-value less than 0.3
at 60 second loading time, according to the AASHWI820 specificationsThe testing of
all of the samples was carried out in duplicatechtprovided excellent reproducibility.
The approximate error in all BBR and extended BBiads + 1°C as determined through
round robin tests conducted by the Ontario MinigtfyTransportation. A schematic of

the bending beam rheometer is shown in Figure 11.
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Figure 11: Bending Beam Rheometer Equipment [26].

3.2.2 Extended BBR Testing Accordingto MTO Method L S-308

A total of 12 BBR beams were poured at approxinyat®0°C for the recovered asphalt.
The conditioning of the beams for one hour at raemperature followed by one, 24 and
72 hours at design + 10 and fesign + 20 was done (six beams for each conditioning
temperaturg37], where Tesign iS the pavement design low temperature for theraon
location according to the Long Term Pavement Perémce binder selection software).
After each conditioning period the beams were teste two different temperatures.
According to regular AASHTO M320 criteria (S (60)380 MPa or m (60) = 0.3), the
test temperatures were chosen so as to determipass and fail temperature. The
maximum (worst) grade loss is calculated from timiting temperatures that were

recorded in a table. After three days of conditignine worst grade is recorded together
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with the worst grade loss. The determination of west grade temperature at -10°C
from the warmest limiting temperature where eit8ef60) = 300 MPa or m (60) = 0.3
was done. The shift of 10°C accounted for the appbn of the time-temperature

superposition principle.

3.2.3 Elastic Recovery Testing

A simple extension of the regular BBR test is tlaestc recovery tesBefore pouring the
recovered samples into BBR molds they are heatedrfdour in hot air oven at 150°C.
An hour of conditioning at room temperature is iegrout for the specimens after that
they are placed in three different refrigeratdfsr this purpose nine specimens are
poured.For conditioning, three specimens are placed wiibr@priate time gaps at each
of -30°C, -20°C, and -10°C respectively in refriggers. Three hours of conditioning is
done after which the testing is carried out by plgd¢he samples one by one in the BBR
instrument. A similar temperature is maintained thoe test as that of the conditioning
temperaturePrior to pouring of the sample the BBR is set t0°€ The specimen is
conditioned for at least five minutes prior to tegtafter calibration. The actual load is
applied after a preload is given for 10 secondsséating of the sampl&or a period of
240 s the bending load of about 980 mN is appliest avhich a load of around 25 mN
during a 720 s recovery period is carried diute measurement of the recovery of the
sample in terms of the displacement curve is ddhe.binder sample recovers due to the
elastic components (recoverable and delayed elastiile the non-recoverable part
reflects the viscous part of the displacement & 24The 720 s unloading period was

selected to make sure that the displacement ne@ftarttanges after this period, i.e. all of
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the delayed elasticity has recoveréd Figure 12, a typical example of a displacement
versus time graph is shown.

For further processing the entire data of force digghlacement is exported to an
Excel file. The S and m-value at 60 seconds wese mabted and used for the purpose of
repeatability and reproducibility testing of theepious BBR tests. The specimens were
placed back at -30°C after testifig test the next set of three samples the BBR machi
is set to -20°C.The tests were repeated with the same proceduee efimpleting
calibration at particular temperature and the chep@f temperature takes about 20
minutes. The testing of the samples stored at -M}€ done in an identical way. After
testing, the samples are placed back into the céspdridges.The test was repeated on

all of those samples after three day conditionind e recoveries were observed.
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Figure 12.Sample graph of elastic recovery test data [60].
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3.2.4 Ductile Failure Testing Accordingto MTO Method L S-299
The asphalt binders were heated for about one imoaven at 160°C t@nsure that the
samples (asphalt binders) readily flow when dispdrfsom the container and then poured into

preparedDENT molds.

Figure 13. Double Edge Notched Tension (DENT) sestup [19].

Each mold includes three different notch depthgaftients between notch tips
include 5, 10 and 15 mm). The samples were comditicat ambient temperature for 1
hour before they were loaded into the tensile maezhSubsequently, the samples were
conditioned 24 hours at 15°C prior to testing ie thrath of the tensile machine. In this
study, samples were tested at a speed of 50 mmFkigare 13 shows a photograph of

DENT test set-up.
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3.2.5 Dynamic Shear Rheometer

A small sample of asphalt binder is sandwiched betwtwo plates. Depending upon the
type of asphalt binder being tested the test teatpes, specimen size and plate diameter
varies. Using a specimen 0.04 inches (1 mm) thick &inch (25 mm) in diameter, the
unaged asphalt binder and RTFO residue are testhe aigh temperature specification
for a given performance grade (PG) binder. The P#¥idue is tested at lower
temperatures; however these temperatures areisanilyy above the low temperature
specification for a given PG binder. The measurdénoéra small phase angle)(is a
result of these lower temperatures that make teeisgn quite stiff. Hence, to have a
measurable phase ang® (0 be determined, a thicker sample (0.08 incBesnrf)) with

a smaller diameter (0.315 inches (8 mm)) is usée. Major DSR apparatus is as shown

in Figure 14.

Figure 14 Dynamic Shear Rheometer [61].
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For a sample 0.04 inches (1 mm) thick and 1 inch @m) in diameter, test
temperatures greater than 115°F (46°C) are usedeatmdor a sample 0.08 inches (2

mm) thick and 0.315 inches (8 mm) in diameter, testperatures between 39°F and

104°F (4°C and 40°C) are used (Figure 15).

Figure 15. Two different 8 mm and 25 mm diametenga molds

left to right, respectively [26].

The test specimen is kept at near constant temperdty heating and cooling a
surrounding environmental chamber. The instrumeetsures the maximum applied
stress, the resulting maximum strain, and the tegebetween them while the top plate
oscillates at 10 rad/sec (1.59 Hz) in a sinusoidaleform. The calculation of the

complex modulus (G*) and phase angi i§ done automatically with the help of the

software.Using the test software much of the procedure tisraated.
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Basic Procedure

At first the asphalt binder is heated until it igfeciently fluid to pour the test specimens.
Then the testing temperature is selected accondirije asphalt binder grade or testing
schedule. The DSR is set to a particular tempezaturs preheats the upper and lower
plates, which allows the specimen to adhere to thém asphalt binder sample is now
placed between the test plates. After that, usofitware, the test plates are moved
together until the gap between them equals thedastplus 0.002 inches (0.05 mm).
Due to the compression, excess material will cooteadnich is then trimmed around the
edge of the test plates using a heated trimminly o test plates moved together to the
desired testing gap. This creates a slight bulgberasphalt binder specimen’s perimeter.
The specimen is then brought to the test tempexalbe test is started up only after the
specimen has been at the desired temperature lEasatl0 minutes.

Based on the material being tested (e.g., unagedehi RTFO residue or PAV
residue) the determination of a target torque athvto rotate the upper plate is carried
out using the DSR softwar&o ensure that the measurements are within therspats
region of linear behavior this torque is chosEme specimen for 10 cycles at a frequency
of 10 rad/sec (1.59 Hz) is conditioned using theRDBhe software reduces the data to
produce a value for the complex modulus (G*) anel phase angled) once the DSR
takes test measurements over the next 10 cycles.

The range of the phase angi, from about 50 to 90°, and while that of the ctewp
modulus (G*), from about 0.07 to 0.87 psi (500 @06 Pa), are the typical values
obtained from the DSR for asphalt binders. The detepviscous behavior is essentially

the & of 90°. The polymer-modified asphalt binders ulsuakhibit a higher G* and a

41



lower 6 value. Hence, it is meant that compared to theadiiied asphalt cements they

turned out to be more elastic and a bit stiffer.

3.3 Chemical Testing

3.3.1 Thin Film Aging at Different Temperature

Aging of asphalt is considered a valuable procdsswimpacts the performance during
the service life and therefore the RTFO and PAVhoes$ are implemented for testing
before the construction of the road. To understhedchemical changes during the aging
process, the thin film aging method was used dérift temperatures. There are three
different temperatures selected, i.e. 45°C, 6&1€ 85°C, to compare the changes in the
reaction at different temperature. According toelPstn’s presentation [62], this 20
degree temperature drop will lead to a reductiothenreaction speed by % of the speed
at 85 degrees. Infrared spectroscopy has been fosethe analysis of the chemical
changes during aging.

Small containers are used to prepare the thin With a thickness of 700 microns
(which is likely to be best) for aging materialomen; as such films are easy to produce.
The asphalt is placed according to containers’ diamthat disperses relatively evenly
over the base of each can. Since some of the raddifsphalt consists of the viscosity
that is fairly high at low temperatures, it shoslaften up by using THF to spread them
out. To completely evaporate THF from the samplesy were heated in a vacuum oven

at 70-80 degrees for about 15 minutes prior ta ghleicement in the aging oven.
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There were at least two containers for each otdébesections being prepared. In the
oven, the samples are arranged in rows and thesotaed 180 degrees each time when
taken out of the oven for analysis. Two spectrataken when the samples are analyzed
and the results so obtained are averaged out. din@les have been analyzed after 48
hours, 1 week, 2 weeks, 3 weeks, 4 weeks, 8 waekseeks and up to 5000 hours using

infrared spectroscopy.

3.3.2 Infrared Spectroscopy

Infrared spectroscopy has been used to understenahemistry of asphalt. For our
experiment a Bomem IR instrument was used with Gths, over the range of 4000 —
400 cm. Data analysis was done using the GRAMS32 soé&w&o analyze the data,
integration is done which calculates the area uttigicurve that covers valley to valley
for a particular peak. Integration from 1400 to 33" is used for the Cilpeak (the
CHgs integral was used as an standard since it iSvelgtinert to oxidative changes). The
peaks for carbonyl, aromatics, and sulfoxide awated at 1700 crh) 1600 crit and
1030 cm'[58], respectively, hence the integral bounds wedl760 to 1655 chm 1650

to 1535 crit and 1070 to 985 cth The edges of these bands are not always equéieso

integral boundaries sometimes need to be adjustamiding to the valley.

To understand chemical changes in asphalt duriegaging process, three indices have
been followed, which are:
(1) The carbonyl index is defined as the Carbonyl Ire#éGHs integral.

(2) The aromatics index is defined as the Aromatiosgral/CH integral.
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(3) The sulfoxide index is defined as the Sulfoxideegmal/CHintegral.
Styrene at 968 cthand butadiene at 700 &nindex are also followed for the sections
that are modified with SBS polymer. These are deitezd as follows; Butadiene is the
valley to valley integral from 983 to 955 &mand the index is the Butadiene
Integral/CH; Integral. Styrene is the valley to valley integimm 710 to 690 cf, and

the index is the styrene integral/gidtegral.
3.3.3 Fraction Separation

Separation of oils and asphaltenes has been cautassing the ASTM D4124 — 09 [8]

method in which n-heptane is used to separatesihigadtenes.
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Chapter 4

Results and Discussions

4.1 Distress Surveys

4.1.1 Highway 17 Trial Sections near Petawawa, Ontario

The pavement trial on Highway 17 near Petawawaawsastructed in 1996 as part of the
Long Term Pavement Performance Program (LTPP pnogravhich followed the
Strategic Highway Research Program (SHRP) that Idped the Superpave®
specifications. The Superpave® specifications weitee validated with the data to come
out of the LTPP sites. However, the reality hasnbdeat many LTPP sites were

abandoned after their construction, likely due tack of interest and funding.

PG 58-40 PG 58-34NP PG 58-28 PG 58-34P
300
£
4
@ 250 -
(&]
S
; 200 - 186
©
>
& 150 A
=
< 100 - 87
5 60 66
50 -
0
2 Sections 61

Figure 16 Distress survey for Highway 17 trial sections i©2063].
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Figure 16 above shows the cracking distress forfdlie Superpave® sections on
Highway 17. In early 2003, when surface temperaha@ only reached -27°C, none of
the sections should have cracked according to tlegjular AASHTO M320 grades.
However, the distress survey of 2007 shows thaetheas significant thermal cracking
distress in all four sections. The fact that thesetions have all cracked at temperatures
much warmer than their low temperature grades i&atylbe attributed to unanticipated
physical and chemical hardening processes anddambite failure properties. The results

for these investigations will be discussed later.

4.1.2 Highway 655 Trial Sectionsnear Timmins, Ontario

The northeastern Highway 655 trial sections wergested for cracking distress in 2008

[18]. The results of this survey are presentediguffe 17 below. The bars in the graph
represent the total cracking distress in three Sretches surveyed for each 500 m long

test section.
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Figure 17 Distress survey for Highway 655 trial sections [18]
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The lowest air temperature reached in ead@42was -48°C with a corresponding
pavement surface temperature of -34°C on two osnasHence, once more, the fact that
five of the seven Highway 655 test sections havackad by significant amounts
indicates that there is an urgent need for imprdeadtemperature specifications that do
a better job at correctly ranking the performantiis trial has also shown that it is
possible to produce and purchase asphalt cemeatsdth not suffer from premature
failure since both the state of Sections 655-1&5t5 are satisfactory for a five year old
pavement. (Note: The most recent 2010 survey hawrslalmost no cracking in 655-1

and the start of more significant cracking in 65p-5

4.2 Physical Testing

4.2.1 Regular Bending Beam Rheometer Testing

Regular bending beam rheometer (BBR) testing wa® dor Highway 17 and 655 trial

section materials. Pressure aging vessel (PAV) natgevere compared with materials
recovered from the field core samples. The regBlBR method was used to test
specimens in three point bending to determine thepcstiffness (S(t)) and slope of the
creep stiffness master curve (m(t)-value). This wgscally done at pass and fail
temperatures according to the criteria set ouhéWAASHTO M320 standard. The pass
and fail data were then used to determine limitstdgfness and limiting m-value

temperatures where S(60 s) = 300 MPa, and m(6@s3,xespectively.
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4.2.1.1 PAV Residues
The findings for the Highway 17 trial near Petawas@ provided in Figures 18-20,

below.

0.0 PG 58-40 PG 58-34NP PG 58-28 PG 58-34P

-10.0 A

-15.0 A

300 MPa)°C

-20.0 A

-19.2

(S

-25.0 A -22.8 24.0

-30.0 H
-29.3

-35.0

17-2 17-3 17-60 17-61

Figure 18. Highway 17 laboratory-aged (PAV) sangpide temperature at which
stiffness S(t) = 300 MPa. Note: Approximate ermams + 1°C for these and all

following BBR grades.

The criteria for the AASHTO M320 method is thatepestiffness should be below
300 MPa. For the Highway 17 trial sections, thegeratures at which the creep stiffness
reaches 300 MPa is given in Figure 18. It is okeale/that the grade of the materials are
changed by almost 10°C for all of the trial secsisanging from approximately -19°C
(PG-28) to -29°C (PG-40). The commercial PG graakich reflects the rounded PG
grade under which the materials are sold rathem tha continuous PG grades) of all

sections are given on the top of the graphs forebe&bmparison. In this ‘P’ indicates
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polymer modifier while ‘NP’ indicates material waht any polymer modifier, but with

the same grade.

PG 58-40 PG58-34NP PG 58-28 PG 58-34P
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Figure 19. Highway 17 laboratory aged (PAV) sangrkde temperature at which

slope m-value = 0.3 [31].
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Figure 20. Regular AASHTO M320 specification grattedaboratory-aged (PAV)

Highway 17 asphalt cements.
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Figure 20 shows the AASHTO M320 grade for the tsattions on Highway 17. In
this Section 17-61 has polymer modifier while Sactil7-03 is unmodified with the

same grade.

The findings for the Highway 655 trial sections previded in Figures 21-23, below.

-22

-26.2 26.7

28 A

300 MPa), °C

-28.1
283 -28.5
291 | 287

(S =

-34

655-1 655-2 655-3 655-4 655-5 655-6 655-7

Figure 21. Highway 655 laboratory aged (PAV) sangubele temperature at which

stiffness S(t) = 300 MPa [31].
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655-1 655-2 655-3 655-4 655-5 655-6 655-7

Figure 22. Highway 655 laboratory aged (PAV) sanguble temperature at which

m-value = 0.3 [31].

It is obvious from Figure 23 that all materialstims trial had nearly identical low

temperature grades. Hence, in light of the sen@umtion in early cracking for these test

sections (see Figure 17 above) there is a nedekttar performance grading tests.
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Figure 23. Regular AASHTO M320 specification grattedaboratory-aged (PAV)

Highway 655 asphalt cements.
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4.2.1.2 Recovered Materials

Similar to the regular BBR tests on PAV residud® timiting temperatures were
determined for the recovered asphalt cements fraghwhy 17 and Highway 655

materials. Recovered materials of Highway 655 eastiare mentioned in alphabets
which correlates with the numbers e.g. section 5%the same as 655-A. The findings
for this investigation are provided in Figures &Bl{ighway 17) and Figures 27-29

(Highway 655).

PG 58-40 PG 58-34NP PG 58-28 PG 58-34P
0.0
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-10.0 -

-15.0 A
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-16.5

-20.0 H

T(S

-20.6

-25.0 A 237
-25.0

-30.0

17-02 17-03 17-60 17-61

Figure 24. Highway 17 recovered sample grade teatyer at which stiffness S(t)

= 300 MPa.

The limiting stiffness temperature for the four Bgay 17 test sections range from
approximately -16°C (PG-28 section) to -25°C (PGs#gtion). This already shows
clearly that there is a problem for the PAV agimgtpcol since it should have produced

samples that are aged approximately similar taxthterial which has been in service for

52



10 years. Sections 17-02 and 17-03 already haverlgstiffness grades (i.e., T(S = 300
MPa)-10) of -35°C and -30.6°C, which is considezalshrmer than the -40°C and -34°C

predicted by their PAV residues (see Figure 20 ahov

0.0 PG 58-40 PG 58-34NP PG 58-28 PG 58-34P
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17-02 17-03 17-60 17-61

Figure 25. Highway 17 recovered sample grade teatyer at which slope m-value

=0.3.
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Figure 26. Regular AASHTO M320 specification grattesrecovered Highway 17

asphalt cements.
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The limiting m-value temperatures as provided iguF¢ 25 and the limiting grade
temperatures as provided in Figure 26 give a sinutanclusion compared to the data
from Figure 24. Section 17-02 has aged chemically 8°C more than what the PAV
predicted (-32.7°C versus -40°C), hence there meed for improved chemical aging

methods that do a better job than the current RIPR®/protocol.

-16

22 4

-22.5

-23.6
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-24.9 258

-28 4
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-34

655-A 655-B 655-C 655-D 655-E 655-F 655-G

Figure 27. Highway 655 recovered sample grade testyre at which stiffness S(t)
= 300 MPa. (Note: Letters represent the respestetion numbers but indicate that

the material was recovered from field core samples.

Figures 27 to 29 provide the grades obtained froenregular BBR method for the
recovered material of Highway 655 trial sectiongufe 27 shows little variation in the
limiting stiffness temperatures so this is likelgtra very good specification property
given the fact that Section 655-4 has performed peorly and Sections 655-1 and 655-

5 are in relatively good condition (see Figure bd\e).
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In contrast, the limiting m-value temperaturestfo recovered materials are given in
Figure 28 and these results show a reasonablelatoyre with the field performance
(Figure 17). Sections 655-1 and 655-5 have surviaggkly free of distress and this can
be attributed to their good retained limiting mualtemperatures. Section 655-4 has
performed worst and this can be attributed to dktgpe and hence warm limiting m-
value temperature of -16.7°C. This material is U@ab relax shrinkage stresses during

winter and is therefore suffering seriously frorartihal cracking.
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Figure 28. Highway 655 recovered sample grade testyoe at which m-value =

0.3.

The AASHTO M320 grades for the recovered materaks shown in Figure 29
where the observable part is Section 655-4 whichéahdeficit of 10°C compare to PG
grade determined on RTFO/PAV residue (Figure 23/@pdlhe actual recovered grade

is around -26°C whereas the PAV grade is at -368@cé there is a problem with the
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PAV aging method of around 10°C, which is enormlso, Section 655-1 and 655-5
show almost no change in grade.

The results for Section 655-B (i.e., section 65®&&@vered material) shows that even
the recovered material does not do a perfect jgeaticting which material will do well
and which material will do poorly. The section f@acked severely but the grade of -
34°C still passes considering this lowest tempeeatuas reached in early 2004. Hence,
from this we can conclude that there is more topteblem than just having to develop
an improved chemical aging method. The fact tha tbgular BBR method only
conditions sample for a single hour prior to tegtrauses additional problems with
performance specification grading. For this reag@extended BBR method has been
developed according to which samples are conditidoe 1 h, 24 h, and 72 h, at two
different temperatures above the pavement desigpdsature, which reflect typical low
temperatures at which the road is exposed duringt ofowinter. The extended BBR test

results will be discussed next.
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Figure 29. Regular AASHTO M320 specification grattesrecovered Highway

655 asphalt cements.
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4.2.2 Extended Bending Beam Rheometer Testing
The extended BBR results for both the Highway 1X\Rand recovered) and Highway

655 (PAV and recovered) materials are given in éa8l6.

Table 3. Highway 17 PAV Materials eBBR Results[20]

Conditioning Ts, °C Tm, °C Terade °C
Sections

Temperature, °C 1h 72h 1h 72h 1h 72h
17-2 -30 -30.7 -27.2| -31.4| -28.6| -40.7| -37.2
17-3 -24 -26.4 -24.0| -25.0| -19.2| -35.0| -29.2
17-60 -18 -20.8 -17.5|-20.9| -8.1 | -30.8| -18.1
17-61 -24 -25.6 -21.8| -24.6| -18.5| -34.6| -28.5

Table 3 contains data for Highway 17 for extend®&RBof laboratory aged material
(PAV). It is observed that after conditioning fa2 B, it has a huge variation of 12°C in
Section 17-60, which has performed poorest ofaalt] variations of 6°C in Sections 17-
03 and 17-61 that have both cracked prematurelys EEhdue to the physical aging
process after long conditioning that indicates agent need for modifications in the

laboratory aging RTFO/PAYV protocol.
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Table 4. Highway 17 Recovered Materials eBBR Results[31]

Hours 17-2 17-3 17-60 17-61
Ts 1 -26.5 -21.1 -16.6 -24.2
@ -12 24 -25.8 -19.8 -15.4 -23.6
°C 72 -25.6 -19.6 -15.1 -24.3
Ts 1 -24.8 -20.9 -17.1 -23.7
@ -24 24 -23.0 -18.8 -15.1 -22.0
°C 72 -22.6 -18.0 -14.3 -21.4
Tm 1 -24.0 -18.9 -16.3 -24.3
@ -12 24 -21.3 -13.3 -10.8 -23.0
°C 72 -19.8 -12.1 -10.8 -21.9
Tm 1 -23.2 -20.5 -18.1 -25.3
@ -24 24 -20.6 -16.9 -14.9 -21.4
°C 72 -19.9 -15.3 -14.0 -20.6
Grade 1 -34.0 -28.9 -26.3 -34.2
@ -12 24 -31.3 -23.3 -20.8 -33.0
°C 72 -29.8 -22.1 -20.8 -31.9
Grade 1 -33.2 -30.5 -27.1 -33.7
@ -24 24 -30.6 -26.9 -24.9 -31.4
°C 72 -29.9 -25.3 -24.0 -30.6

Note: Temperatures indicate conditioning tempeeatund grade indicates
performance grade at conditioning terapee.




Extended BBR tests were also performed for thewersal material of Highway 17
sections according to the LS-308 test protocothis, except for Section 17-61 (polymer
modified), all of the remaining sections have clemgf 8-10°C due to three days of
conditioning and chemical aging. Section 17-02,chlshows almost no changes in the
PAV material results from its grade, has shown raatian of 10°C in recovered material
test. This is an indication of the insufficient dabtory aging (physical and chemical) of
PAV material compared to the field-aged materials.

Tables 5 and 6 provide the data for the Highway $&&ions for PAV and recovered
material, respectively. The extended BBR test tesat PAV residues shows that section
655-1 lost the least during 72 h of conditioningd ahis is reflected in its superior
performance (see Figure 17). However, the otheticsecall lose about the same after
three days of conditioning and this suggests thatBBR is not entirely able to predict
performance. Section 655-5 has also done very Wetl this is likely due to improved
failure characteristics at high strain as measuretie DENT test. These results will be

discussed later.
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Table 5. Highway 655 PAV Materials eBBR Results[31]

Hours| 655-1 | 655-2| 655-3 655-4 655-5b 655 659

Ts 1 -26.2 -28.1 -29.1 -28.7 -26.7 -28. -28
@ -22| 24 -25.1 -26.4 -28.0 -27.4 -25.2 -26. -27
°C 72 -24.8 -26.1 -26.9 -26.8 -25.0 -26. -26
Ts 1 -25.9 -28.0 -29.2 -28.7 -27.2 -28. -28
@ -28| 24 -25.1 -26.2 -27.4 -26.9 -25.4 -25. -26
°C 72 -25.7 -25.5 -26.9 -26.2 -24.8 -25. -25
Tm 1 -27.7 -25.4 -26.8 -26.0 -25.% -24. -25
@-22| 24 -25.6 -20.9 -23.2 -22.1 -21.6 -20. -20
°C 72 -24.5 -18.4 -22.4 -20.1 -21.3 -18. -18
Tm 1 -27.8 -26.5 -27.6 -26.4 -26.3 -25. -25
@ -28| 24 -25.5 -22.3 -23.9 -23.2 -22.3 -21. -22
°C 72 -24.3 -20.5 -23.1 -21.3 -21.6 -20. -20
Grade| 1 -36.2 -35.4 -36.8 -36.0 -35.% -34. -35
@-22| 24 -35.1 -30.9 -33.2 -32.1 -31.6 -30. -30
°C 72 -34.5 -28.4 -32.4 -30.1 -31.38 -28. -28
Grade| 1 -35.9 -36.5 -37.6 -36.4 -36.3 -35. -35
@ -28| 24 -35.1 -32.3 -33.9 -33.2 -32.3 -31. -32
°C 72 -34.3 -30.5 -33.1 -31.3 -31.6 -30. -30
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Table 6. Highway 655 Recovered eBBR

Hours| 655-A | 655-B | 655-C| 655-D] 655-B 655-F 655-G
Ts 1 -23.9 -25.3 -25.3 -24.4 -26.1 -25.4 -23/6
@-12| 24 -23.5 -24.9 -24.6 -22.7 -25.5 -24.6 -21/9
°C 72 -23.6 -24.2 -24.3 -19.9 -25.4 -23.9 -2214
Ts 1 -24.3 -24.8 -24.2 -23.6 -25.6 -24.4 -22.6
@ -24| 24 -22.4 -22.8 -22.4 -20.7 -23.8 -22.5 -20/3
°C 72 -22 -22.2 -21.9 -19.1 -23.1 -21.5 -19.9
Tm 1 -25.9 -22.2 -19.3 -15.5 -25.2 -15.5 -16.5
@-12| 24 -24.2 -16.6 -12.6 -9 -22.5 -8.0 -9.3
°C 72 -23.4 -16.2 -10.8 -8.7 -22.1 -7.7 -7.5
m 1 -26.4 -24.0 -21.3 -20.1 -25.8 -19.9 -20,1
@ -24| 24 -22.5 -19.2 -17.7 -16.3 -21.8 -25.8 -16,3
°C 72 -22 -18.2 -16.3 -17.2 -21.0 -14.1 -16.2
Grade| 1 -33.9 -32.2 -29.3 -25.5 -35.7 -25.5 -26.5
@-12| 24 -33.5 -26.6 -22.6 -19 -32.5 -18.0 -19.3
°C 72 -33.4 -26.2 -20.8 -18.7 -32.1 -17.7 -17/5
Grade| 1 -34.3 -34.0 -31.3 -30.1 -35.6 -29.9 -30.1
@-24| 24 -32.4 -29.2 -27.7 -26.3 -31.§ -25.8 -26(3
°C 72 -32 -28.2 -26.3 -27.2 -31.0 -24.1 -26.2

Note: Temperatures indicate conditioning tempeeagade indicates performance

grade at conditioning temperature.
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Table 6 contains the data obtained from the exgBER test for recovered material
of Highway 655 sections. These results are mucteraimnilar to the performance of the
sections on the road. Sections 655-1 and 655-fharbest of all and lose around 4°C in
grade, while Section 655-4 is worst and has a 108€ in grade. Sections 655-2, 655-3,
655-6 and 655-7 are also disappointing after orbyygars of service.

Finally, we can conclude from the PAV and recovedath that results obtained from
the extended BBR test are closer to the actuabpeeince of the sections compare to the
regular BBR test due to the insufficient conditrogitime at low temperatures in the
regular test. Further, the results also show thatRAV provides insufficient chemical

aging even for materials that have been in seffaicenly 5-6 years.

4.2.3 Elastic Recovery Testing at L ow Temperatures
The same materials were also tested for their ielastd viscous properties at low
temperatures in the BBR by unloading for 720 srafte 240 s of loading. These tests
allow the viscous and elastic deformation to beassed and the obtained data are
analyzed in Figures 30-45, below.

The general observation we can make is that ttetielecovery does not seem to be
a very good indicator for performance in any of thaterials investigated (PAV and/or
recovered). Figures 30 to 32 are for Highway 17 Bigiires 34, 36, 38, 42 and 44 for
Highway 655 show that all samples have very sinelastic recoveries while they have
performed vastly different in terms of cracking sarvice. The exception is given in

Figure 40, which shows that the elastic recoveny $ections 655-1 and 655-5 is
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marginally less than the rest (i.e., they are #dastic and thus would retain less thermal
stress during winter), which agrees with their sigpgoerformance in service.

Similarly, the viscous compliance does not do a/\ggod job at distinguishing the
good from the poor performers in PAV residues (Fegu33, 35, 37 and 39). In contrast,
the viscous properties in the recovered materikiswsa strong correlation with
performance with Sections 655-1 and 655-5 outperifog the rest by a large margin (see
Figure 41 and 43) although at the very low tempeeadbf -30°C they all again appear
similar.

It may therefore be once more stated that the RPARW/aging deficiencies are in
large part to blame for the premature and excessigeking in some of these test

sections and in numerous paving contracts arourdrion
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Figure 30. Elastic recovery of laboratory-aged (BAWghway 17 sections at

-12°C.
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Figure 31. Viscous compliance J(v) of laboratorgddPAV) Highway 17

sections at -12°C.
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Figure 32. Percentage elastic recovery of laboysaged (PAV) Highway 17

sections at -24°C.
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Figure 33. Viscous compliance J(v) of laboratorgéddPAV) Highway 17

sections at -24°C.
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Figure 34. Percentage elastic recovery of laboysdged (PAV) Highway

655 sections at -10°C.

65



Viscouse Compliance @ -2C

0.003

0.00202 0.0021 0.00193
0.002 + 0.00186 0.00176
0.0015
0.0013
0.001 -
0 T T T T T
655-1 655-2 655-3 655-4 655-5 655-6 655-7

Figure 35. Viscous compliance J(v) of laboratorg@ddPAV) Highway 655

sections at -10°C.
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Figure 36. Percentage elastic recovery of laboysdged (PAV) Highway

655 sections at -20°C.
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Figure 37. Viscous compliance J(v) of laboratorgcddPAV) Highway 655

sections at -20°C.
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Figure 38. Percentage elastic recovery of laboyadged (PAV) Highway

655 sections at -30°C.
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Figure 39. Viscous compliance J(v) of laboratorgddPAV) Highway 655

sections at -30°C.
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Figure 40. Percentage elastic recovery of Highw&ly r@covered materials at

-10°C.
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Figure 41. Viscous compliance J(v) of Highway 686avered materials at -

10°C.
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Figure 42. Percentage elastic recovery of Highwily i@covered materials at

-20°C.
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Figure 43. Viscous compliance J(v) of Highway 686avered materials at -

20°C.
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Figure 44. Percentage elastic recovery of Highwialy @covered materials at

-30°C.
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Figure 45. Viscous compliance J(v) of Highway 688avered materials at -

30°C.

4.2.4 Double-Edge-Notched Tension Testing
The evaluation of the recovered asphalt cementrialtevas also done according to the
LS- 299 double-edge-notched tension test prota®@d). [The approximate critical crack

tip opening displacements for binders of Highwayahd 655 are shown in Figure 46 and

47, respectively.
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Figure 46. The approximate critical crack tip opgniisplacements of

recovered samples of Highway 17 Sections 17-02)3,7:7-60 and 17-61.

The distress surveys taken in 2002, 2003, and ZB@jure 16) have shown that
Section  17-60 has the most distress at 186 stiatkfollowed by 87 cracks/km for
Section 17-03 while Sections 17-02 and 17-61 hawest the same amount of distress at
around 60 cracks/km [63] in 2007 survey. When theseilts are compared with the
approximate CTOD values in Figure 46 it shows Settion 17-61 has highest value and
section 17-60 has lowest value out of this. Thigadation indicates that DENT test
could be useful for identifying service performanak asphalt binders. However, it
should also be noted that these results are akragtoor. Typically the CTOD should be

around 10 mm for a PG-28, 14 mm for a PG-34, amth éngher for a PG-40 grade.
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Figure 47. The approximate critical crack tip opegnidisplacements for

recovered samples of Highway 655 sections.

Figure 47 shows that the CTODs for recovered Sesti655-3 and 655-4 are
dramatically reduced compared to their PAV valugsctions 655-2, 655-6 and 655-7
also have low 4-7 mm CTOD values. The noticeablatps that Sections 655-1 and
655-5 have retained rather good CTODs at 13 mnm28ndm compared to the remaining
sections. These have already performed betterviced18].

This results shows the CTOD value and service pmadoce have much more
correlation. As mentioned in the materials chapdefew of these trial section asphalts
were tested with X-ray fluorescence and testedtipedior the zinc metal (Sections 655-
3, 655-4, 655-6 and 655-7) and also traces of glwsps (Sections 655-, 655-6 and
655-7) which is observed usingP nuclear magnetic resonance (NMR) spectroscopy

[18]. The presence of zinc and phosphorous in thasewell as in numerous poorly
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performing eastern and northeastern Ontario castrandicates the presence of waste
engine oils, with or without the use of polyphospbacid (PPA). PPA is found to lower

the ductile strain tolerance [64] and waste engiteare thought to weaken the asphalt
cement-aggregate interface [65] and to promoteptiysical hardening process [15], and

hence, these additives could be a strong reasdahdarbserved poor performance.

4.3 Infrared Spectroscopy Study of Asphalt Cement Recovered from Eastern
Ontario Paving Contracts

A separate investigation for this thesis involvkd infrared spectroscopic (IR) analysis
of the asphalt cements recovered from a serie agbtracts in eastern and northeastern
Ontario. These had earlier been investigated femntlal cracking and it was found that 11
performed satisfactorily with almost no cracking fextended periods while 9 had

cracked prematurely and excessively in their fegt years of service [17].
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Table 7. Eastern Ontario Paving Contracts[17]

Number | Highway L ocation Age Cracking Severity
1 6 Little Current 2000 Excessive
2 11 Cochrane 1999 Mild
3 11 Smooth Rock Falls 1998 Mild
4 17 Petawawa 1996 Excessive
5 28 Burleigh Falls 1993 Mild
6 28 Lakefield 1997/1998 Mild
7 33 Conway 1998 Mild
8 35 Lindsay 1997 Mild
9 41 Dacre 2000 Mild
10 41 Denbigh 1996 Excessive
11 41 Kaladar 1999 Excessive
12 41 Northbrook 2000 Severe
13 41 Vennachar 1997/1998 Mild
14 60 Bat Lake 1998 Severe
15 60 Wilno 1994 Excessive
16 62 Bannockburn 1997 Excessive
17 62 Bloomfield 1993 Mild
18 138 Cornwall 2000/2001 Mild
19 138 Monkland 1998 Excessive
20 416 Spencerville 1999 Mild
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Infrared spectroscopy has long been used to shalgltemical hardening of asphalt
cements through the monitoring of the carbonyl fiomal group around 1700 ¢h
which is the main oxidation product [59]. The othgtemical group that is often
followed, since it is also a product of the asplainent’s reaction with oxygen, is the
sulfoxide [59]. A final functional group that is ofterest is the aromatic index as
measured from the peak around 1600'c summary of all findings is provided in

Figures 48-50, below.
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Figure 48. Carbonyl indices for eastern Ontarioipgeontracts (see Table 7 for
contract details). Noté& Indicates minor cracks found during the suredter 7-15
years of service where, 1 indicates excessive egmature cracks, f indicates

polymer found in the infrared spectroscopy analysis
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Figure 49. Sulfoxide indices for eastern Ontarigipg contracts.
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Figure 50. Aromatics indices for eastern Ontarigipg contracts.
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The data are interesting in several ways. Firg, darbonyl index is a rather poor
predictor of performance. While some contracts sashSites 8 and 9 show a low
carbonyl index and have performed well, others saglsites 18 and 19 shows opposite
performance for rather high and nearly identicaboayl indices.

This analysis shows that it is not only the additad asphaltenes (carbonyls) that is
of importance for low temperature cracking but eatlalso the way in which such
additional asphaltenes harden the asphalt cementhighly paraffinic oils, the
asphaltenes produced upon oxidation will easilynf@ar gel structure which is unable to
relax thermal stresses. In contrast, more aronwitsc will allow the asphaltenes to
remain better peptized and thus able to relax thestnesses.

This conclusion is best illustrated with an examipen the graphs above. Highway
138 has a very good performing contract from Cotht@aMonkland (Site 18) adjacent
to a very poor performer north of Monkland (Site).1Bhe extracted asphalt cements
have carbonyl indices of 0.81 and 0.86, respegti{@e Figure 48). For all intents and
purposes these can be considered to be the sanad #dredhigh end of the spectrum. The
difference in performance can be explained by tht& diven in Figure 50. The Site 18
material has an aromatics index that is about 3i@ftein than what was found for Site 19.
Aromatics are better at peptizing the asphaltemek thus this pavement was able to
survive as many winters as the one to the northféilad miserably.

Similarly, Sites 11 and 17 have the exact sameoogthindex (0.51) but Site 11 has
cracked excessively in early life whereas Site 4% temained largely free of distress.
This can again be explained through the differeincaromatics index with the latter

being about twice as high as the former (0.57 \weisili2).

78



There are also anomalies to this general trendtlaisds likely due to the nature of
the asphaltenes formed during oxidation. Those asgements that have asphaltenes
that are lower in aromaticity will likely stay comfible with saturated oil for longer
periods of time and are thus able to withstand nmmxiglation. Hence, it must be
concluded that we not only need to consider thetspscopic properties but also the
rheological properties when developing an improgkdmical aging method for asphalt

cement.

4.4 Chemical Testing

4.4.1 Thin Film Aging at Different Temperature

Thin film oven-aged specimens were tested for timéiared spectra in order to monitor
the changes in functional groups related to theation of the asphalt cement (carbonyl,
sulfoxide, and aromatics). The results of the itigasion are provided in Figures 51-58

below.

1.40 -

——655-4@84

1.20 A —&—655-4@700
[}
20.80
20.60
3
= 0.40
@)

0.20

0.00 T T T T T T

0 500 1000 1500 2000
Time (hrs)

Figure 51. Carbonyl indices of Section 655-4 wiitfiedent film thickness (in

pm).
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Figures 51 and 52 show that the film thicknesscédf¢he oxidation rate as measured
by the carbonyl index for film thicknesses of 3350 but not for those of 70Am and
below. This is likely due to the limiting factor ing the diffusion of oxygen into the
thicker films. The oxygen disappears faster thanrétte at which it is able to diffuse into
the film. Hence, the remaining tests were all dasitd films of 700um. This thickness
provided sufficient material for further testingtoth IR and DSR protocols. The above

mentioned film thickness are for aging materiabwen.
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Figure 53. Carbonyl indices of Highway 17 test isext at 65°C.

The results for Highway 17 show that the oxidatrates for Sections 17-03, 17-60
and 17-61 are similar for up to 2000 hours whilat flor Section 17-02 is slightly higher.
These data agree with the results presented inrdSgl0 (PAV residues) and 26
(recovered). There Section 17-02 loses more tharthitee others. However, Section 17-
61 loses only 0.3°C in service compared to the Ra#hich is likely due to a higher

compatibility between the asphaltenes formed aadils in that base asphalt.
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Figure 54. Sulfoxide indices of Highway 17 testtsrts at 65°C.
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Figure 55. Aromatics indices of Highway 17 testtiees at 65°C.

The results for Highway 655 thin film oven aged enatls are provided in Figures
56-59 and they are also in reasonable agreememthétfindings from the field extracted
materials and the field performance. Note thattiagerial from Section 655-1 starts high

because it has a reactive ethylene terpolymer adgtilate groups that absorb in the same
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region as the ketone formed through oxidation.hié tvalue is subtracted then this
material ages least followed by Section 655-5 nedte8ections 655-4 and 655-7 are the
only outliers, which is likely due to the preserfevaste engine oils in these materials.
These waste oils are highly paraffinic and themefprecipitate the asphaltene that is
formed in a more forceful manner, thus reducingrtiealue and increasing the thermal

cracking beyond what is predicted from just théboay! index.

0.60
——655-1 —M—6552 —&—6553
—%—655-4 —¥—655-5 —8—655-6
0.50 - —6—655-7
x 040 -
©
=
2 030
o
2
]
© 020
0.10
0.00
0 72 168 336 672 1008 1344 2016 2688 3360
Time (hrs)

Figure 56. Carbonyl indices for Sections 655-156-@ at 45°C.
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Figure 57. Carbonyl indices for Highway 655 Sectidn7 at 65°C.
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Figure 58. Sulfoxide indices for Highway 655 Sextid-7 at 65°C.
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Figure 59. Aromatic indices for Highway 655 Sectidn7 at 65°C.

4.5 Improvements for the Current RTFO/PAV Protocol

Since it was shown that the current RTFO/PAV protatoes a poor job at replicating
the field aging for both the Highway 17 and Highw@bp trial sections, it was decided to
investigate simple modifications to see if they Vdoumprove the chemical aging
method. The PAV test was conducted for twice timgtle, 40 h versus the regular 20 h,
and with half the weight in each pan, 25 g versesregular 50 g, for the same length of

time. The results of these experiments are providétdgures 60-70 below.
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Figure 60. Temperature at which stiffness S = 3BaMs. temperature at which
m-value = 0.3 of different aged asphalt cementighway 17 Section 02.

Note Imperial Oil data were obtained at their compkaiyin Sarnia, Ontario.

-34 -30 -26 -22 -18 -14
) - -18
25g-Imperial < Recovered
Oil data o

- -23

PAV 40h &

< pav 25g

O - -28

<& PAV

RTFO

- -33
-38

T (S = 300 MPajC

Figure 61. Temperature at which stiffness S = 3BaMs. temperature at which

m-value = 0.3 of different aged asphalt cementighway 17 Section 03.
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Figure 62. Temperature at which stiffness S = 3BaMs. temperature at which

m-value = 0.3 of different aged asphalt cementighway 17 Section 60.

It is observed that in all the test sections astlegther one of the modified test results
are closer to recovered materials compare to re#& aging method. In Section 17-02
(Figure 60) the recovered material results ardrtan all the aged materials. Results for
Section 17-03 (Figure 61) has more clear picturere/iboth the modified test has similar

results and closer to recovered material.
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Figure 63. Temperature at which stiffness S = 3BaMs. temperature at which

m-value = 0.3 of different aged asphalt cementighway 17 Section 61.

The observation for section 60 (Figure 62) is intgatr as this section has poorest
performed out of all four. In this PAV method madd with film thickness is closest to
the recovered material while regular PAV and medifPAV with time length is far from
it. In Section 17-61 (Figure 63) time length moelifiPAV and regular PAV are closer to
recovered in terms of thickness while film thickeewodified method is closer in m-

value as well.

88



- 18
9
o <& PAV 40h - -23
o
I
g PAV O < Recovered L 28
. & RTFO
Unaged & - -33
-38

T (S =300 MPa) °C
Figure 64. Temperature at which stiffness S = 3®aMs. temperature at which m-
value = 0.3 of different aged asphalt cement fayjhiay 655 Section 1 [18]. Note:

some of the data are courtesy of Imperial Oil Ltd.
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Figure 65. Temperature at which stiffness S = 3®aMs. temperature at which m-
value = 0.3 of different aged asphalt cement fajhiay 655 Section 2 [18]. Note:

Some of the data are courtesy of Imperial Oil Ltd.
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Figure 66. Temperature at which stiffness S = 3®aMs. temperature at which m-
value = 0.3 of different aged asphalt cement faghidiay 655 Section 3 [18]. Note:

Some of the data are courtesy of Imperial Oil Ltd.
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Figure 67. Temperature at which stiffness S = 3®aMs. temperature at which m-
value = 0.3 of different aged asphalt cement faghidiay 655 Section 4 [18]. Note:

Some of the data are courtesy of Imperial Oil Ltd.
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Figure 68. Temperature at which stiffness S = 3®aMs. temperature at which m-
value = 0.3 of different aged asphalt cement faghidiay 655 Section 5 [18]. Note:

Some of the data are courtesy of Imperial Oil Ltd.
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Figure 69. Temperature at which stiffness S = 3®aMs. temperature at which m-
value = 0.3 of different aged asphalt cement foghidiay 655 Section 6. Note:

Some of the data are courtesy of Imperial Oil Ltd.
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Figure 70. Temperature at which stiffness S = 3®aMs. temperature at which m-
value = 0.3 of different aged asphalt cement foghWiay 655 Section 7. Note:

Some of the data are courtesy of Imperial Oil Ltd.

The results for Highway 655 show that nearly a# thaterials except the one for
Section 655-1 are penalized rather harshly by xteneled aging period losing anywhere
from 4°C to 8°C from their regular Superpave® gratlee material from 655-1 loses a
mere 2°C and this is likely the reason for whyastperformed so well in service. This
asphalt was produced with a base crude from Llogdtar known to have good
resistance to oxidation and physical hardening ttu@ high content of naphthenes

(branched saturates) and asphaltenes that areeblatompatible with their oils.

4.6 Fraction of Asphalt (Asphaltenes)
Asphalt contains mainly two constituents, asphakeand oils. Basically asphaltenes

float in oils [4] and so the rheological properfyasphalt also depends on the percentage
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of these fractions. The aging process has affe¢hercontent of the fractions and so in
this part the percentage of asphaltenes is caémliffsr available different aged asphalt
cement. The purpose of this experiment is to compa percentage of asphaltenes with
all different aged materials which includes laborataged as well as recovered material
from the road. The error bars included provide 3hgercent of experimental error. All

the samples are performed in duplicates that gmedecible and the average is used to

plot the graphs.
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Figure 71. Comparison of asphaltenes percentaddifinway 17 test sections with

3 percent variation bar.

There are five different types of aged sampleslabia for Highway 17 including the
modified aging process of PAV. Figure 71 shows fhatcentage of regular PAV aged

material is far from the recovered material frora thad. It is an indication that regular
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PAV method is insufficient to provide aged matetfadt is similar to the service life. The

percentage (asphaltenes) of either one of the meddRPAV materials is closer to the

recovered asphalt cement. Neither one of has slowsistency in all four sections and

so it is hard to conclude which one is more effectMore work is needed to get further

an understanding as to which one serves betteagbenother modifications are required

to produce material that works for at least 8-1argef service life.
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Figure 72. Comparison of asphaltenes percentagdifiiway 655 test sections

with 3 percent variation bar.

Figure 72 shows the percentage of asphalteneshéoHtghway 655 sections with

different aged asphalt. In this it is clearly shothiat Sections 655-1 and 665-5 have

almost similar percentages with the PAV material trese sections have performed well

in service. But the interesting point is Sectiorb-85which has the highest variation in
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percentage in PAV and recovered. The Section 6B5wlorst out of all the trials. The
point here that one has to keep in mind is thaseaditions have the same PG asphalt
cement.

The difficulty with all of these studies of the asftene contents and the carbonyl
indices involves the fact that the constructioniallity is not considered because it is
not certain that selected materials were not owdueduring the production of the hot
mix asphalt and the construction of the pavememnioter confounding factor is
presented by the air voids content in the variogstions. Higher air voids will provide
conditions that are conducive to accelerated chanaiging due to the fact that oxygen
can enter more easily. The air voids contents wetaneasured for these sites so that is
another unknown that could have affected the figslin

Notwithstanding, the general trend for the agingnate the length and half the film
thickness is that the grades come closer to thevezed materials. Even an improvement
of only 3°C means that future pavements can betagrted much closer to their intended
98% confidence level such as what was accomplistie@ection 655-1. The potential
savings from the implementation of improved cheiniaging methods are in the
hundreds of millions and billions of dollars in @rib alone. Most northern pavements
fail due to low temperature exposure and if thisater controlled the benefits to society

can be enormous.
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Chapter 5

Summary and Conclusions

Given the finding that are presented in this thesie following summary and

conclusions may be given:

The currently used RTFO/PAV aging protocol failsaige asphalt cements to a
sufficient degree and produces materials that fresgrading criteria but have a
tendency to fail in service.

The currently used 1 hour conditioning time in BBR fails to replicate the
conditioning that asphalt cements experience invieser and hence the
specification criteria pass unstable asphalt cesnéiiatt have a tendency to fail in
service.

The double-edge-notched tension (DENT) test appead® a reasonable job at
separating the good from the not-so-good asphaienés.

The chemical hardening tendency of asphalt cemgmsasonably monitored by
the carbonyl functional group except for those a#igithat have an incompatible
phase structure (i.e., those with high paraffircoitents will harden more rapidly
than their carbonyl indices suggest).

Increasing the PAV aging time to 40 h and/or redgdhe weight per pan to 25 g
would provide significant improvements to the catrdeRTFO/PAV protocol

which uses 20 h and 50 g.

The above findings should be further investigateth wvell controlled field trials and

laboratory experiments.
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Chapter 6

Further Work

Further work in this area should focus on the feitg issues:

1. Extraction of asphalt cement: Different solvents tave varying effects on
the properties of the recovered asphalt cements.

2. Degradation of styrene-butadiene type polymers: HA¥ does not appear to
chemically age butadiene in any way as severelthasshappens at more
modest temperatures in service. This issue nedoks torther investigated and
modified protocols may need to be developed to awprthe match with
service aging.

3. Thinner films need to be investigated to see ifatibtation is an issue in
certain asphalt cements. Films with 25 g per panstill significantly thicker
than what is the typical film thickness in serv{@®-20um). Such thin films
may be more prone to hardening from volatilization.

4. Oil exudation needs to be investigated in orddyetter replicate hardening in
hot mix asphalt that has inferior quality, porouggmegate. Hence,
experiments with finely dispersed aggregate shputdide valuable insights
into how this process can vary between differenpphak sources and

aggregate types.

Once the above issues are dealt with the expectadidghat user agencies of asphalt

cement can do a much improved job at selectingagmhalt cement for a particular

97



contract. The current service life of 20-40 yeaan easily be extended by a significant
amount and premature failures where roads stactack within their first few winters

can be avoided.
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