ABSTRACT

BRASWELL, ELIZABETH SLOAN. Laboratory Aging of Modern Mixtures to Simulate Field
Aging. (Under the direction of Dr. Cassandra Castorena).

Significant research has been devoted to understanding and modeling the aging of asphalt binder.
The accurate characterization of asphalt mixture properties in terms of the service life of a
pavement is becoming more important as more powerful pavement design and performance
prediction methods are implemented. The accuracy of an aging model to represent the long-term
aging of asphalt mixtures at different depths of in-service pavements is critical to a model’s
ability to predict critical pavement distresses. The current laboratory mixture aging procedure,
AASHTO R 30 only considers a single aging time and temperature to reflect all mixtures. This
was calibrated before the prevalent use of reclaimed materials, modifiers, and warm-mix asphalt
(WMA). In this research, a laboratory aging procedure is calibrated using modern mixtures
WMA, mixtures containing reclaimed asphalt pavement (RAP), and other unconventional
mixtures, as well as adding field core replicates to the existing database. The materials used for
this have a variety of air void contents, asphalt contents, and climatic conditions. The aging
procedure is calibrated using laboratory aging experiments coupled with field cores obtained
from in-service pavements throughout the United States and Canada to relate laboratory aging
conditions to climate and depth. In addition, the effects of asphalt mixture morphology on aging
is studied through analysis of field cores with systematic changes in air void content and binder
content. The final outcomes of this project include the recalibration of the loose mixture aging
procedure and the field calibration of the pavement aging model applied to the kinetics model as
a function of depth with the incorporation of the consideration of asphalt content. This study also

investigates the effect of asphalt mixture morphology on pavement aging.



© Copyright 2019 by Elizabeth Braswell

All Rights Reserved



Laboratory Aging of Modern Mixtures to Simulate Field Aging

by
Elizabeth Sloan Braswell

A thesis submitted to the Graduate Faculty of
North Carolina State University
in partial fulfillment of the
requirements for the degree of
Master of Science

Civil Engineering

Raleigh, North Carolina
2019

APPROVED BY:

Dr. Y. Richard Kim Dr. Benjamin Underwood

Dr. Cassandra Castorena
Committee Chair



DEDICATION

I would like to dedicate my thesis first of all to my family and second to my friends. My family
has loved me and supported me throughout my entire collegiate career. To my parents, | cannot
begin to thank you for putting me through college. I can’t express how much you guys mean to
me. Thank you for believing in me and encouraging me to follow my dreams. To my mother,
thank you for pushing me to pursue a graduate degree. To my father, I’ll get you to cheer for the
Wolfpack some day! | would like to especially dedicate this to my G. Daddy, who will not be
able to see me graduate, but I know is proud of me. Thank you to my friends, who I could not
have survived college without. Thank you for laughing and crying with me, supporting me, and

challenging me to be the person | am today.



BIOGRAPHY

Elizabeth Sloan Braswell was born and grew up in Asheville, North Carolina. She is the daughter
of Michael and Karen Braswell, who also grew up in Asheville. She has a younger brother,
Matthew, who attends Clemson University. She graduated as the valedictorian from Clyde A.
Erwin High School in 2013. After graduating, she decided to attend North Carolina State
University, but was undecided about a major as she entered the First Year College program.
During her freshman year, she decided to pursue a Bachelor’s degree in Civil Engineering.
Elizabeth enjoyed her undergraduate years at NC State. From learning and applying knowledge
learned in the classroom to developing a since of belonging and purpose with her surrounding
community, Elizabeth fully embraced the culture of NC State and reflects on those years as some
of the best times and memories in her life. While pursuing an undergraduate degree, she began
assisting graduate students in the transportation lab with Dr. Cassie Castorena as her advisor. She
helped with countless hours of sieving component materials and running specific gravity tests.
Through around two years of lab work and the advice of Dr. Castorena, she decided to apply to
graduate school for a masters in transportation materials. She finished her undergraduate degree
in Civil Engineering in the Spring of 2017. Her interests include transportation materials. She has
enjoyed her graduate career at North Carolina State University and is excited to start a full time
position with the Public Land Development Department as a Project Engineer | at Timmons

Group in Raleigh, North Carolina.



ACKNOWLEDGMENTS

I would like to thank my family, friends, and fellow graduate students for their constant love and
support throughout my entire academic career at North Carolina State University. To all of my
family, thank you for calling me and sending me postcards from four hours away. Thank you for
believing in me and loving me even though | chose NC State over UNC (best choice | ever
made). To my friends, | have made some of the best memories of my life during my time at NC
State that | will forever cherish. From living with the girls of Suite 319 to competing with my
teammates and friends in club racquetball, | am so grateful for all of the lasting friendships that
have been fundamental to enriching my academic career. To Meredith, thank you for being my
civil rock and overall boss lady throughout undergrad. I couldn’t have made it through all of the
classes we had together without you. To my professors, thank you for all of the hours that you
put into teaching material, as well as answering all of the questions that I had. It was by the main
influence of Dr. Castorena that | decided to pursue a graduate degree in Civil Engineer. Without
her guidance as my undergraduate and graduate advisor, | would not be the student | am today,
and | cannot begin to thank her enough for what she has done for me in my career at NC State.
To the professors who were the leads on the 9-54 project, Dr. Kim, Dr. Shane, and Dr.
Castorena, thank you for your dedication to the project and your expert knowledge to help guide
me along the way. Dr. Kim, thank you for always keeping the schedule and timing of things in
check and providing helpful suggestions since the start of the project. Thank you for always
looking at the big picture, and for being there whenever | encountered an issue. To Dr. Shane,
thank you for always giving valuable input during the course of the project, and for helping out
so much with the EICM portion of the project. | enjoyed getting to work with you. To Dr.

Castorena, thank you for always being available to answer all of my questions, and for being my



go-to person. To Noor, thank you for always being there to answer my countless questions about
the project. I don’t know what | would have done without you working on this project. Thank
you to everyone who has impacted my life during my time at NC State. This experience has
helped me grow in ways that I could not have imagined, and | will be forever grateful for the

opportunities that | have gotten to participate in. Go Wolfpack!



TABLE OF CONTENTS

LIST OF TABLES ... bbbttt bbb bbb viii
LIST OF FIGURES ..ottt sttt sttt et et st nesneanaeneeneenes iX
INTRODUGCTION ...ttt ettt bbbttt s et e ettt be b 1
LITERATURE REVIEW ...ttt bbbttt 5
Asphalt AQING MECRANISIMS ..o 5
(@) qTo F- U1 o] o T TSRS PRSPPI 5
VOIALHZATION......eeteee e bbbttt e et bbb benrenreas 5
Material Factors that Affect PAVEMENT AQING ......ocviiviiiiiiiiieiee e 5
F N AV o] o I o] o1 (=10 | PSSP 5
ASPNAIT CONEENLE ...t et e s re et reesre e b e snaenas 6
T[0T g\ ToTo [ or: 14 o] o FS SR 6
Exposure Factors that Impact ASphalt AQINg ..........coviieiiiiiie e 7
LI 01T LU PRSPPI 7
DIBPEN . bbbttt bt 7
AASHTO R30 Long-Term Aging ProCEAUIE .........cveiuieieeiece ettt sa e 8
Other Laboratory MiXing PrOCEAUIES .........ccveiuiiieiieiie ettt ste e sra e re e 8
(€7 N T 1Y, oo [ TSR 10
NCHRP 09-54 Aging Procedure and MOdEel ..o 15
METHODOLOGY AND EXPERIMENTAL PLAN.......cccotiiiiaieeie et 21
e 0] [=01 S F USSP TSP RPRUPRPRPRPROS 21
SIGNITICANCE OF PIOJECLS ......eiueiieiiite sttt 24
Field Core Preparation and Binder Extraction and RECOVErY...........cccovvveviiiveeiiiesieeiie e, 24
Loose Mixture Preparation and AgING........cocooeeieriniinenieieie et 30
Dynamic Shear Rheometer (DSR) TESING .....cueieieriiiiriiieieie e 30
Enhanced Integrated Climatic Model (EICM) ANalySiS.........cccoevieiiiiiiieiie e 31
] U 1 SO PRE 38
Recalibration of the Loose Mixture Laboratory Aging Durations with the Addition of
Unconventional Mixtures and Field Core RepliCates...........ccccvevieiiiiiiie e 38
Original CAI ParamMeterS.........oouiiiiiiiieieie ettt bbb 39
Recalibration EFFOIT ..o e 42
Initial RECAIIDIAtION ...c.eiiiii e e 43
Recalibration WIthOUt ALF ........ooiiiei e 45
Recalibrated Laboratory Aging DUING IMapPS ........cccoeeeiiieieiienieniesee et 49



SUIMMIAIY .ttt ettt et e et e ekt e e R bt e e st e e e R bt e s st e e b bt e e eb b e e e bt e e e bt e e e bb e e e nbneas 54

Effect of Asphalt Mixture Morphology on Pavement AgQiNg .......ccocvevveerrieeieniennienie e seeeens 55
BIaZIl ANAIYSIS .. ittt ettt neenre e 55
WESTTACK ANAIYSIS ...ttt st e e st e ste et esneesaeesresneenneeneeas 67
SEALISTICA] ANAIYSIS .. .eevieeii ettt sttt b et re e b e ne e 69
SUMMIBIY ..ttt bbb bt et e b e b e e b b e e 72

Field Calibration of the Pavement Aging Model ... 73
(@] VT SRR 73
Data Smoothing Prior to Field Calibration ............ccoceiiiiiiiiiiieee e 74
Relationship between Kinetics Model Predictions and Smoothed Field Core
IMIBASUIEIMENTS ...ttt ettt e bt e bt e et e st e e st e e e nnb e e e nnb e e e nneeennes 80
Field Calibration of the Kinetics MOdEl ............cooiiiiiiiiiie e 86
Comparison between Field Core Measurements and Calibrated Pavement Aging Model
e =T 1o oSSR 92
Field Calibration Adjustment Factor for Deviations from the Optimum Asphalt Content .. 96
SUIMMIBIY L.t b et h e bt et b e b e et e bt e b e e abeenne s 100

CONCLUSIONS AND RECOMMENDATIONS ..o 102
REFERENGCES ... ..ottt bbbt r et e ettt nbeebeans 104

vii



Table 1

Table 2

Table 3

Table 4

Table 5

Table 6

Table 7

LIST OF TABLES

CAL PATAIMETETS ...ttt enneesneennne s 17
SUMMArY Of TESE SECHIONS ..o 23
Depth Factors From Recalibrated Parameters...........c.ccoovvvviiiiienencienceceee, 48

Volumetrics for Brazilian Mixtures of Different Binder Sources with the Same

AQQregate GratdatiON ..........cocoiiririiirieeee et 56
Summary of the Statistical Analysis for WesTrack Materials ............ccccoooevvennnne. 70
Summary of the Statistical Analysis for Brazil Materials.............c.cccccvevviveivenenne. 71
Field Calibration Parameters .........cccoieieiiiinieiene e 87

viii



Figure 1.
Figure 2.
Figure 3.
Figure 4.
Figure 5.
Figure 6.
Figure 7.
Figure 8.
Figure 9.

Figure 10.

Figure 11.
Figure 12.
Figure 13.
Figure 14.
Figure 15.

Figure 16.

Figure 17.

Figure 18.

Figure 109.

Figure 20.

LIST OF FIGURES

Predicted Viscosity as a Function of Depth for Pennsylvania Study at 77°F............ 13
Predicted Viscosity as a Function of Depth for Pennsylvania Study at 77°F............ 14
Depth Correction FUNCLION ........c.ooiiiiiiiiieiee e 18
SAMPIE FIEIA COTE ... re e 25
Extracted and ReCOVEred BINUEN .........ccveieiieiieie e 26
FTIR IMACHINE. .....ciiiiieiieiieieee e ettt bbb aneeneas 27
FTIR OQULPUL. ...t 28
REACTION WVESSEL ... et bbb eneas 29
Dynamic Shear RNeOMEter (DSR).......cuoiiiiiiieieieie e 31

Predictions of log G* Under Different Isothermal Loadings for Prolonged Periods
of Time for: (a) SHRP AAD Binder and (b)ALF-SBS-Modified Binder (Kim et al.

20L8) ... veoeeeeeeeeeeeeseeee e s e e et e et e ettt e ettt r et 32
MEPDG Pavement Structure for EICM Analysis (ARA, Inc. 2000) ...........ccccceveeens 34
EICM ASPhalt SEIUCLUIE .......ccveeiceeeee e 35
EICM Results (37 vS. 9 ASphalt LAYET) .......o.eoveeeveeeeeeeeeeeeeeeeee e 36
CAI Comparison (3”7 vs. 9” Asphalt Layer) ........ccccociiiiiiiiiiiiiiiesese 36
Calculating TOVEN ValUES........coiiiiiiie e 37

Comparison of Measured Laboratory Aging Durations at 95°C and the Original
CAIl with Delineation DY ProjJECt ..........cocoiiiiiiiiiieieie e 41

Comparison of Measured Laboratory Aging Durations at 95°C and the Original
CAIl with Delineation by Depthi.........cccooiiiiiiiiiieie e 42

Comparison of Measured Laboratory Aging Durations at 95°C and the Initial
Recalibration of CAIl with Delineation by Project ..o 44

Comparison of Measured Laboratory Aging Durations at 95°C and the Initial
Recalibration of CAl with Delineation by Depth ........cccccoviiiveiiiei e 45

Comparison of Measured Laboratory Aging Durations at 95°C and the Final
Recalibration of CAl with Delineation by Project .........cccccvvvevivieniiene e 46



Figure 21.

Figure 22.
Figure 23.

Figure 24.

Figure 25.

Figure 26.

Figure 27.

Figure 28.

Figure 29.

Figure 30.

Figure 31.

Figure 32.

Figure 33.

Figure 34.

Figure 35.

Figure 36.

Figure 37.

Comparison of Measured Laboratory Aging Durations at 95°C and the Final

Recalibration of CAIl with Delineation by Depth ... 47
Depth Factor VErsus DEPLN .......c..ccviiiiii e 48
CAI Confidence INTEIVALS ..........ooeeiiie e 49

Required Oven Aging Duration at 95°C to Match 4 Years of Field Aging at
6 mm Below Pavement SUrface (DaYS)......cccovieereerieiinnieeieseesieeie e sneesieeneens 50

Required Oven Aging Duration at 95°C to Match 8 Years of Field Aging at
6 mm Below Pavement SUrface (Days)........cooviririeieneie s 50

Required Oven Aging Duration at 95°C to Match 16 Years of Field Aging at
6 mm Below Pavement SUrface (Days)........cooviririerieneiesie s 51

Required Oven Aging Duration at 95°C to Match 4 Years of Field Aging at
20 mm Below Pavement SUrface (Days)........cccoererereneniniesieieiesiese e 51

Required Oven Aging Duration at 95°C to Match 8 Years of Field Aging at
20 mm Below Pavement SUrface (DayYs).........ccourerrierererinieneseseeieee e 52

Required Oven Aging Duration at 95°C to Match 16 Years of Field Aging at
20 mm Below Pavement SUrface (DAyYs).........cueueerieriereieniesieseseeeeie e 52

Required Oven Aging Duration at 95°C to Match 4 Years of Field Aging at
50 mm Below Pavement SUrface (Days).........ccuururieriereneniesieseseeieee e 53

Required Oven Aging Duration at 95°C to Match 8 Years of Field Aging at
50 mm Below Pavement SUrface (Days)........cccoerererererininieeeeesiese e 53

Required Oven Aging Duration at 95°C to Match 16 Years of Field Aging at
50 mm Below Pavement SUrface (Days).......ccccoerererienieninienieeeesie e 54

Setting up Gyratory-Compacted Samples in Panels to Subject to Field Aging in
2 74 | USSP 56

Field measured log G* value trends for binder source GALP (PG 64-12):
(a) varying %AC and 4% AV, (b), varying %AC and 4% AV (average) and (c)
Varying %AC and 8%0 AV ......uii et 58

Field measured log G* values for binder source GALP (PG 64-12) versus %AC
for different depths. ......cc.oe i 58

Field measured log G* for binder source GALP (PG 64-12): (a) 4.1% AC content
and varying AV content, and (b) 5.1% AC content and varying AV content. .......... 59

Field measured log G* value trends for binder source LUBNOR (PG 70-22):
(@) varying %AC and 4% AV and (b) varying %AC and 8% AV. .......cccccceeerennne 60

X



Figure 38.

Figure 39.

Figure 40.

Figure 41.

Figure 42.

Figure 43.

Figure 44.

Figure 45.

Figure 46.

Figure 47.

Figure 48.

Figure 49.

Figure 50.

Figure 51.

Figure 52.

Figure 53.

Field measured log G* values for binder source LUBNOR (PG 70-22) versus
YAC for different depths.......c.ooviiiii e 60

Field measured log G* for binder source LUBNOR (PG 70-22): (a) 3.8% AC
content and varying AV content, (b) 4.8% AC content and varying AV content. .... 61

Field measured log G* value trends for binder source REPAR (PG 64-12):
(a) varying %AC and 4% AV and (d) varying %AC and 8% AV ........ccccceevervnnnnnn 62

Field measured log G* values for binder source REPAR (PG 64-12) versus
YAC Tor different depths.........oooveiiiee e 62

Field measured log G* for binder source REPAR (PG 64-12): (a) 4.6% AC
content and varying AV content, (b) 5.1% AC content and varying AV content. .... 63

Field measured log G* value trends for binder source REPLAN (PG 64-22):
(a) varying AC and 4% AV and (b) varying AC and 8% AV. ......cccccevrinciiinnnnn. 64

Field measured log G* values for binder source REPLAN (PG 64-22) versus
AC Tor different depths. ..o s 64

Field measured log G* for binder source REPLAN (PG 64-22): (a) 4.1% AC
content and varying AV content, (b) 4.6% AC content and varying AV content,

and (c) 5.1% AC content and Varying AV........cocoieeiieie e iee e 65
WESTIACK ANAIYSIS ...t 67
WesTrack Analysis (Asphalt Content) ..........ccceoveiieiiiicseece e 68
WesTrack Analysis (Air VOId CONTENT) ........cooviiiiiiiieieseseseeeeee e 69

Power Law Fit of log G* versus Depth for (a) ALF CNTRL (b) ALF SBS
(c) ALF CRTB and (d) ALF Terpolymer .......cccoiiiiiiieieeeseee e 75

Power Law Fit of log G* versus Depth for (a) MIT 15% RAP (b) MIT 50% RAP
(c) MIT Advera and (d) MIT EVOINEIM .......cooviiiiiiiiiie e 75

Power Law Fit of log G* versus Depth for (a) NCAT 50% RAP (b) NCAT
Evotherm and (C) NCAT FOAM .....cviiiiiiiiiiieee e 76

Power Law Fit of log G* versus Depth for (a) South Dakota (b) Texas
(c) Wisconsin and (d) NEW MEXICO........eiveueieereaiesiesieeieseesieeeesseessaesaesseesseeneens 77

Power Law Fit of log G* versus Depth for (a) WesTrack Coarse (b) WesTrack

Fine- High AC (c) WesTrack Fine- Optimum AC and (d) WesTrack Fine- Low
AC Error! Bookmark not defined.

Xi



Figure 54.

Figure 55.

Figure 56.

Figure 57.

Figure 58.

Figure 59.

Figure 60.

Figure 61.

Figure 62.

Figure 63.

Figure 64.

Figure 65.

Figure 66.

Figure 67.

Figure 68.

Power Law Fit of log G* versus Depth for (a) WesTrack Fine- Low AC, High
AV (b) WesTrack Fine- High AC, Low AV (c) WesTrack Fine- Optimum AC,
High AV and (d) WesTrack Fine- Optimum AC, LOW AV .....ccccccevveieiieieecie e 78

Smoothed versus Measured log G* Values (All SECtions)..........ccocvveeviiieniieinennens 80

Relationship between Smoothed log G* Values Measured from Field Cores and
those Predicted from the Kinetics Model at 0.6 cm Depth.........cccooeieiiiiiiiiinnee 81

Relationship between Smoothed log G* Values Measured from Field Cores and
those Predicted from the Kinetics Model at 1.8 cm Depth ... 82

Relationship between Smoothed log G* Values Measured from Field Cores and
those Predicted from the Kinetics Model at 3 cm Depth ... 82

Relationship between Smoothed log G* Values Measured from Field Cores and
those Predicted from the Kinetics Model at 4.2 cm Depth ... 83

Relationship between Smoothed log G* Values Measured from Field Cores and
those Predicted from the Kinetics Model at 0.6 cm Depth (Excluding MIT 15%
RAP, MIT 50% RAP and NCAT 50% RAP) .....ccccoreiririeicie e 84

Relationship between Smoothed log G* Values Measured from Field Cores and
those Predicted from the Kinetics Model at 1.8 cm Depth (Excluding MIT 15%
RAP, MIT 50% RAP and NCAT 50% RAP) .....cccveieeieie e 84

Relationship between Smoothed log G* Values Measured from Field Cores and
those Predicted from the Kinetics Model at 3 cm Depth (Excluding MIT 15%
RAP, MIT 50% RAP and NCAT 50% RAP) .....ccccereiiiiireiieseriee e 85

Relationship between Smoothed log G* Values Measured from Field Cores and
those Predicted from the Kinetics Model at 4.2 cm Depth (Excluding MIT 15%

RAP, MIT 50% RAP and NCAT 50% RAP) .....coiiiiiiiiinesieeee e 85
Depth VEISUS SIOPE ....oeovieiiie et 86
DePth VErSUS INTEICEPL .....cuviiiieiee ittt 87

Smoothed Field Core Measurements versus Field Calibrated Kinetics Model
Predictions at @ Depth 0f 0.6 CM........ccooiiiiiiii s 88

Smoothed Field Core Measurements versus Field Calibrated Kinetics Model
Predictions at @ Depth 0f 1.8 CM.......cccooiiiiiiiie s 89

Smoothed Field Core Measurements versus Field Calibrated Kinetics Model
Predictions at a Depth 0f 3 CM......ccvoi i 89

Xii



Figure 609.

Figure 70.

Figure 71.

Figure 72.

Figure 73.

Figure 74.

Figure 75.

Figure 76.

Figure 77.

Figure 78.

Figure 79.

Smoothed Field Core Measurements versus Field Calibrated Kinetics Model
Predictions at @ Depth 0f 4.2 CM.......ccoiiiiiiii s 90

Field Calibration Delineation by Depth (Outlier Sections Removed)....................... 91

Comparison between Field Calibrated Pavement Aging Model Predictions and
Field Core Measurements for (a) ALF CTRL (b) ALF SBS (c) ALF CRTB and
(d) ALF TEIPOIYIMEN ... 92

Comparison between Field Calibrated Pavement Aging Model Predictions and
Field Core Measurements for (a) MIT 15% RAP (b) MIT 50% RAP (c) MIT
Advera and (d) MIT EVOtNEIM ........cooiieieiic e 93

Comparison between Field Calibrated Pavement Aging Model Predictions and
Field Core Measurements for (a) NCAT 50% RAP (b) NCAT Foam and
(C) NCAT EVONEIM .. 94

Comparison between Field Calibrated Pavement Aging Model Predictions and
Field Core Measurements for (a) South Dakota (b) New Mexico (c) Wisconsin
100 I (o) T 1= SO SP USSR 95

Comparison between Field Calibrated Pavement Aging Model Predictions and
Field Core Measurements for (a) WT-Fine (High AC) (b) WT-Coarse

(c) WT- Fine (Low AC) and (d) WT- Fine (Optimum AC) ......ccceccvrerriverrrirneaenns 96
Relationship Between log G* ratio and Deviation from Optimum Asphalt

Content for WesTrack Fine Materials at the Medium Air Void Content.................. 97
Relationship Between Slope and Depth .........cccocoviieiiiiiiic e 98

Depth versus log G* (Measured, Field Calibrated Pavement Aging Model

Predicted, and Adjusted) for (a) WesTrack Fine- Low AC, Medium AV

(b) WesTrack Fine- Optimum AC, Medium AV and (c) WesTrack Fine- High

AC, MEAIUM AV ettt bbbt be e be et sne e e 99

Depth versus log G* (Measured, Field Calibrated Pavement Aging Model

Predicted, and Adjusted) for (a) WesTrack Fine- Optimum AC, Low AV

(b) WesTrack Fine- Optimum AC, High AV (c) WesTrack Fine- Low AC, High

AV and (d) WesTrack Fine- High AC, LOW AV........ccoceiiieiie e 100

Xiii



INTRODUCTION

The road network system is a critical part of civil engineering infrastructure that is
essential to how society functions every day. Effective roads are crucial in the transportation of
people and goods. Roads are constantly monitored to study their structural performance and
quality in terms of driver expectations. As roads age and deteriorate, they require maintenance
and rehabilitation to restore their structural and functional properties. Oxidative aging in asphalt
pavements is a complex process that results in the hardening and embrittlement of asphalt binder,
which increases cracking susceptibility and contributes significantly to the deterioration of
asphalt pavements. Oxidative aging is affected by a number of factors, including morphological
properties of the asphalt concrete, asphalt binder chemistry, and climatic conditions. Several
research studies have established that asphalt aging fundamentally occurs in two phases: short-
term and long-term. Short-term aging phase occurs during the production and mixing stage at
high temperatures, which include the blending, mixing and compaction processes of asphalt
binders with aggregates. Both volatilization and oxidation occur during short-term aging. Over
the course of the asphalt pavement material service life, the long-term oxidative aging of binders
occurs during in-service exposure to temperatures, traffic loading, and other environmental
effects (Bell 1989).

Laboratory procedures to simulate long-term oxidation of asphalt mixtures mixture
procedures and models to predict the changes in asphalt properties with long-term aging within
Mechanistic-Empirical (ME) pavement analyses have been developed. The most prominent
practices for laboratory aging of asphalt mixtures and modeling aging within pavements are
AASHTO R 30 (AASHTO R30 2002) and the Global Aging System (GAS) model (Mirza and

Witczak 1995), respectively.



AASHTO R 30 describes the laboratory aging procedures for both short-term and long-
term aging of asphalt mixtures. A major shortcoming of the AASHTO R 30 standard is that the
procedure prescribes a single laboratory temperature and duration (85°C for 5 days) of
compacted specimen conditioning for simulating the long-term aging of asphalt mixtures despite
that it is well known that aging is a strong function of climatic conditions. In addition, the oven
conditioning of compacted specimens can lead to the development of an oxidation gradient and
consequently heterogeneous properties in aged specimens, which is problematic for performance
testing and prediction (Kim et al. 2018).

The GAS Model is an empirical model that allows for prediction of the change in binder
viscosity as a function of pavement age, given a specific depth and mean annual air temperature
(MAAT). One of the major shortcomings of the GAS Model is that it does not account for aging
deeper than 1.5 inches below the pavement surface and that the MAAT is a relatively crude
representation of temperature effects (Mirza and Witczak 1995). Another disadvantage of the
GAS model is that it does not directly account for differences in asphalt binder kinetics among
different binder types, and a limited data set that was used to draw conclusions regarding
pavement aging sensitivity to air void content.

The recent National Cooperative Highway Research Program (NCHRP) 09-54 project
sought to develop an improved calibrated and validated procedure to simulate long-term
oxidative aging of asphalt mixtures for performance testing and prediction to provide better
representation to actual field aging levels (Kim at al. 2018). Loose mixture oven aging at 95°C
was selected to improve laboratory aging efficiency and avoid the development of an oxidation
gradient in performance test specimens. A Climatic Aging Index (CAIl) was derived from the

simplification of an oxidation kinetics model to prescribe laboratory aging durations as a



function of hourly pavement temperature history and depth. The initial NCHRP 09-54 project
also sought to develop an oxidation kinetics model for the prediction of pavement aging. This
kinetics model was incorporated with pavement temperatures from the Enhanced Integrated
Climatic Model (EICM) to predict field aging levels as a function of depth within the pavement.
The kinetics model includes a material-specific parameter that can be obtained using loose
mixture or Universal Simple Aging Test (USAT) binder experiments conducted at 95°C. A
depth-dependent field calibration function was developed to improve field aging predictability
(Kim et al. 2018).

There are several shortcomings of the NCHRP 09-54 long-term aging research project.
The aging procedure was calibrated primarily using unmodified or conventional mixtures, when
warm-mixture asphalt (WMA), reclaimed asphalt pavements (RAP), and modified binders are
commonly used in pavement construction today. Another shortcoming of the aging model is that
it is Kinetics based. It does not consider diffusion through the asphalt pavement and the
corresponding influence of the asphalt mixture morphology, such as air void content and asphalt
content. The pavement aging model and laboratory aging procedure were primarily developed
using the analysis of a single field core for each project location. The incorporation of replicates
could greatly improve the reliability of the developed procedure and model. The last shortcoming
of the aging model is that climatic data system, Modern-Era Retrospective Analysis for Research
and Applications (MERRA), was used. An updated version is available and could improve the
accuracy of pavement temperature histories used in analyses. To improve upon the NCHRP 09-
54 project, the MERRA2-HCD files were used for hourly temperature to ensure that the most

accurate information is being used. This thesis sought to address these shortcomings conducted.



Objectives
The objectives of this study were to:
1) Recalibrate the loose mixture aging procedure proposed in the NCHRP 09-54 project by
incorporating additional field projects and field core replicates.
2) Evaluate the effect of asphalt mixture morphology on the long-term aging of pavements.
3) Recalibrate and extend the NCHRP 09-54 pavement aging model by incorporating

additional field projects and field core replicates.



LITERATURE REVIEW

Asphalt Aging Mechanisms

Asphalt durability, or age hardening, is a measure of how the physical properties of
asphalt binder change as the asphalt ages. As asphalt binder ages, the viscosity increases and it
becomes stiffer and more brittle. Pavement aging is the result of many factors, including
oxidation, volatilization, air void content, asphalt content, and binder modification.
Oxidation

When oxygen reacts with the asphalt binder, it makes it stiffer and more brittle. This
happens primarily at the asphalt surface of the pavement. The rate of oxygen absorption not only
depends on the chemical nature of the asphalt, but also on the physical transport of oxygen from
the atmosphere to the material interior, thus resulting in an oxidation gradient as the depth of the
pavement layer increases. The transport of oxygen affects the aging phenomena of the asphalt
pavement (Oort et al. 1956).
Volatilzation

As the temperature increases, the lighter constituents (volatile oils) of asphalt binder
evaporate. This changes the chemistry of the asphalt binder, and subsequently affects the aging
of the pavement. This mainly occurs during HMA (Hot Mix Asphalt) production. Volatilization
mainly affects the short-term aging stage, and in situ field aging is caused by oxidation (Luo et

al. 2015).
Material Factors that Affect Pavement Aging

Air Void Content
As the air void content increases, the amount of aging also increases. A higher air void

content allows air and moisture to permeate through the pavement down to the deeper layers,



resulting in a decrease in durability and an increase in pavement aging. In a study conducted in
Texas, researchers found that tighter air voids result in significantly slower rates of binder aging
and hardening, thus delaying the asphalt binder from becoming brittle and stiff (Woo et al.
2008).
Asphalt Content

As the asphalt content in a pavement increases, the aging decreases. This is the result of
oxidation occurring at a slower rate because of an increase in binder. Too much of an increase in
binder content leads to durability issues in the pavement, so there is a trade off between
decreased aging and pavement performance. Increased asphalt content leads to a larger film
thickness around the aggregates. Subsequently, oxidation takes longer to occur at a larger film
thickness. Asphalt content has a more significant impact on pavement aging than air void
content, and it is most significant at the pavement surface, where the largest amount of aging
occurs. Kandhal and Chakraborty found that having a higher asphalt film thickness results in a
lower complex modulus (G*) value and minimizes the aging of the asphalt binder (Kandhal and
Chakraborty 1996).
Binder Modification

It is fairly common to see some sort of modified or enhanced binder in the construction of
pavements. This includes using binders with RAP (Recycled Asphalt Pavement), additives such
as Advera or Evotherm, as well as using HMA (Hot Mix Asphalt). Banerjee, Smit, and Prozzi
found that through the testing of modern additives such as Evothem and other WMA materials,
the additives reduce the short-term aging effects of the rheological properties of the binder, as

well as slow the rate at which the stiffness occurs over time (Banerjee et al. 2012).



Exposure Factors that Impact Asphalt Aging

Temperature

Factors such as weather patterns vary throughout the seasons and years and have a
profound effect on the aging of asphalt pavement. Temperature shifts result in contraction and
expansion of the pavement, as well as creating rutting and cracking damage. Moisture can
damage a pavement without proper drainage and will cause erosion. As the temperature
increases, the rate of oxidation also increases. Temperature can affect the rate of oxidation, the
type of binder species that are oxidized, and the nature of the oxidized species that are formed. If
the temperature is too high, the asphalt binder could age in a way that results in a fundamentally
different binder than aged binder at a lower temperature (Kim et al. 2018). All of these factors
contribute to the aging of asphalt pavement. Souza and Castro conducted a study on how these
factors affect pavement aging and performance and created a computational finite element model
to predict the mechanical response of pavement for temperature shifts and repeated traffic
loading patterns (Souza and Castro 2012).
Depth

Asphalt pavement aging is impacted based on depth within the pavement layer. On the
surface, oxidation occurs and hardens the surface layers more than the deeper layers. The surface
is also where the temperature is the highest. There is also UV exposure at the pavement surface
that is not occurring in the deeper layers of the pavement. This contributes to UV oxidation at the
pavement surface that affects aging. Another factor is the percolation and diffusion of air deeper
within the pavement structure. As the oxygen gradient decreases as the depth increases, the

amount of aging decreasing with depth (Hachiya et al. 2003). As the amount of air voids increase



within a pavement structure, the diffusion of oxygen is easier and affects the rate of aging of the

asphalt pavement (Kim et al. 2018).

AASHTO R30 Long-Term Aging Procedure

This laboratory aging procedure simulates the aging that occurs during construction and
service for hot mix asphalt (HMA). AASHTO R30 only applies to loose mixture oven aging.
Long-term aging (simulates aging in the field) is followed by the short-term aging procedure
(simulates aging due to construction and mixing) of oven aging at 135°C for four hours. Mixture
conditioning for long-term aging occurs at 85°C in the oven for five days in order to allow for
binder absorption during the mix design. This allows the properties and performance

characteristics of the HMA to be more accurately predicted (AASHTO R30 2002).

Other Laboratory Mixing Procedures

Laboratory mixture and aging are used to simulate and replicate field aging conditions,
primarily the hardening that occurs during the mix (laydown) process (short-term aging). Other
laboratory aging procedures are utilized to simulate long-term aging that matches field aging
(Airey 2003). Short-term aging is mainly due to the volatilization of the mixture during mixing
and construction, while long-term aging is due to oxidation and steric hardening in the field.

Extended heating procedures are used to replicate the short-term aging of asphalt
mixtures. The thin film oven test (TFOT) (1940) shows the changes in asphalt properties
associated with conventional hot-mixing indicated by viscosity, penetration, and ductility
measurements (ASTM D1754/D1754M -09). One drawback of this test is that there is a thick
binder film that is stationary. This leads to volatile loss on the surface area of the sample. A
modified version of the TFOT is the rolling thin film oven test (RTFOT), which incorporates a

thinner asphalt binder film thickness, as well as rotating apparatus that simulates the hardening



that occurs during mixture more accurately. An advantage of this test is a shorter run time:
seventy-five minutes compared to the five hours it takes to run the TFOT. (Airey 2003). The
RTFOT is a better measure of asphalt volatility, which is measured through the change in mass
before and after the test is run (ASTM D2872 -12). One disadvantage of the RTFOT is that some
binders have a tendency to roll out of the rotating bottles during the test, while some high
viscosity binders will not roll inside the rotating bottles. The modified rolling thin film oven test
(MRTFOT) incorporates small steel rods inside the rotating bottles to help spread the binder into
thin films by creating shear forces (Airey 2003). The volatile loss measured by these laboratory
tests is higher than what is experienced in the field, and the oxidation level is significantly lower
than what is experienced in the field.

Oxidative procedures combine thin film aging with oxidative aging to simulate the effects
of long-term aging. The pressure aging vessel (PAV) uses material from the RTFOT and ages it
in a pressurized vessel for twenty hours. The binder is exposed to heat and pressure to simulate
field aging of seven to ten years (ASTM D6521 -18). Some temperatures used in the PAV test
were perceived to be higher than expected pavement temperature, so the high pressure aging test
(HiPAT) was developed as a modification to the PAV procedure to run at lower temperatures for
a longer period of time to have conditions more similar to expected pavement temperatures
(Airey 2003).

Another method for aging is through ultraviolet and infrared light treatments. Ultraviolet
treatment changed the physical and photochemical properties of the asphalt binder more
effectively compared to infrared light. The binders were aged in thin film rolling oven
containers. Results showed that the asphalt properties differed between the UV/IR treatment and

the RTFOT/PAV tests. The researchers concluded that to simulate the long-term aging of asphalt



materials, the combination of photochemical techniques and extended heating and oxidative
aging procedures is necessary for an accurate representation of aging from the field. (Airey
2003). Other methods include microwave aging, which showed results comparable to RTFOT
and PAV aging (Bishara et al. 2000) and steric hardening, which is defined as the molecular
structuring that reduces the binding properties of bitumen (Traxler 1963). Steric hardening is
reversed by heating, but there may be some permanent damage depending on the bitumen
composition (Airey 2003).

GAS Model

The objective of the GAS (Global Aging System) Model was to develop an accurate
aging predictive system for short term and long term aging for conventional asphalt cements that
has global applicability. This model was developed by Mirza and Witczak in 1995. The GAS
model is an empirical model that considers the aging gradient with pavement depth to predict the
change in binder viscosity as a function of age. This model is only used for conventional
(unmodified) mixes. The simplified GAS Model is shown in Equations 1 and 2 below (Mirza and
Witczak 1995).

loglog(7,) = A +VTS, log T, (1)

log log(77erig) = Ay +V TS, 109 T, )

Where: 7i = viscosity in centipoise for condition i, Tr = temperature in degrees Rankine, A;j =
regression line intercept, VTS; = regression line slope (called the Viscosity Susceptibility
parameter), norig = original binder viscosity in centipose at Tr, Aorig = original regression line

slope.
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Asphalt pavements undergo two distinct hardening phenomena: short term hardening
(occurs during mix production and construction, simulated by RTFO), and in-situ field aging
(simulated by PAV). This is a complex phenomena because of many different factors: mixing
time, asphalt content, air void content, temperature of the pavement, chemical composition of the
pavement, original asphalt cement, depth within pavement, rate of oxidation, distress damage
type and extent, and binder stiffness. Pavement properties were defined in three stages: original
properties, mix/laydown properties (t=0), and field aged/ long term properties (t>0). From these
properties, three major models were developed to predict short term consistency from the
original properties, to predict long term consistency from short term properties, and to predict
consistency-depth relationships.

The model developed to relate original viscosity to the mix/laydown viscosity was taken
from measurements at three different temperatures (77°F, 140 °F, 275 °F). This was done to
characterize the mix/laydown viscosities as a function of temperature. This is shown in Equation

(3. The code value, or the hardening ratio, is
used to increase the accuracy of the model and is the ratio of log-log mix/laydown viscosity to
the log-log original viscosity. This code value is best selected with local experience with asphalt
cement types.

loglog 7t - 0 = a(0) + a(1) log log 770rig 3
Where: a(0) = 0.054405 + 0.004082-code, a(1) = 0.972035 + 0.010886-code, #t=0 = mix
(laydown) viscosity in centipoise at Temperature Tr, code = hardening resistance (O for average).

The model developed to relate mix/laydown viscosity to field aging viscosity was taken

from the relationship between viscosity at mix/laydown and aged viscosity. The model form is

hyperbolic with time and reflects the significant effect of the site environment (MAAT). The
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measurements were taken on the field core “surface”, which means a depth of 6.3 mm (or 0.25
inches). Four other depths below the pavement surface were also considered and measured to
characterize the relationship between depth and viscosity. This is shown in Equation 4.

loglog 7t - o+ At
1+Bt

log log 77aged = 4

Where: A = -0.004166+1.41213*C+C*log (MAAT)+D *loglogna=o), B =
0.197725+0.068384*log (C), C = 10°(274.4946-193.831*l0g (Tr)+33.9366*l0g(Tr?), D = -
4.5521+10.47662*l0g(Tr)-1.88161*l0g(Tr?), #7aged = aged viscosity in centipoise, and t = time in
months.

Next, the air voids adjustment factor was developed to measure the
volumetric/gravimetric properties of the mix, and to see how it influences the rate of aging that
occurs in an asphalt pavement. Air void data was not included with the GAS Model because
Mirza and Witczak had a very limited database. The adjustment factor (Fv) is based on limited
air void information, and was developed to improve the predictability of the general long term

aging model. It is summarized by Equations 5 and 6 below.

_141.0367*107" * AV *t :
1+6.1798*107* *t ©)

VA . +0.0111%t -2
VA= P * n (6)

1+4.24*107* *t* MAAT *1.169*10°*——

770rig,77
Where: norig,77 = Viscosity at 77°F in megapoise, VAorig = original (initial) air voids in percentage.

The final form of the GAS model is shown below in Equation 7, which defines the

relationship of field aged viscosity at time, t, and depth, z.

_n(4+E)-E-p_,(1-42) )
b 4(1+ Ez)
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Where: 5= “surface” (z=0.25 in) aged viscosity, z=depth, and E = 23.82exp(-0.0308- MAAT)

The GAS model shows that short term viscosity is influenced by chemical composition
and variable mix production factors, which leads to a variability of the short term (mix/laydown)
aging of asphalt prediction. The predictive model developed for field aged bitumen is a function
of mix/laydown viscosity and the environmental temperature of the paving site. The
mix/laydown viscosity can be determined from either the short term aging model or actual
measurement (extraction) results. There are several shortcomings for the GAS model. The first is
that it does not account for aging 1.5 inches below the pavement surface. This is shown below in
Figure 1, which displays the relationship between time and viscosity in different depths within
the asphalt pavement structure. As the depth increases, the change in viscosity decreases,
suggesting that the with increasing depth, aging occurs at a lower rate than the surface layers.
Figure 2 shows the change in viscosity with depth at three time intervals. It also shows that the

greatest change in viscosity occurs only in the top few inches of the asphalt pavement.
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Figure 1. Predicted Viscosity as a Function of Depth for Pennsylvania Study at 77°F
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Figure 2. Predicted Viscosity as a Function of Depth for Pennsylvania Study at 77°F

Asphalt does oxidize in lower layers, so the GAS model is not accurate in that sense. A
finding of the NCHRP 9-54 Report was a significant oxidation gradient within a field core, with
the surface of the field core being more severely oxidized than layers deeper within the
pavement. Another setback is that it does not account for differences in asphalt binder kinetics
among different binder types. This is important because binder kinetics play a role in asphalt
aging behavior. The NCHRP 09-54 kinetics model equation takes into account the mixture
specific property of M (how sensitive the mixture is to aging) and the short term aged property of
log G*, which is also mixture specific. Another outcome of the NCHRP 9-54 Report was a
validated kinetics model to predict loose mix aging rates at different temperatures using
rheology-based AlPs. This model also was paired with hourly pavement temperatures obtained
from the Enhanced Integrated Climatic Model (EICM) to predict field aging levels as a function
of pavement depth. This model gives a more detailed pavement temperature history than the
GAS model, because the GAS model only considers the MAAT (Mean Annual Air

Temperature). The next shortcoming is that the method used to account for air void content was
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based off of a small set of conditions and a limited database, so the predictability of the long
term aging model might not be extremely accurate. The GAS Model is only applicable for
conventional mixtures, so it would have to be updated if it were to be used for modified
mixtures, such as mixtures that contain WMA, RAP, and other unconventional additives. The
last shortcoming is that Mirza and Witczak did not record a recovery method used to obtain
binder from the field, so those samples could contain solvent and skew the results (Elwardany

2017).

NCHRP 09-54 Aging Procedure and Model

The goals for the NCHRP 09-54 project were to develop a long-term laboratory aging
procedure for asphalt mixtures and an asphalt pavement aging model for ME design and analysis
(Kim et al. 2018).

First, an aging procedure had to be selected. Factors that were considered were loose mix
versus compacted aging, oven aging versus pressurized aging, and an aging temperature of 95°C
versus 135°C. Loose mixture aging was chosen over compacted specimen aging because it
yielded a higher oxidation rate and homogeneous aging. Oven aging was chosen over pressure
aging because a larger amount of material can be aged at one time, and specialized equipment is
not necessary. The specimen integrity of specimens that are compacted following long-term oven
aging is not maintained based on a comparative study of the dynamic modulus and cyclic fatigue
performance of specimen aged in a loose mixture and compacted specimen state. A long-term
aging temperature of 95°C was chosen because temperatures exceeding 100°C can change the
chemistry of the oxidized binder in a way that is not expected to occur in the field, while a lower

temperature would not allow for as efficient of aging. Based on these conclusions, loose mixture
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oven aging at 95°C was recommended for the fabrication of asphalt mixture performance test
specimens.

The project-specific aging durations and pavement aging model proposed in the NCHRP
09-54 project were derived from a rheology-based kinetics model and calibrated using field core
measurements of extracted and recovered asphalt binder rheology at varying depths. The
NCHRP 09-54 kinetics model was derived using an existing chemistry-based kinetics model that
was initially developed for binder aging and adapted to loose mixture aging. The model predicts
the log of the dynamic shear modulus (G*) of the binder at 64°C and 10 rad/s frequency as a
function of aging temperature and duration. The log G* at 64°C and 10 rad/s frequency was used
as the Aging Index Property (AIP) in the NCHRP 09-54 project.

AlPs are the binder properties used to measure the extent of oxidation in a pavement.
There are two categories of AIPs: chemical and rheological. Chemical AIPs are indicators of
oxygen uptake and are measured using Fourier Transform Infrared (FTIR) spectroscopy
techniques. Rheological AlPs are used more often than chemical AIPs because they can be
directly related to the mechanical properties of an asphalt mixture that relate to pavement
distresses. The rheological AIP chosen for this study is the log G* (dynamic modulus) at 64°C
and 10 rad/s frequency because it relates most directly to mixture performance. The kinetics
model was based on an existing chemistry-based kinetics model and AIP measurements attained
from field cores and laboratory oven-aged loose mixtures. Equations 8 through 10 comprise the

kinetics model used in the NCHRP 09-54 project.

logG*=logG*, +M (1—:#] (1—exp(=k,t)) + k.Mt (8)
f
kf = Af eXp[_RE_Ff j (9)
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E j (10)

k =A ex ac
c=A p(RT

Where: G* = long-term aged binder shear modulus at 64°C and 10 rad/s (kPa), G*, = short-term

aged binder shear modulus at 64°C and 10 rad/s (kPa), k = rate of reaction, ks = rate of fast

reaction, k¢ = rate of constant reaction, M = material-dependent constant,t = reaction time (days),

A = reaction frequency factor, As = fast reaction frequency factor, Ac = constant reaction
frequency factor, Ea = reaction activation energy, Ear = fast reaction activation energy, Eac =
constant reaction activation energy, R = universal gas constant, or ideal gas constant, and T =
reaction temperature (Kelvin).

The parameter M in Equation 8 must be determined for each specific mixture using
isothermal aging experiments conducted at 95°C and optimizing the M value to yield the best
relationship between measured and predicted log G*. The ks and kc parameters are universal
parameters that were obtained from the least mean square error optimization of Equation 8 to
match the values of log G* at 64°C and 10 rad/s obtained from binders that were extracted and
recovered after different durations of laboratory aging at 95°C, 85°C, and 70°C using five
mixtures and verified using an additional five mixtures. They are shown below in Table 1.

Table 1. CAl Parameters
Ks Ke

0.409 0.055

The climatic aging index (CAI) given in Equation 11 was developed based on a
simplification of the rigorous kinetics model and was used to prescribe the required laboratory
aging durations to match the field aging of a pavement at any depth and location within the

pavement structure.

17



N
toven = CAl = > DAexp(~Ea/RTi)/ 24 (11)

i=1
Where toven = required oven aging duration at 95°C to reflect field aging (day), CAIl = climatic
aging index, Ea = fitting parameter, D = depth correction factor, Ti = pavement temperature
obtained from EICM at the depth of interest at the hour of interest, i (K).

This equation was used to calculate laboratory aging duration as a function of time,
climate, and depth. The depth correction factor is shown below in Figure 3 and Equation 12. The
CAl was primarily calibrated using unmodified hot-mix asphalt mixtures without RAP. Thus, the
CAl should be recalibrated using a broad range of mixtures, including RAP, WMA, and PMA. In
addition, a single field core was analyzed for each project location during the initial NCHRP 09-
54 project. Thus, the addition of replicate field core testing could improve the reliability of the

CAL.
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Figure 3. Depth Correction Function
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c _34311x d %% 6mm<d <35mm
* | 0.3026 .d >35mm (12)

Note that Equation 11 does not include the material-specific parameter, M, given in
Equation 8, which means that the required laboratory aging duration required to match a given
field condition is independent of material-specific oxidation kinetics. Project-specific loose
mixture aging durations at 95°C required to match field age levels were determined for a broad
set of materials by comparing the binder log G* of extracted and recovered binders from field
cores to those extracted and recovered from laboratory-aged loose mixture conditioning in the
oven at 95°C for varying durations. The results were used to calibrate the Ea, A, and D
parameters in Equation 8. In the calibration, the pavement temperature as a function of depth was
predicted using the Enhanced Integrated Climatic Model (EICM) data. The pavement
temperature data, collected hourly, was downloaded through MERRA-HCD files.

The kinetics model given in Equations (8 to 10 was also used to calibrate a pavement
aging model to predict the field log G* as a function of depth and time using the material-
specific kinetics model parameter M and hourly pavement temperature history. The pavement
aging model is given in Equations 13 through 16. The vision was that this model could be
modified and extended to replace the Global Aging System (GAS) model to improve the
prediction of the changes in asphalt binder properties within ME analyses. The model was
calibrated by comparing predictions of log G* using M values calibrated using loose mixture
aging trials conducted at 95°C and measurements of log G* of binder and extracted from field

cores at varying depths.
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k
logG * field_predicted = logG ™, ey +M Hl_ k_CJ (1—exp(—k;t))+ kctjl (13)

f field

* — *
IOg G field _measured C1 + CZ X IOg G field_predicted (14)
_ J1.5855xd™**"" ,6mm < d < 35mm
'] 0415 ,d >35mm (15)
_ [0.7636xd °**,6mm < d < 35mm (16)
? 0.5447 ,d >35mm

Where: C1, C> = calibration factors.

This equation is not expected to give accurate predictions of field aging because of the
diffusion that takes place in the field, which affects field reaction rates significantly. The partial
pressure of oxygen that is available to the binder and interacts with it varies with depth and
asphalt mixture morphology. Therefore, future research was suggested to incorporate a diffusion
model to improve the prediction of the pavement aging (Kim et al. 2018). In addition, a single
field core was analyzed for each project location during the initial NCHRP 09-54 project. Thus,
the addition of replicate field core testing could improve the reliability of the field calibration of

the kinetics model.
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METHODOLOGY AND EXPERIMENTAL PLAN

In order to accomplish the goals of this thesis, materials from seven different locations
where both component materials and field cores extracted from in-service pavements were
available were tested. Field locations included the United States, Brazil, and Canada. The
materials varied in morphological properties, climatic conditions, and pavement design. Table 2
below summarizes the materials tested in order to finalize the pavement aging model for M-E
analysis and to refine the laboratory aging procedure. It also summarizes which sections had
WMA, RAP, or any type of binder modification. It also included which sections included the
addition of replicate testing of field cores that were tested in NCHRP 09-54 project.

Projects

Materials and corresponding field cores were evaluated from the following projects:
e Brazil: Sections from Fundao, Brazil were used for the systematic study of morphology.
e FHWA-ALF: Federal Highway Administration Accelerated Load Facility. The FHWA-

ALF is an accelerated loading facility in McClean, Virginia. The sections were evaluated

based on a study that investigated the effects of asphalt binder modification and

pavement structure on pavement performance.

¢ MIT: Manitoba. The sections evaluated from Manitoba, Canada involve the study of
additives such as Advera and Evotherm, as well as sections containing different RAP
contents and additives such as foaming and Evotherm.

e NCAT: National Center for Asphalt Technology. The NCAT test track is located in

Opelika, Alabama and the sections analyzed in this study include sections with different

RAP contents.
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e LTPP: Long-Term Pavement Performance Program. The materials used from the LTPP
program come from a variety of states and include sections that have a variety of binder
types and climatic conditions.

e MNROAD: Minnesota. These sections from the Minnesota test road have different PG
grades. These field cores are from a low volume road adjacent to 1-94.

e WesTrack: Materials from Reno, Nevada were used for the systematic study of

morphology.

Table 2 provides a summary of the materials analyzed. The table indicates which sections

correspond to unconventional mixtures (WMA, RAP, or PMA) and which sections correspond to

those studied in the original NCHRP 09-54 project for which replicate field cores were analyzed

in this study.
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Table 2. Summary of Test Sections

Project ID Location Age of Field Cores Section Number of Cores Tested | Loose Mix Tested WMA Mctdmed Contains RAP RE])ll.(‘:llE from
Einder Previous Data
Conirol 1 e
FHWA ALF Virginia 8 years 2 - = =
Terpolymer 2 X X
Control 1 X
Advera H a5 x
MIT Manitoba, Canada 4 years Evotherm i 93°C X
13% R4P 3 93°C X
30%: R4P 2 23°C X
(59) Control 1
(58) 15% RAP 2 93°C X
. (N10) 50% RAP 1 X
NCAT Alabama 4 years 511) Evotherm 7 °C ¥
(N11) 50%; RAP with Foam 2 95°C X X
($10) Foam ] 93°C X
California 8 vears California 1 x
New Mexico 10vears New Merico I X
LTPP _ Ik EA-'GS A1 vears _ T 4‘71.'0: 1 _1:
Washington i1 years Washington ] X
Wisconsin § years Wisconsin 1 - x
South Dakota 14 vears South Dakoia ] AC 120-150 pen X
(54) Fine, Opt. ac®s, L AV%: (WTFOL) > X
(52) Fine, Low ac®s, M_AV®: (WIFLM) 2 X
(51) Fine, Opt. ac®s, M AV®: (WIFOM) 2 X
19 years (514} Firne. High ac®, M A% (WTFHM) 2 X
WesTrack Nevada (517} Firne, Opt. ac®s, H A% (WIFOH) 2 PG ed-22 X
(518} Fine, High ac®s LAI®s (WIFHL) 2 X
(53} Fine, Low ac®s. HA®: (WIFLH) 2 X
- (539} Coarse. Opt. ac®, L AV®: (WTCOL) ] X
17 years (536) Coarse, Opt ac®s, HAI®: (WICOH) ] X
GALF 6 PG 64-16
. _ PO LUBNOR J PG 70-22
Brazil Brazil & years REPAR 5 PG 6416
REPLAN [ PG 64-22
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Significance of Projects

Each section chosen for this study incorporates pavement structures that have a variety of
climatic conditions, morphological properties, and unconventional additives that improve
pavement performance. FHWA-ALF contains sections that have modified binders, including
SBS, CR-TB, and Terapolymer binders. ALF sections were also tested to provide replicates for
the existing database. LTPP sections were also tested to provide replicates, as well as to add
different field core ages to the existing database. Field cores from Manitoba and NCAT contain
sections that include warm-mix asphalt (WMA) and mixtures containing different percentages of
reclaimed asphalt pavement (RAP). Field cores from WesTrack and Brazil were used for the
systematic study of morphology. WesTrack materials were studied in the original NCHRP 09-54

project; replicate field cores were tested herein to strengthen the existing database.

Field Core Preparation and Binder Extraction and Recovery

Field cores obtained from in-service pavements were first sliced in half, as shown in
Figure 4 in order to be able to place the core under a saw and slice into thin layers corresponding
to different pavements depths. From the half cores, 11 mm deep slices were cut. A total of 4
slices were obtained from the cores in order to investigate the effects of depth on aging within
the asphalt pavement. For cores that had a chip seal or tack coat in between layers, those areas
were removed and not included in the analysis, with the change in depth of any slices due to the
interlayer noted. After all of the slices were obtained, they were broken up with a hammer into
pieces and placed into a jar with a solvent solution comprised of 85 percent toluene and 15
percent ethanol. The solvent dissolves the asphalt binder contained within the asphalt mixture to
allow for recovery. After soaking the samples for at least twenty-four hours, the samples were
centrifuged, and the binder solution was extracted and placed into the rotary evaporator for

24



recovery at a series of increasing temperatures and time intervals starting from fifteen minutes at
85°C and increasing to ninety minutes at 170°C inside a rotating flask. After the process was
complete, the binder was placed into a tin, as shown in Figure 5, and subjected to DSR testing

after ensuring that any remaining solvent was absent.

Figure 4. Sample Field Core

25



igure 5. Extracted and Recoered Bindr

Before DSR testing, it is important to test for the presence of remaining solvent from the
extraction and recovery process. To be consistent with previous research, all samples were
placed in the oven at 90°C for ten minutes to help evaporate any remaining solvent. The absence
of solvent in the samples is very important, because if there is any solvent present, it affects the
properties of the binder measured in the DSR. After oven conditioning, the samples were tested
using the Fourier-Transform Infrared Spectroscopy (FTIR), shown in Figure 6, which uses
infrared to obtain a spectrum of the absorption or emission of a solid, liquid, or gas. The infrared
absorption wavenumber 694 (1/cm) corresponds to the solvent used. If there is remaining solvent
in the sample, there will be an absorption peak at a wavelength of 694 (1/cm), and the sample
will have to undergo extra measures to remove residual solvent. If there is no remaining solvent,
there will be a downward sloping line displayed in the wavelength output, and the sample is

ready to be DSR tested. The difference between the two outputs are shown in Figure 7 below.
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Figure 6. FTIR Machine
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Figure 7. FTIR Output

Samples containing residual solvent were subjected to further conditioning in a reaction

vessel, which is shown in Figure 8. The samples were placed on the metal rack shown in the



middle of the picture, and then placed into the glass chamber inside the heating vessel. Nitrogen
was purged through the system while the pressure was vacuumed out of the chamber to prevent
any oxidation and remove residual solvent. The rod on the left was connected to the temperature
calibration system, which ensured that the temperature was maintained at 110°C The relatively
low temperature and the nitrogen flowing through the system did not cause any additional aging

of the binder sample.

Figure 8. Reaction Vessel

After 50 minutes in the reaction vessel, the samples were taken out and subjected to FTIR testing

to check for the presence of solvent again. Ninety percent of the samples showed the absence of
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solvent after reaction vessel conditioning and were then DSR tested. The samples that still had
solvent remaining were put back in the reaction vessel for a second round of conditioning and
FTIR was subsequently used to confirm that all of the solvent was removed prior to DSR testing.
Loose Mixture Preparation and Aging

Original component materials were acquired from their respective field sections.
Aggregates were sieved according to individual sizes, and then batched according to the
available Job Mix Formula (JMF) for each mixture. The aggregates were heated for five hours
and the asphalt binder was heated for two hours at the appropriate mixing temperature, also
acquired from the JMF. The aggregate and binder were then mixed together in a bucket mixer
until the proper mixing was achieved. All of the mixtures were then short-term aged at 135°C for
four hours according to the American Association of State Highway and Transportation Officials
(AASHTO) R30. After short-term aging, the mixtures were placed in ovens set to either 95°C or
70°C for long-term aging. Samples were taken out of the short-term aged mixture, as well as the
long-term aged mixture at four, eight, and sixteen days. These were chosen in order to get a
picture of how the mixture aged over time due to the kinetics model. During long -term aging,
the pans were rotated systematically in the oven to help minimize any effects of an oven
temperature gradient or draft on the degree of aging on the mixtures. The loose mixtures were
subject to the same treatment in the rotary evaporator for recovery, as well as subsequent FTIR

testing to ensure the absence of solvent before DSR testing.

Dynamic Shear Rheometer (DSR) Testing

Temperature-frequency sweep tests were performed using an Anton Paar MCR 302 DSR,
shown below in Figure 9 to measure the rheological properties of the extracted binders. The

dynamic shear modulus, G*, was the aging index property (AIP) that was used in analysis. The
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loading frequencies of the DSR ranged from 0.1 Hz to 30 Hz. All extracted binders were
measured at 64°C on an 8 mm parallel plate inset with a strain amplitude of 1 percent. The
temperature of 64°C was chosen to be consistent with previous research. 8 mm plates were used
instead of the 25 mm plates because of the limited mass of the extracted binder that was

available. Two replicates of each binder sample were tested to ensure consistent results.

Figure 9. Dynamic Shear Rheometer (DSR)

Enhanced Integrated Climatic Model (EICM) Analysis
The climatic aging index (CAI) determines the required laboratory aging duration that

best reflects the aging in the field at a location of interest and a depth of interest by using the
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Enhanced Integrated Climatic Model (EICM) hourly pavement temperature data. MERRA2-
HCD pavement temperature files that store hourly pavement temperature data from the years
1980 to 2017 were used in the EICM analysis to determine the laboratory aging duration (Toven)
for a section and depth of interest. Temperatures below 20°C were not included in the analysis.
According to the results found in the NCHRP 09-54 Report, it is safe to assume that binders do
not experience any aging when pavement temperatures fall below 20°C. This was tested on two
binders with significantly different aging susceptibilities, and both did not experience any aging
when the temperature was less than 20°C for a prolonged period of time (Kim et al. 2018). This
is shown in the results in Figure 10. The CAl is a simplified form of the kinetics model and is

shown by Equation 11.

SHRP AAD ALF SBS
20 | — T=95°C 20  — T=95°C
T=70°C T=70°C
T=60°C T=60°C
. 13 —T=50°C e 15 — T=50°C
&) — T=40°C <) — T=40°C
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10 - — T=20°C 10 F — T=20°C
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0 — T T 0 1 1 1
0 100 200 300 400 0 100 200 300 400
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(@) (b)

Figure 10. Predictions of log G* Under Different Isothermal Loadings for Prolonged
Periods of Time for: (a) SHRP AAD Binder and (b)ALF-SBS-Modified Binder (Kim et al.
2018)

MERRA is a source of climate data that became available in 2012. MERRA data
provides a continuous record of hourly values for all inputs to current advanced infrastructure
models. MERRA is a physics-based reanalysis model that combines computed model fields like

atmospheric temperatures with ground, ocean, atmospheric, and satellite-based observations that
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are distributed irregularly in space and time to accurately represent air temperature history
(Schwartz 2015). The original NCHRP 09-54 project used the original MERRA files.

In contrast, this study used the newer MERRRA2-HCD files, which experienced a series
of updates. MERRAZ resolves issues encountered in MERRA and includes new capabilities,
such as the assimilation of aerosol observations. MERRAZ2 uses a cubed-sphere grid, while the
old MERRA used a latitude-longitude grid (Gelaro 2017).

The MERRA2-HCD stations with coordinates and elevation closest to each project
locations were identified and used in the CAl and kinetics model to obtain the most accurate
climate information. For example, the MERRA station 142946 was chosen to represent the
climatic data for the WesTrack sections in Nevada. After the appropriate stations were chosen,
the thirty-seven years of hourly pavement temperature data (1980-2017) was input and analyzed
in the Enhanced Integrated Climate Model (EICM) software to obtain hourly pavement
temperate history as a function of depth within the pavement structure. The resulting files were
then used as inputs to a CAl calculation spreadsheet and kinetics model. The average response
(CAI or kinetics model output) of the analysis of the 37 years of data were used in the analyses
to provide the most representative results.

The EICM is used to predict or simulate the changes in behavior and characteristics of
pavement in conjunction with environmental conditions over many years of service life and was
adapted for use in the Mechanistic-Empirical Pavement Design Guide (MEPDG). Prior to
generating the climatic data for analyses to recalibrate CAl and the kinetics model, EICM
analyses were conducted using one year of hourly temperature data to determine if there was a
difference in the output of the analysis with the changing of the asphalt pavement structure. CAl

analysis was run on pavement layers 3 inches and 9 inches thick, with nodes that measure
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temperature every centimeter in depth. The base and subbase layers were equal among the two
pavement structures analyzed. The number of elements in the layer equal the thickness of the
layer in inches. The pavement structure followed the sub layering guidelines used in MEPDG of

the Figure 11 below.
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5&% R AR AT

. 0.5"
Asphalt Concrete E%‘gy;_ Lo R ey 0.5”

TRy o R s o st e SR O . .

g Ugf:gs* '1'( %%: REFTRC L e S . - 17 increments till depth of 4”
ER S A S R R BT | 4 il 87

¥ T N A N S R ‘1 \Whatever is left

~__Asph

2"{if hy = 6}
1y = int((h” [ 2% ) for by > 6"

ne = int(’“% ) for hss 28"

neso =int(hcs‘/12) Jor hesg > 12"

TN TN

S e Y ¢

LN

1
— —_—
T R . .

\ &

R LY S R R TN S TR 8
Figure 3.3.9. Layered pavement cross-section for flexible pavement systems (no sub-
layering beyond 8 feet).

Figure 11. MEPDG Pavement Structure for EICM Analysis (ARA, Inc. 2000)

Two samples sections were analyzed to see the differences in the CAl output based on
the thickness of the asphalt layer. Figure 12 below shows a sample of the EICM interface, and an

example of the nine inch thick surface asphalt structure that was tested.
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Figure 12. EICM Asphalt Structure

The same analysis was run for a three-inch-thick surface asphalt pavement structure, and
the resulting CAl values (using the parameters proposed by Kim et al. (2018)) were compared.
EICM and CAI results were compared at two months of the year (January and July) and at two
different times of the day (1 pm and 11 pm). Figure 13 (a) shows the results for January at 1 pm,
and Figure 13 (b) shows the results for July at 11 pm. The results are shown in Figure 13 and
Figure 14 below. The results show that there is not a significant difference between the results of
the three inch versus a nine inch structure. The temperatures at increasing depth within the
pavement are not significantly different, and the total CAl for sixteen years is not significantly
different either. The percent difference in the total CAl calculation for both sections at the tested
depths is less than one percent for each node, or location. The asphalt structure chosen for
analysis was nine inches thick, because it was more representative of asphalt pavement structures

in the field.
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Figure 13. EICM Results (3” vs. 9” Asphalt Layer)
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Figure 14. CAI Comparison (3” vs. 9” Asphalt Layer)

To calculate the laboratory loose mixture aging duration at 95°C required to match the
aging level of a field core at a given depth (Toven) for use in calibrating the CAI parameters,
loose mixture was short-term aged at 135°C for four hours and long-term aged at 95°C for
sixteen days. Loose mixture samples were periodically removed from the oven and subjected to
extraction and recovery and subsequent measurement of the binder log G* at 64°C and 10 rad/s.
The M value to yield the best match between the measured log G* values as a function of aging

duration and those predicted using the kinetics model (i.e., Equation 8) was determined.
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Subsequently, the average log G* value of the binder extracted and recovered at a given depth
from field cores corresponding to an in-service pavement comprised of the same materials used
in loose mixture aging was input into Equation 13 and the corresponding time was calculated.

This process is shown below in Figure 15Error! Reference source not found..

2
(&) .. @
| e
N T
2 0 e
S Field Core e
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Figure 15. Calculating Toven Values
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RESULTS

Recalibration of the Loose Mixture Laboratory Aging Durations with the Addition
of Unconventional Mixtures and Field Core Replicates

One of the shortcomings of the NCHRP 09-54 long-term aging research project is that the
aging procedure was calibrated primarily using unmodified hot-mix asphalt mixtures without
RAP. However, unconventional mixtures such as warm-mixture asphalt (WMA), reclaimed
asphalt pavements (RAP), and polymer modified asphalts (PMA) are commonly used today.
Therefore, the CAl was recalibrated with the incorporation of additional projects, including
unconventional mixtures. The recalibration of the model was also strengthened by adding
replicates of field cores to the existing database established from previous research.

Some limitations were encountered with the WMA, RAP, and PMA sections that were
evaluated. First, there were a limited number of these sections to test and study compared to the
other conventional mixtures. In addition, the RAP and WMA projects (NCAT and MIT) field
cores were only four years old. For some of these sections, it was found that the laboratory short-
term aged material exceeded the age level of the field cores based on log G* values of extracted
and recovered binder at 64°C and 10 rad/s. This finding could suggest that the short-term aging
laboratory procedure included in AASHTO R 30, consisting of loose mixture conditioning at
135°C for four hours produces more aging than occurs during asphalt mixture production and
placement. The recently completed NCHRP Project 09-52 supports this speculation by
recommending that short-term aging be refined to include only two hours of conditioning in a
forced-draft at 116°C for WMA, and 135°C for four hours for hot-mix asphalt (Newcomb et al.

2015). CAl was still calculated for these mixtures and they are included in the graphical
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representations of the CAI results. However, they were not included in the optimization to
recalibrate the CAI parameters.
Original CAl Parameters

Prior to recalibrating the CAI parameters, the accuracy of the CAl parameters proposed
in the NCHRP 09-54 project were evaluated. The comparison between the measured laboratory
oven aging durations and the original CAl values is shown with delineation by project and depth
in Error! Reference source not found. and Figure 17, respectively. In Error! Reference
source not found., the conventional mixtures are shown in blue, the WMA mixtures are shown
in red, the mixtures containing RAP are shown in green, and the PMA mixtures are shown in
yellow. Each section within those categories is shown as a different shape to help distinguish the
individual sections. Replicate field core testing and unconventional mixtures have been added to
the original NCHRP 09-54 database to calculate the measured laboratory oven aging durations.
In addition, MERRA 2 climate data was used to calculate hourly pavement temperature history
herein whereas the original MERRA climate data was used in the initial calibration of CALI.
Error! Reference source not found. demonstrates that the majority of the data falls below the
line of equality, suggesting the original CAI parameters often underestimates the required
laboratory aging duration. Figure 17 shows that the data corresponding to a depth of 6 cm
generally fall above the line of equality, suggesting over prediction of the required laboratory
aging duration using the original CAl parameters. The data corresponding to deeper depths
generally fall below the line of equality, suggesting under estimation of the required laboratory
aging duration. Furthermore, the results demonstrate high scatter in the data and generally better
prediction at depths of 1.85 to 3.15 cm than 0.6 cm or 4.45 cm. The high scatter in the data at a

depth of 0.6 cm is not surprising because the surface conditions may be impacted by Ultraviolet
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(UV) oxidation and other surface wear mechanisms that are not accounted for in the CAI
calculation. As the depth increases, however, the effect of diffusion may become more
significant which is driven by asphalt mixture morphology. Thus, it is also somewhat intuitive
that there would also be high scatter at the deepest depth analyzed compared to the intermediate
depths. The scatter also reflects the large variability in data measurements taken from the field
cores. The WMA and RAP projects are clustered near the low aging levels (corresponding to
small CAl values and measured laboratory aging durations), which makes it difficult to
determine whether trends differ from that of conventional mixtures; this reflects that the field
cores corresponding to these field sections were only 4 years old whereas the other projects
contained field cores from greater durations of in-service aging. All PMA sections correspond to
the FHWA ALF project. The FHWA ALF cores were extracted from sections that were
subjected to high temperatures for rutting experiments. In these cases, the pavements were
subjected to temperatures up to 74°C for up to two months (Gibson 2012). The locations and
thermal history during the ALF experiments were identified for each field core and incorporated
into the CAI calculation. However, these harsh conditions may lead to a bias in the relationship

between laboratory and field aging.
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Figure 16. Comparison of Measured Laboratory Aging Durations at 95°C and the

Original CAI with Delineation by Project
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Figure 17. Comparison of Measured Laboratory Aging Durations at 95°C and the Original
CAI with Delineation by Depth
Recalibration Effort
The CAl in Equation 11 was simplified and recalibrated by conducting a least squares

optimization to minimize the error between the measured laboratory aging durations. The

simplified form is shown in Equation 17.

N G
tye, =CAl =) Cd“e" (17)
i=1
Where: Cy, C», and Cs are fitting parameters and d is depth in cm.

The function D and parameter A in Equation 11 were combined into a single function,
(C1d“?) termed the ‘depth factor’ herein and the division by 24 was removed and smeared into

the optimization. The Ea parameter in Equation 11 was divided by R and renamed Cz to further
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simplify the CAIl expression. The value of Ea in Equation 11 was not changed. A limited set of
Ea values were tried but changing Ea did not appear to lead to significant improvement in the
accuracy of CAl and it was very cumbersome to iteratively update Ea due to the large amount of
data analyzed (i.e., 37 years of climate data for each section). Optimizations were performed at
each depth to determine the depth factor at each depth. Then, the parameters C1 and C, were
determined by optimizing the relationship between the factor and depth. It was found that a
power law represented the data well and provided reasonable results (i.e., does not decay below
zero for very deep conditions).
Initial Recalibration

The results of the recalibration of CAl using all projects (except those where the
laboratory STA condition exceeded the age level of the corresponding field cores) are shown in
Figure 18 and Figure 19. The conventional mixtures are shown in blue, the WMA mixtures are
shown in red, the mixtures containing RAP are shown in green, and the PMA mixtures are
shown in yellow. Figure 18 and Figure 19 demonstrate an improvement in the accuracy of the
CAI compared to the original parameters based on R2 (0.564 versus 0.258) and standard error
(SE) (5.598 versus 6.399). The conventional, or unmodified, mixtures encompass a broader
range of locations, binder type, and climatic conditions, and age levels than the unconventional.

The WMA sections appear to align with the conventional mixtures but it is difficult to
draw conclusions due to the limited aging of the field cores from these sections. The RAP
sections all fall under the line of equality, suggesting future research with additional materials
and higher field aging levels is necessary to investigate the relationship between both laboratory

short-term and long-term aging with field aging for RAP mixtures.
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Approximately half of the PMA sections, denoted as ALF, are outliers for this data set
because they stray significantly from the line of equality, shown in black. These sections
correspond to the Terpolymer modified binder section (11 years old), control (unmodified)
binder section (8 years old), and the SBS modified binder section. The outlier behavior of these
ALF sections could be due to the unrealistically harsh temperatures used in the ALF experiments
or may suggest that polymer modification can affect the relationship between laboratory and
field aging. Since three of the six ALF sections were outliers and the ALF experiment included
unrealistic thermal history, the recalibration of the CAl parameters was conducted a second time

with the removal of the ALF sections.
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Figure 18. Comparison of Measured Laboratory Aging Durations at 95°C and the
Initial Recalibration of CAI with Delineation by Project
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Figure 19. Comparison of Measured Laboratory Aging Durations at 95°C and the Initial
Recalibration of CAl with Delineation by Depth

Recalibration Without ALF

The results of the recalibration of CAl with the exclusion of the ALF sections are shown
in Figure 20 and Figure 21. The conventional mixtures are shown in blue, the WMA mixtures are
shown in red, the mixtures containing RAP are shown in green, and the PMA mixtures are
shown in gray. The PMA sections are shown in gray because they were not used in the
recalibration. A ninety percent confidence interval, shown in gray above and below the line of
equality is included in Figure 20 to show the uncertainty in the CAl recalibration results. The
results demonstrate that the recalibration with the exclusion of ALF better represents the
majority of the sections. The R? value was higher than the optimization including the ALF
sections (0.783 versus 0.564) and the standard error was lower (3.05 versus 5.598). It should be

noted that half of the PMA sections fall within this confidence interval, while the other half fall
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outside of the bounds. The good agreement between the line of equality and results of ALF

sections that are not outliers suggests that the relationship between lab and field aging may not

be impacted by polymer modification. However, the relationship between field and laboratory

aging of polymer modified materials under realistic climate conditions merits further

investigation in future work. The WMA sections fall closely to those of the HMA sections

suggesting that the recalibrated CAl is applicable to WMA mixtures.
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Figure 20. Comparison of Measured Laboratory Aging Durations at 95°C and the

Final Recalibration of CAl with Delineation by Project
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Figure 21. Comparison of Measured Laboratory Aging Durations at 95°C and the Final

Recalibration of CAl with Delineation by Depth

Figure 22 shows the depth factor function for the recalibrated parameters. An power law

was used to represent the relationship between the depth factor and the depth within the

pavement. Table 3 presents a summary of the depth factors and the corresponding depth within

the pavement.

47



0.06
0.05 |
0.04 |
003 | o

0.02

Depth Factor
[

y = 0.0437x0:426

001 I Re=0.9844

0 1 1 1 1
0 1 2 3 4 5

Depth (cm)
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Table 3. Depth Factors From Recalibrated Parameters

Depth (cm) | D (Depth Factor)
0.55 0.056
1.85 0.033
3.15 0.029
4.45 0.022

The values of the C1, C», and Cs included in the simplified form of CAI given in Equation 17
along with the relationship between C; and Cx to the original CAIl expression given in Equation
11 are shown below. The final form of the recalibrated CAIl equation with input of the coefficient

values shown in Equation 18 through Equation 20 is given in Equation 21.

D-A

C = il 0.0437 -
C,=-0.426 -
(20)
C= L 1,601.167
i N 1,601.167
tOven =CAIl = Z:l: 0.0437d *0.426e T, (21)
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Figure 23 below shows the CAI calculated for 0 to 20 years for two depths of a section
from Texas. The 90 percent confidence intervals for both depths were calculated and are shown
to convey the uncertainty in the CAL. It can be seen that the uncertainty in the estimated

laboratory aging duration to match field aging can be relatively high (roughly five days).
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Figure 23. CAIl Confidence Intervals

Recalibrated Laboratory Aging During Maps

The following maps within the United States were generated in ArcGIS given the latitude
and longitude of the MERRAZ station of the section of interest and the recalibrated CAl value
for that section. The maps are grouped by number of years aged, and then by depth within the

pavement. These are shown in Figure 24 through Figure 32.
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Figure 25. Required Oven Aging Duration at 95°C to Match 8 Years of Field Aging at 6
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Figure 26. Required Oven Aging Duration at 95°C to Match 16 Years of Field Aging at 6

mm Below Pavement Surface (Days)
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Figure 28. Required Oven Aging Duration at 95°C to Match 8 Years of Field Aging at 20
mm Below Pavement Surface (Days)
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Figure 29. Required Oven Aging Duration at 95°C to Match 16 Years of Field Aging at 20
mm Below Pavement Surface (Days)
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Figure 30. Required Oven Aging Duration at 95°C to Match 4 Years of Field Aging at 50

mm Below Pavement Surface (Days)
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Figure 32. Required Oven Aging Duration at 95°C to Match 16 Years of Field Aging at 50
mm Below Pavement Surface (Days)

Summary

In summary, the CAI proposed by Kim et al. (2018) was simplified and recalibrated using
field core replicates that included a wide variety of conventional and unconventional mixtures to
yield the required laboratory aging duration as a function of hourly pavement temperature history
and depth that yields reasonable accuracy to matching field age levels. The results demonstrated
outlier behavior from many of the PMA sections, which could be caused by the unrealistically
harsh thermal history of the ALF rutting experiments. However, roughly half of the PMA
sections still fall within the 90 percent confidence interval of the recalibrated CAl, suggesting
promise for its applicability to PMA materials. The recalibrated CAI results represent WMA
materials well, suggesting no bias in the required CAIl for WMA materials compared to HMA.
The RAP mixtures show evidence of some bias from the virgin mixtures. However, relatively
few RAP mixtures were analyzed and the corresponding field cores were just four years old. In

some instances, the laboratory short-term aged material prepared according to AASHTO R 30
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exceeded the age level of the field cores suggesting refinement of the short-term aging procedure
may be necessary prior to investigating the effect of RAP on the relationship between laboratory

long-term aging durations and field aging.
Effect of Asphalt Mixture Morphology on Pavement Aging

Brazil Analysis

The Brazil field cores were ideal for analyzing the systematic effect of morphology on
pavement aging because they encompass systematic changes in the asphalt content, air voids,
and binder source. These cores are 150-mm diameter and 70-mm height gyratory-compacted
samples that were inserted in panels and subjected to eight years of field aging (with no traffic
loading) in Brazil, as shown in Figure 33. The inner 100 mm of the Brazil cores were extracted
and cut into 11-mm slices to study the variation in oxidation levels with depth by extracting and
recovering the binder and then testing it to obtain log G* at 64°C and 10 rad/s. The bulk specific
gravity of the Brazil cores was measured before and after coring (150-mm vs. 100-mm diameter

cores).
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Figure 33. Setting up Gyratory-Compacted Samples in Panels to Subject to Field Aging in
Brazil

Table 4 presents the volumetrics of the mixtures obtained from different binder sources. The

gradation is the same. The nominal maximum aggregate size is 19.0 mm.

Table 4. VVolumetrics for Brazilian Mixtures of Different Binder Sources with the Same

Aggregate Gradation

Mixture with

. Gmm | Gmb VFA | VMA
Binder Source

LUBNOR 2544 12472 |10.3 |13.2
REPAR 2512 | 2451 |11.2 | 136
GALP 2532 | 2454 |11.0 | 14.0
REPLAN 2533 | 2454 |111 | 141

The binder content within these field cores ranges from 3.8 percent to 6.0 percent. The
four binder sources are GALP (PG 64-12), REPAR (PG 64-12), REPLAN (PG 64-22), and
LUBNOR (PG 70-22). Previous studies conducted by Petrobras in Brazil have shown that

LUBNOR and REPAR are more susceptible to aging than the other two binders. During those
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studies, cores were extracted and tested at different age levels for various chemical and
rheological properties.

For the purpose of developing a diffusion model, testing included the extraction and
recovery of binder from field cores, DSR analysis of the binder, and FTIR testing to determine
the absence or presence of solvent in the extracted binders. Results from the Brazil cores have
been organized and analyzed. As the depth from the surface increases, the log G* value is
expected to decrease, which is the general trend for each binder type. Another factor that was
analyzed was the various asphalt contents of the sections within each asphalt binder source. It is
expected that the sections with the lowest asphalt contents would have the highest log G* values
due to their smaller film thicknesses that create a shorter diffusion path for oxygen to cause
oxidation. Conversely, the sections with the highest asphalt contents are expected to have the

lowest log G* values. However, this trend is not clearly seen in the data.

GALP

The data from the GALP binder source suggests no sensitivity of log G* to the change in
asphalt content from 4.1% to 5.1% with the same air void content of 8% (Figure 34 (c)). Little
difference is evident between these two asphalt contents at 4% AV as well, as shown in Figure
34 (a) and (b). According to Figure 35, aging increases as asphalt content increases from 4.1% to
4.6% and then decreases when the asphalt content increases to 5.0% and 5.1%, with a peak at
5.0% for deeper depths (32 mm and below). However, the aging level starts to increase with
depth, so this data set must be viewed with caution. Figure 36 shows that an increase in air void
content leads to increased aging for a given asphalt content. This finding is most significant at

lower asphalt contents and deeper depths within the pavement.
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LUBNOR

As shown in Figure 37, LUBNOR seems to have no significant sensitivity to asphalt

content when %AV is constant at 8% with only two asphalt contents (3.8% vs. 4.8%). Figure 37

(a) shows a larger difference among the three asphalt contents (3.8%, 4.3%, and 4.8%) at 4%

AV. According to Figure 37 and Figure 38, the aging pattern appears to differ at each depth. For

6-mm depth, the aging level decreases as the asphalt content increases from 3.8% to 4.3% and

then increases as the asphalt content further increases to 4.8 percent. On the other hand, the aging

level at 44.5-mm depth starts high (higher than the aging level at shallower depths) and decreases

to a minimum with an increase in the binder content. The trends shown for 4.8% asphalt content

are the opposite of the trends shown for 3.8% asphalt content in Figure 39. No clear trends are

shown for LUBNOR.
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Figure 39. Field measured log G* for binder source LUBNOR (PG 70-22): (a) 3.8% AC
content and varying AV content, (b) 4.8% AC content and varying AV content.

REPAR

REPAR shows a moderate sensitivity to asphalt content when AV = 8% with three
asphalt contents (4.6%, 5.1%, and 6.0%) and a larger difference in data measurements among
these three asphalt contents at 4% AV, as shown in Figure 40. According to Figure 41, aging
decreases as the asphalt content increases from 4.6% to 5.1% and then increases when the

asphalt content increases from 5.1% to 6.0%, with a minimum log G* value at the 5.1% asphalt

content. Figure 42 shows that increasing the air void content leads to increased aging for a given

asphalt content. This finding is most significant at a higher asphalt content and at deeper depths

within the pavement.
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Figure 42. Field measured log G* for binder source REPAR (PG 64-12): (a) 4.6% AC
content and varying AV content, (b) 5.1% AC content and varying AV content.

REPLAN
REPLAN shows little sensitivity to asphalt content when AV = 8% with three asphalt

contents (4.1%, 4.6%, and 5.1%) and a larger difference among these three asphalt contents at

4% AV, shown in Figure 43. A larger difference in measurements is evident as the depth within

the pavement increases. According to Figure 44, the aging trend for the top layer (5.5 mm)
differs from all the other layers. For the top layer (5.5-mm), aging increases as asphalt content
increases from 4.1% to 4.6%, then decreases as asphalt content increases from 4.6% to 5.1
percent. For all the other layers, aging decreases as asphalt content increases. Figure 45 shows
that increasing the air void content leads to increased aging for higher asphalt contents, and
increasing the air void content leads to decreased aging for lower asphalt contents. The most

significant differences generally occur at deeper depths within the pavement.
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Figure 45. Field measured log G* for binder source REPLAN (PG 64-22): (a) 4.1% AC
content and varying AV content, (b) 4.6% AC content and varying AV content, and (c)
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General Conclusions

It is expected that an increase in asphalt content and/or a decrease in air void content

would lead to less aging. The increase in asphalt content increases the asphalt film thickness that

surrounds the aggregate particles, consequently increasing the diffusion path for oxygen. A

decrease in air void content is expected to increase the distance between air void channels within

the asphalt concrete, consequently increasing the diffusion path for oxygen. Generally, the data

follow the expected trends in aging level as a function of asphalt content when the asphalt

content is increased from the optimum asphalt content to the optimum asphalt content plus 0.5

percent and the air void content is 4 percent. For three out of the four binders evaluated (GALP,
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REPLAN, REPAR), this general trend holds for the effect of asphalt content when the air void
content is 4 percent. At other asphalt contents, however, trends vary among the different binders
evaluated and often do not match intuition.

Overall, the aging levels show little sensitivity to asphalt content when the air void
content is 8 percent. In most cases, the results show an increase in aging when the air void
content increases from 4 percent to 8 percent and the asphalt content is at or above optimum,
with the exception of the 6-mm depth in many cases. In many cases, the change in aging level
with air void content is marginal. The sensitivity of aging level to air void content appears to
increase with asphalt content.

Trends that do not match intuition could possibly be explained by the work of Das,
Birgisson, Jelagin, and Kringos. Das et al. (2015) postulated that both the air void content and
size of the air voids affect aging susceptibility. Mixtures with the same air void content but
smaller air voids will have more surface area for air to come in contact with and therefore will
have increased aging susceptibility. A mixture with the same aggregate gradation, binder, and air
void content but higher binder content than another mixture would require less compaction. Due
to less compaction, the average air void size would be expected to increase with an increase in
asphalt content. A mixture with the same binder and air void content but higher binder content
and different gradation would require more compaction and have smaller average air voids. In
this case, aging would decrease as the asphalt content increases. (However, this outcome does
not apply to the Brazil mixtures). In short, some trends that do not match intuition may be due to
changes in air void size. It is impossible to measure air void size, so it is not feasible to

determine if air void size is the reason for the discrepancy.
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WesTrack Analysis

Figure 46 shows the relationship between the average log G* values at different depths
(5.5 mm, 18.5 mm, 31.5 mm, and 44.5 mm) for different WesTrack cores. WesTrack cores have
three levels of asphalt content: low, optimum, and high, as well as three air void content levels:
low, medium, and high. The naming system WTFLM for example, means a WesTrack field core
(WTF) with low asphalt content (L) and medium air void content (M). The F-19Y stands for a
field core (F) that is 19 years old. Overall trends show that there is a larger difference in
measurements when looking at asphalt content as opposed to air void content (Figure 47). Figure

47 and Figure 48 look at asphalt content and air void content respectively.
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Figure 46. WesTrack Analysis

Figure 47 below shows the results of DSR testing grouped by asphalt content. Low
asphalt content is shown in blue, while optimum asphalt content is shown in green and high

asphalt content is shown in red. There is not a large difference in the measurements in optimum

67



and low AC. There seems to be a significant difference between high AC and low/optimum AC.
As asphalt content increases, the log G* values seem to decrease. This result makes sense
because with a larger film thickness, there should be less aging of the material. There is a
difference in the log G* values as the AV content increases for the high AC, but it is not
significant in the lower/optimum AC. Increasing the air voids has a larger impact on aging at

higher asphalt contents.
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Figure 47. WesTrack Analysis (Asphalt Content)
Figure 48 shows the results of DSR testing grouped by air void content. Low air void
content is shown in blue, while medium air void content is shown in green and high air void
content is shown in red. As air void (AV) content increases, the log G* values seem to increase

as well. This result makes sense, because as more air voids are introduced into the material, more

aging occurs. There is a significant difference between the log G* values as asphalt content
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increases for lower air void contents, but there is not a significant change with medium and high

AV content.
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Figure 48. WesTrack Analysis (Air Void Content)

Statistical Analysis

After looking at the initial graphical data, a statistical analysis was performed on the materials
from Brazil and WesTrack. For the Brazil materials, analysis was done on type of binder, asphalt
content, and air void content. For the WesTrack materials, analysis was done on asphalt content
and air void content. These analyses were performed by layer (T1-T4) because each layer
corresponds to a different depth (5.5 mm, 18.5 mm, 31.5 mm, and 44.5 mm). The statistical
coding software “R” was used to aid in the analysis of the data sets. First, an ANOVA test was

run on the set of data for depth T1 (5.5 mm), grouped by binder type. The p-value shown in
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Table 5 is an indicator of whether the average log G* values at 64 °C and 10 rad/s are different
for different binder types (or asphalt content/air void content). Then, the Tukey HSD (honestly
significant difference) test was run to compare specific mean values of different variables against
each other. The R program output tells specifically what variables are different from other
variables (for example, high AV content vs. low AV content). In Table 5 and Table 6, the
variables under the column labeled “Tukey” are the variables that are statistically different from
one another. Based on a 0.05 significance level, if the p-value given by the R program from the
input data is less than 0.05, one can claim that the values for average log G* are different from
one another.

Table 5. Summary of the Statistical Analysis for WesTrack Materials

WT P-value | Tukey

Tl 0.3734 | None
Asphalt | T2 0.0325 | low-high
Content opt-high
Analysis T 0.0053 low-high

T4 0.0889 | None
Air T1 0.4786 | None
Void T2 0.2132 | None
Content | T3 0.143 None
Analysis | T4 0.0182 | low-medium
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Table 6. Summary of the Statistical Analysis for Brazil Materials

Brazil P-value | Tukey
REPAR-GALP
LUBNOR GALP
Tl 1.76E-05
LUBNOR-REPLAN
LUBNOR-REPAR
REPAR-GALP
_ LUBNOR GALP
Binder Type | T2 1.30E-06
_ LUBNOR-REPLAN
Analysis
LUBNOR-REPAR
REPAR-GALP
T3 1.27E-04 | LUBNOR GALP
LUBNOR-REPLAN
REPAR-GALP
T4 0.00952
LUBNOR GALP
3.8-5.1%, 4.8-5.1%,
Tl 0.0027
4.1-4.8%
Asphalt
3.8-5.1%, 4.8-5.1%,
Content T2 0.0042
_ 4.1-4.8%
Analysis
T3 0.051 None
T4 0.362 None
Tl 0.9007 None
Air Void
T2 0.7016 None
Content
_ T3 0.3629 None
Analysis
T4 0.1213 None
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Summary

Brazil

Overall, the LUBNOR binder type seems to be significantly different from the other
means more than any other binder type. GALP seems to be significantly different as well, just
not as often as LUBNOR. As the depth increases (T1->T4), there seems to be less binders that
are significantly different from one another. These results make sense, because aging affects the
surface layers more than the layers deeper into the pavement.

Asphalt content does not play a large role as the depth of the pavement increases (T3 and
T4 vs. T1 and T2). There were a larger number of significantly different results in the upper
layers of the pavement compared to the deeper layers. This conclusion is the same as that when
comparing binder types. The asphalt contents of 3.8%, 4.1%, 5.1%, and 4.8% were significantly
different for T1 and T2.

When looking at air void content for each depth level, none of the results were
significantly different from one another (4% vs. 8%). As the depth increased, the results did start
to deviate from each other a bit more, but the results still were not statistically different from
each other. This has been seen in past analysis by simply looking at the graphical results of the
DSR data.

WesTrack

There is a more pronounced relationship between asphalt content and depth than air void
content and depth. There are a higher number of significantly different relationships between the
means of the log G* values when looking at asphalt content than air void content. There were
more statistically different results for layers T2 and T3 when looking at asphalt content, and

layer T4 when looking at air void content. For both analyses, the significantly different results
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usually contained the low and/or high AC/AV. This has been seen in past analysis by simply

looking at the graphical results of the DSR data.

Field Calibration of the Pavement Aging Model

Overview

Aging is one of the most prominent distresses mechanisms for asphalt pavements and is a
complex process. An accurate prediction of asphalt mixture properties in terms of pavement
service life and performance is very important. The kinetics model, as described in Equation 8,
only accounts for temperature dependence of oxidation, and not for diffusion which becomes
especially important below the asphalt pavement surface. In this thesis, there was insufficient
data collected to develop a rigorous diffusion model that accounts for asphalt mixture
morphology and corresponding depth dependence of oxidation. Therefore, a depth-dependent
field calibration of the kinetics model was conducted using all field projects that included asphalt
mixtures prepared at the optimum asphalt content. Functions were developed for deviations from
the optimum asphalt content using the limited data available from the WesTrack materials. It
should be noted that this was a limited data set, and future work should expand upon the results
herein to elucidate the effects of morphology on pavement aging.

The hourly pavement temperature history used in the CAl analyses (i.e., output of EICM
using MERRA2 climate files) combined with the material-specific kinetics model parameter M
and the log G* of the short-term aged material were used to predict field log G* values using the
kinetics model given in Equation 13. The analysis was conducted using climate data for the years
1980 to 2017 and the average results were used in the analysis. The kinetics model-predicted log

G* values were compared to those of binders extracted and recovered from field cores at
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different depths. The relationship between the kinetics model predictions and field core

measurements were used to develop a depth-dependent field calibration function.

Data Smoothing Prior to Field Calibration

A power law function was fit to represent the relationship between the measured log G*
values versus depth for each section prior to field calibration to account for the inherent
variability in the field core results as a function of depth. The power law fit suggests a higher rate
of change in log G* with depth near the pavement surface and less change deeper within the
pavement structure, which matches expectations. The data smoothing ensured reasonable trends
with depth for each section prior to the field calibration. Looking at each individual data set,
outliers were identified that clearly did not follow the expected data trend and removed from the
data smoothing process to improve the quality and precision of the power function prediction of
log G*. Clear outliers were identified and removed in the MIT 15% RAP and MIT Evotherm
sections only; these outliers are shown in grey in Figure 50. The results are shown in Figure 49

through Error! Reference source not found. below.
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After the data smoothing was performed for each section, the power law equations were
used to generated smoothed log G* values versus depth for each section. The comparison
between the smoothed log G* values and the measured values are shown below in Figure 55.
The results generally demonstrate good agreement between the measured and smoothed log G*

values. The smoothed log G* values were then used in the proceeding field calibration of the

pavement aging model.
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Relationship between Kinetics Model Predictions and Smoothed Field Core Measurements
To establish the field calibration function, the relationship between kinetics model-
predictions of log G* and the smoothed field core measurements of log G* at different depths
were evaluated. Figure 56 through Figure 59 show the results of the smoothed log G* values
from field cores and those predicted from the kinetics model at different depths. In each figure,
the conventional mixtures are shown in blue, the WMA mixtures are shown in red, and the
mixtures containing RAP are shown in green. The PMA sections were not included in the field
calibration of the pavement aging model due to the unrealistic thermal history included in the
ALF rutting experiment as described in the Recalibration of the Loose Mixture Aging Procedure
section. The PMA sections are shown in gray, but were not included in the field calibration
analysis. A linear trend line was regressed to the data, similar to the analysis conducted by Kim
et al. (2018) to arrive at their field calibration function given in Equation 14. The results show

relatively weak correlations between the smoothed field core measured values and kinetics
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model predicted values of log G*. However, it is apparent that the MIT 15% RAP, MIT 50%

RAP and NCAT 50% RAP sections are outliers; this suggests that RAP contents may affect the

relationship between laboratory and field aging and merits consideration in future work. Herein,

insufficient data was available to conduct a separate field calibration of the kinetics model for

RAP mixtures. Therefore, the MIT 15% RAP, MIT 50% RAP and NCAT 50% RAP sections

were excluded from the field calibration of the kinetics model.
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Figure 60 through Figure 63 show the results of the smoothed log G* values from field
cores and those predicted from the kinetics model at different depths with the trend lines formed
with the removal of the MIT 15% RAP, MIT 50% RAP and NCAT 50% RAP sections. The
outlier data points are still included in the figure in grey for reference. Removing the outliers
greatly improved the R? values of the trend lines, suggesting that the kinetics model predictions
are related to the smoothed field core measurements. Figure 60 through Figure 63 demonstrates
that the scatter in the relationship between smoothed field core measurements and kinetics model
predictions is much higher at a depth of 0.6 cm than deeper depths. This suggests that ultraviolet
aging and other surface mechanisms that are not accounted for in the kinetics model impact
surface aging may be significant. In addition, the results show no bias in the WMA results
compared to HMA, suggesting that a separate field calibration of the pavement aging model for
WMA is unnecessary. Also, while the PMA sections were not used in the field calibration due to

the unrealistic thermal history of the ALF, the PMA results in Figure 60 through Figure 63
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generally align with the rest of the data, suggesting that the field calibration conducted herein

represents PMA materials reasonably well.
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Field Calibration of the Kinetics Model

The slope and intercept values from the trend lines shown in Figure 60 through Figure 63
were plotted as a function of depth to inform the appropriate form of the field calibration
function. The relationship between the slope and intercept parameters with depth are shown
below in Figure 64 and Figure 65, respectively. Figure 64 suggests that the slope of the
relationship between kinetics model predictions and smooth field core measurements of log G*
at each depth are similar. Therefore, a slope adjustment was included in the recalibration that is
not depth-dependent. The intercept, however, exhibits depth dependence. Based on the results
shown in Figure 65, a power function was fit to represent the relationship between the intercept
and depth. Therefore, a power equation was chosen to represent the intercept calibration

parameter function as a function of depth.
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Figure 64. Depth Versus Slope
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Based on the above discussion, the field calibration function proposed is shown below in
Equation 22.

b.d° (22)

Where: a, b, and c are optimized coefficients and d is depth in cm.

109 G * i1y = @109 G *}jpeics

The coefficients a, b, and ¢ were determined by a least squares optimization between the
smoothed measured log G* values from field cores and the log G* values obtained using
Equation 22. The optimized coefficient values are shown in Table 7.

Table 7. Field Calibration Parameters

0.818 0.508 -0.673

Using these optimized parameters, the field calibrated pavement aging model predictions
of log G* values were determined for each project and depth of field core measurements. The
relationship between the field calibrated pavement aging model predictions and field core

measurements of log G* are shown as a function of depth in Figure 66 through Figure 69. The
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conventional mixtures are shown in blue, the WMA mixtures are shown in red, and the mixtures
containing RAP are shown in green. The mixtures shown in gray were not used in the calibration
but are shown in the graphs for completeness. The results demonstrate relatively poor prediction
accuracy at a depth of 0.6 cm but reasonable accuracy at depths of 1.8 cm, 3 cm, and 4.2 cm. The
results show that the calibrated pavement aging model predicts the aging of the conventional
HMA mixtures, WMA mixtures, and even the ALF PMA mixtures relatively well, suggesting
that a separate calibration for WMA and PMA is not needed. However, these findings should be

confirmed by analyzing additional PMA and WMA materials in future work.
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Figure 69. Smoothed Field Core Measurements versus Field Calibrated Kinetics Model
Predictions at a Depth of 4.2 cm

Figure 70 shows the comparison between smoothed field core measurements and field
calibrated pavement aging model predictions of log G* with delineation of depth. Sections that
were not used in the field calibration are now included in Figure 70. The results do not reveal a
bias in the pavement aging model predictions with depth, suggesting the depth-dependent

calibration function used is appropriate. The overall R? of 0.7 corresponding to the aggregated

data suggests promising prediction accuracy given all of the variables that impact field aging that

are not directly accounted for in the pavement aging model (morphology, UV, etc.).
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Comparison between Field Core Measurements and Calibrated Pavement Aging Model

Predictions

The comparison between field core measurements of log G* and those predicted by the

calibrated kinetics model for each project are shown in Figure 71 through Figure 75. In some

cases, the error in the prediction is quite high while in other instances, the model prediction is

quite good.
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Figure 71. Comparison between Field Calibrated Pavement Aging Model Predictions and Field
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Field Calibration Adjustment Factor for Deviations from the Optimum Asphalt Content

Because the results of the statistical analysis of the Brazil and WesTrack field cores show

that asphalt content has a significant effect on field aging, the WesTrack sections used in the

systematic study of mixture morphology were analyzed in order to calibrate an adjustment to the

pavement aging model predictions as a function of deviation from the Superpave optimum

asphalt content. Because air void content was found to have an insignificant effect on field aging

through the analysis of Brazil and WesTrack field cores, an adjustment for air void content was

not established.
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The smoothed field core measurements of the WesTrack sections corresponding to the
medium air void content were used to establish the asphalt content adjustment function. The
relationship between the ratio of the log G* value corresponding to the asphalt content of interest
divided by the log G* value corresponding to the optimum asphalt content (i.e., log G* (opt))
and asphalt content and depth was investigated. The corresponding summary graph of the results
is shown in Figure 76. Note that the WesTrack section low and high asphalt contents correspond
to -0.7 percent and +0.7 percent from the optimum asphalt content. A linear trend line was fit to
the relationship between the log G* ratio and the deviation from the optimum asphalt content for
each depth as shown in Figure 76. The slopes of these lines were then plotted against the depth
and a function was fit to best characterize the relationship between slope and depth as shown in
Figure 77. The equation shown in Figure 77 was then used as an adjustment function to account
for deviations from the optimum asphalt content in pavement aging model predictions as a

function of depth as shown in Equation 23.
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Figure 76. Relationship Between log G* ratio and Deviation from Optimum Asphalt
Content for WesTrack Fine Materials at the Medium Air Void Content
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logG * eld ag) = log G*,, (1+%AC,, - (0.0179-In(d) -0.0538)) (23)
Where %ACqev = the deviation from the optimum asphalt content (in percent).

To demonstrate how Equation 23 affects pavement aging model predictions, the
comparison between field core measurements, calibrated pavement aging model predictions (i.e.,
Equation 22), and the calibrated pavement aging model predictions with the asphalt content
adjustment were compared for the WesTrack sections. The results are shown in Figure 78 and
Figure 79. As the asphalt content deviates from the optimum, the values predicted by the field
calibrated pavement aging model, displayed in green on the graphs, deviate from the true
measured values but the adjustment is relatively small, suggesting asphalt content does not have
that significant of an effect on pavement aging predictions, especially given the uncertainty in
pavement aging model predictions. Limited data was used to generate the adjustment for asphalt
content and therefore, the effect of asphalt content merits additional consideration in future

research.
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Summary

In this section, the kinetics model proposed by Kim et al. (2018) was calibrated using
field core measurements at varying depths. The calibrated pavement aging model can be used to
predict the log G* value of asphalt binder at 64°C and 10 rad/s as a function of hourly pavement
temperature history and depth using mixture-specific kinetics. The model predicts aging of the
unmodified HMA, WMA, and PMA materials studied reasonably well. The accuracy of model
predictions is relatively poor near the pavement surface (i.e., 0.6 cm) but relatively good for
depths between 1.8 cm and 4.2 cm. The limited RAP sections analyzed suggest that a separate
calibration of the pavement aging model may be required for asphalt mixtures containing
reclaimed materials. It was found through a systematic study of the effect of asphalt morphology

on field aging that the asphalt content can have a significant effect on long-term oxidation. An
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adjustment to pavement aging model predictions as a function of deviations from the optimum
asphalt content was established using limited data available from WesTrack sections. The
adjustment shows that asphalt content has a relatively minor impact on pavement aging model

predictions given the uncertainty in the model predictions.
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CONCLUSIONS AND RECOMMENDATIONS

The following conclusions and recommendations are drawn from the results of this study:

1. A climatic aging index (CAI) proposed by Kim et al. (2018) was simplified and
calibrated using a broad range of conventional and unconventional asphalt mixtures and
climates to yield the required laboratory aging duration as a function of hourly pavement
temperature history and depth that yields reasonable accuracy to matching field age levels
(R2=0.78).

2. The kinetics model proposed by Kim et al. (2018) was calibrated using field core
measurements at varying depths using a broad range of asphalt mixtures and climates that
can be used to predict the log G* value of asphalt binder at 64°C and 10 rad/s as a
function of hourly pavement temperature history and depth with moderate accuracy (R? =
0.70).

3. Future research should be conducted to evaluate the relative accuracy and precision of the
Global Aging System (GAS) Model versus the field calibrated pavement aging model
presented herein.

4. A systematic analysis of the effect of asphalt morphology on field aging indicates that
asphalt content can have a significant effect on long-term oxidation but that air void
content has an insignificant effect. Using the limited results of this study, a calibration
function to predict changes in the log G* value of asphalt binder at 64°C and 10 rad/s
with deviations from the Superpave optimum asphalt content within the pavement aging

model was developed.
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5. Based on the limited sections containing RAP evaluated in this study, the relationship
between laboratory and field aging may be impacted by RAP. Therefore, the effect of
RAP on CAI and the pavement aging model field calibration merits future investigation.

6. Due to the unrealistic thermal history of the PMA field projects evaluated herein, PMA
sections were not included in the calibration of CAl or the pavement aging model.
However, the results suggest reasonable prediction of laboratory aging durations and
pavement aging using the established CAl and kinetics model field calibration
established herein in many instances. These results suggest that the CAl and pavement
aging model developed may be applicable to PMA materials. However, future research
should further investigate the relationship between laboratory and field aging of PMA
materials using field projects with realistic thermal histories.

7. In some instances, the short-term aging procedure in AASHTO R 30 exceeded the level
of aging in four year old field cores. Therefore, refinement of the short-term aging
procedure to better mimic aging that occurs during production and placement should be
considered.

8. The results of the recalibration do not show a notable difference in the WMA sections
compared to HMA. However, the WMA field cores available corresponding to limited
field aging (4 years). Future research should further investigate WMA materials in more

accurately predicting laboratory aging durations to match field pavement aging.
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