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ABSTRACT

Comparison of Fatigue Analysis Approaches for Predicting Fatigue Lives
of Hot-Mix Asphalt Concrete (HMAC) Mixtures. (May 2006)
Lubinda F. Walubita, B.Eng., University of Zambia;

M.S., University of Stellenbosch
Chair of Advisory Committee: Dr. Amy Epps Martin

Hot-mix asphalt concrete (HMAC) mixture fatigue characterization constitutes a
fundamental component of HMAC pavement structural design and analysis to ensure
adequate field fatigue performance. HMAC is a heterogeneous complex composite
material of air, binder, and aggregate that behaves in a non-linear elasto-viscoplastic
manner, exhibits anisotropic behavior, ages with time, and heals during traffic loading
rest periods and changing environmental conditions. Comprehensive HMAC mixture
fatigue analysis approaches that take into account this complex nature of HMAC are thus
needed to ensure adequate field fatigue performance. In this study, four fatigue analysis
approaches; the mechanistic empirical (ME), the calibrated mechanistic with (CMSE)
and without (CM) surface energy measurements, and the proposed NCHRP 1-37A 2002
Pavement Design Guide (MEPDG) were comparatively evaluated and utilized to
characterize the fatigue resistance of two Texas HMAC mixtures in the laboratory,
including investigating the effects of binder oxidative aging.

Although the results were comparable, the CMSE/CM approaches exhibited
greater flexibility and potential to discretely account for most of the fundamental
material properties (including fracture, aging, healing, visco-elasticity, and anisotropy)
that affect HMAC pavement fatigue performance. Compared to the other approaches,
which are mechanistic-empirically based, the CMSE/CM approaches are based on the

fundamental concepts of continuum micromechanics and energy theory.



v

The CMSE/CM approaches utilize the visco-elastic correspondence principle,
Paris” Law of fracture mechanics, and Schapery’s work potential theory to monitor
cumulative fracture damage in HMAC mixtures under laboratory repeated uniaxial
tensile tests. Additionally, the CMSE/CM results exhibited relatively lower statistical
variability.

For the materials and test conditions considered, laboratory aging reduced
HMAC mixture fatigue resistance and its ability to heal. This finding signifies the
importance of discretely incorporating aging effects in HMAC mixture fatigue
characterization, and the CMSE/CM aging shift factors developed in this study produced
promising results. In terms of HMAC mixture comparison, the results showed that
HMAC mixture fatigue resistance is a complex function of mix-design parameters,
material properties, traffic, pavement structure, and environment, and that these factors
need to be taken into account when modeling HMAC mixture fatigue resistance.
However, more research is recommended to further validate the CMSE/CM approaches

and quantify the effects of aging.



DEDICATION

I dedicate this dissertation to my mother, Ms. Grace M. Muyunda. Thanks, Mum,
for all the hardships you have endured to bring me where I am today. I will always

cherish your love.



vi

ACKNOWLEDGMENTS

I hereby acknowledge my sincere appreciation and due gratitude to my advisor
and study leader, Dr. Amy Epps Martin (E.B. Snead II Associate Professor), for the
academic guidance, mentorship, and technical advice rendered during the course of this
study. This study would not have been completed without her exemplary motivation and
encouragement. Special thanks also go to Dr. Robert L. Lytton (Benson Chair
Professor), who was also on my study committee, for his continued and unparalleled
technical support which inevitably made this research study a success. Special thanks are
also owed to my committee members Professor Dallas N. Little and Professor Michael
Speed for their valuable input and time spent serving on my study committee. A special
word of appreciation is also due to Professor F. Hugo (University of Stellenbosch in
South Africa) for his dedicated professional mentorship and moral support. Through his
encouragement and motivation, I was able steer ahead and remain afloat in the pursuit of
my Ph.D. degree at Texas A&M University. The valuable technical contribution and
extensive binder testing including subsequent data analysis provided by Dr. Charles J.
Glover and Sung Hoon Jung are gratefully acknowledged.

This study was conducted as part of Texas Department of Transportation
(TxDOT) Research Project 0-4468 entitled “Evaluate the Fatigue Resistance of Rut
Resistance Mixes.” I thank TxDOT and the Federal Highway Administration (FHWA)
for their support in funding this research study and all Texas Transportation Institute
(TTI) and Texas Engineering Experimentation Station (TEES) personnel for their help in
the course of this research work. In particular, special thanks are due to Rick Canatella,
Lee Gustavus, Gerry Harrison, Cathy Brian, Pam Kopf, and Jeffrey Perry.

The success of my Ph.D. program would not have been possible without the
financial, academic, technical, and moral support of my family and personal friends. In
this regard, I wish to mention some friends by name: Jenny Liu, Navin N. Natarajan,
Jeong-Ho Oh, Dr. A. Smit, Pieter Poolman, Scott Hubley, Aparna Kanungo, Edward O.
Abebresse, and Manjula Bhatina. Lastly, but not the least, all the various persons and

entities that rendered help towards the success of this study are gratefully thanked.



vil

TABLE OF CONTENTS
Page
ABSTRACT ...ttt sttt ettt et s et entesaeenbeeatesneenbeenee il
DEDICATION ...ttt ettt sttt ettt ettt st e sttt s st e bt e nteeneenbeenseenean \
ACKNOWLEDGMENTS ...ttt sttt et esee s enseeneees vi
TABLE OF CONTENTS ..ottt ettt ettt ae e s vii
LIST OF FIGURES .......co ottt ettt et eseenaenneenneas Xiv
LIST OF TABLES ... oottt xviil
CHAPTER
I INTRODUCTION ..ottt st st 1
Problem Statement ...........coooiiiiiiiiiiiie e 2
Research ODJECLIVES .......ieuiieiieiieeiieiieee ettt 3
Work Plan and Scope of Study ......ccooeviieeiieeiiieeeeee e, 4
Research Methodology .........ccuveviiiiiiiiieiiecieceee e 4
Task 1: Information Search..........ccccooceeviriinieniniiieceeeen 5
Task 2: Experimental Design and Materials Selection ...................... 5
Task 3: Laboratory Testing and Data AnalysiS..........ccccceeevierureennennne. 5
Task 4: Stress-Strain Analysis......coceeeeeveeiereeneniienieeeieneeneeeeen 6
Task 5: HMAC Mixture Property Characterization and
Prediction Of Ny 6
Task 6: Comparison and Evaluation of Fatigue Analysis
APPIOACKES ..ottt e e ree e e e e 6
Task 7: Conclusions and Recommendations.............cccceeeeeereeniennnene 7
Dissertation LayOoul .........ccccveeeiiiieeiiiecieeciee e 7
SUMIMATY ..ottt ettt e saneens 9
I INFORMATION SEARCH .....cociiiiiiiiiiieieenteeteeeeeee s 10
Field Survey QUEStIONNAITES ........cccveeruieeiieriieeieenieeieenieeereesieeeaeeeeens 10
Literature REVIEW .......cocuiiiiiiiieiiicieee et e 11
Prediction of HMAC Mixture Fatigue Resistance.............c.ccueenee. 11
Binder Aging and HMAC Mixture Fatigue Resistance.................... 23
Selected Fatigue Analysis Approaches ..........ccceeceeecvienieeiieniencieeneenen. 27

SUMMATY ..eeviiieiiiiiee et e e et e e e e nteeeeennnaeeeas 28



TABLE OF CONTENTS (continued)

viil

CHAPTER Page
I  EXPERIMENTAL DESIGN.......ccoiiiiiieiieieeiestee et 29
HMAC Mixtures and MiX Design........ccccoeevieriinennienieneenienicneeeneen 29
The Bryan Mixture - Basic TxDOT Type C
(PG 64-22 + LIMESONE).....eevieiiieiieeiieiie ettt 30
The Yoakum Mixture - 12.5 mm Superpave
(PG 76-22 + Gravel)......coocueeiiiiieieeeeeeee e 31
Material Properties for the Binders ...........cccceeveeniieiieniiciieieeen, 32
Material Properties for the Aggregates .........ccccvveeecvveenieeenvieeeieeens 35
HMAC Specimen Fabrication ............ccoeceevieiiiienieniiienieeieenieeie e 35
Aggregate BatChing...........ccvviiiiieiiiieiieeeeeeeee e 36
Mixing, Short Term Oven-Aging, Compaction, and Air Voids....... 37
Specimen Sawing, Coring, Handling, and Storage ..............cceeuv.... 39
Binder and HMAC Mixture Aging Conditions..........ccccceveeveenenienneenne. 40
Hypothetical Field Pavement Structures and Traffic.........c.ccceeeuvennennn. 43
Environmental Conditions...........cocueeiieiiiienieniieieeie e 44
Reliability Level.....cccoociiiiiieiieiiecieeeeeeeee e 46
Stress-Strain ANALYSIS ....cccveeeciieeiiieeieeee e s 46
ELSYMS Input and Output Data ..........ccceveevieiiienienieeieeieeeeee, 46
FEM Strain-Adjustment ...........cceeeeiieeiieeeiieecieeeeiee e esvee e 47
SUMMATY ...eieiiieeiieeee et et e bt e s esaeeas 48
IV THE MECHANISTIC EMPIRICAL APPROACH......cccccveviriiniiienienne, 50
Fundamental TREOTY .......cccueeviiiiiiiiieieciececeee e 50
Input/Output Data........ccooiiiiiiiiiiiiiiecee e 53
Laboratory TeStING .....cccveeeiieiieeiieeiieeie ettt ere e seneenaaea 54
The Flexural Bending Beam Fatigue Test Protocol......................... 54
Test Conditions and SPECIMENS .......ccceeevvierieeirienieeiienieeiie e 56
Test Equipment and Data Measurement ...........cccccceeeeveeeenveenvneennne 57
Failure Criteria .......coceevieriiniiiieeiienieeieseesiceteetee et 58
ANalysis Procedure..........ccocviieiiiieiiiecieeceece e 58
Step 1. Laboratory Test Data Analysis
(N-& Empirical Relationship)........c.ccoccveevieiiieniieniiiiecieeieieeene 58
Step 2. Stress-Strain Analysis, & Design)-«---eeeevereeerverererienereeennenn 59
Step 3. Statistical Prediction of HMAC Mixture Fatigue
ReSIStANCE, NiSupply -veeveeveevremiiiiiiiiiiiiiiiiccce e, 60
Step 4. Determination of the Required Pavement Fatigue
Life ]vf(Demand) .................................................................................... 61
Step 5. Fatigue Design Check for Adequate Performance............... 61



X

TABLE OF CONTENTS (continued)

CHAPTER Page
Variability, Statistical Analysis, and Ny Prediction.............cccceceeeennene. 62
SUMMATY ...ttt ettt e et e st e saeeas 64

A% THE CALIBRATED MECHANISTIC APPROACH WITH

SURFACE ENERGY MEASUREMENTS..... ..o, 66
Fundamental Theory and Development .............cooceeviiiiieniiniienieeieene 66

Summary of CMSE Fundamental Theory and Analysis

N A1 157 14 USSR UUSRRRPPPR 70
INput/Output Data.......cccvieviiieiieiieeee e 71
Laboratory TeSHING .....cccveeeriieeiiieeiiee et ete et aee e seree e e e eaee e 74

Tensile Strength Test.......cccooviieiiiiiieieeeeeeee e 74

Relaxation Modulus Test ........cooeeriiiiiiniiiiiiiiiccecceeen 75

Uniaxial Repeated Direct-Tension Test ..........coceveeveriineencnicnenns 79

ANISOTOPIC TESE..uviiiiiiiieiieeiieeie ettt et 81

Surface Energy Measurements for the Binder -

The Wilhelmy Plate Test......cccecveriieiiiiiiieiiecieeee et 86

Surface Energy Measurements for the Aggregate -

The Universal Sorption DeVICe .........ccveviieriieriieniieiieeiieeieeeee e 92
Failure Criteria ......ooiiiiiiiiiieiieie ettt 99
CMSE Analysis Procedure...........cccvevieeiieniieeiieiieeieeieeeee e 100

Shift Factor Due to Anisotropic Effect, SF......cccvvveveiiinciiiinieenne. 100

Shift Factor Due to Healing Effect, SFj.....cccoooeeiiiniiiiiiieee, 101

Other Shift FACtOTS ....ccueviiiiiiiiieieeececeeeeee e 106

Number of Load Cycles to Crack Initiation, Nj........cceceeeveeniennneen. 110

Number of Load Cycles to Crack Propagation, N, .............c.......... 115

Surface Energies, AG;,AB , AGhL W, and AGy.....ccocceeviviniiiiiinee 117

Relaxation Modulus, E;, Exponent, m;, and Temperature

CoOrreCtiON FaACOL, AT .ccciieeeeeeeieeeeeeeeeeeeeeeeeeeeeeeeeeeee e 119

Dissipated Pseudo Strain Energy (DPSE) and Constant, b ........... 120

Crack Density, Cp coveeeevieeeiieeieeeieeeiee et eiee ettt evee e ens 126

Shear Strain, 7.....cccveeecieeeiieeeiie e e e e e e 127
Variability, Statistical Analysis, and Ny Prediction..........c..cccceeeueneee. 128

SUMMATY ...ttt e et e e e e e aaneeeeaees 129



TABLE OF CONTENTS (continued)

CHAPTER Page
VI THE CALIBRATED MECHANISTIC APPROACH WITHOUT
SURFACE ENERGY MEASUREMENTS .......ccooiiiiieeeeeee e 131
Laboratory TeStING .....cccueevuieiiieiieeiieie ettt 131
SE Measurements for Binders and Aggregates............ccceeeveeennee. 134
RM Test in COMPIESSION. ....cc.ueeiieriieiieeieeriieeieeieeereenieeeveeaeeenne 134
Analysis Procedure...........oooviiiiiiiiiiiiiieeeeeceesee e 134
Shift Factor Due to Healing, SFh......ccccovvieniiniiiiiiieieieeeeee, 134
Paris’ Law Fracture Parameters, 4 and 71...........coeeevvveevieieeneeeennn. 135
SUMIMATY ..ttt st e enn 136
VII THE PROPOSED NCHRP 1-37A 2002 PAVEMENT
DESIGN GUIDE ..ottt 138
Fundamental Theory ........cccooviiiiiiiiieiiecieceece e 138
Input/Output Data........ccooiiiiiiiiiiiiice e 140
Laboratory TeStING .....cccveevueeeiieiieeieerieeere ettt eees 141
Dynamic Shear Rheometer Test.........cccoveveiieeiiieeniieeiieeieeeen 141
Dynamic Modulus Test ........ccceeviieriiiiiieniieieeieete e 142
Failure Criteria .....cooouiiiiiiiiiiiieeieeee e 147
Analysis Procedure...........cccueeiieiiiiiiieiiieieeee e 147
Variability, Statistical Analysis, and Ny Prediction............................ 148
SUMIMATY ...ttt e saneenn 149
VIII HMAC MIXTURE PROPERTY RESULTS AND ANALYSIS ................. 150
The Bending Beam Test ReSults ........c.coccveeiieiieniienieiiieiiecieeeeen 150
HMAC Mixture Flexural Stiffness (S)......cccceevvvieeviieeiiieiiieeeiee 150
BB Testing and Number of Load Cycles to Failure (V) ................ 152
HMAC Mixture Empirical Fatigue Relationships ...........cccccccece.. 153
The Material Constants k>-k; Relationship...........cccoooveveieninnnnnne. 157
HMAC Mixture Tensile Strength (07) ...ccveeeveevieeiieniieiieeieeieeeeee, 159
Relaxation Modulus (E(2)) c...oeceveeeeiieeeiie ettt 162
RM Temperature Shift Factors, az......ccceevevvivevieeciienieeiicieeee, 167
Dissipated Pseudo Strain Energy (DPSE)......ccooviviiiiiiiiieeeeee 169
Surface ENergy (SE).....oooiiiiiiiieieeeeeeeee e 171
HMAC Mixture AniSOtropy (AN).....ceccveeerieeeiiieeciee e eeveeeevee e 175
Elastic Modular Ratio (E/Ey)...c...cccveeeieeeeeiieeeiee e 177
Shift Factor Due to AniSOtropy (SF ) ..ceeeveeerveeriieeerieeeieeenveeenee 178

Dynamic Modulus (DM) Results ..........ccccueiiieiiieniiiniiiieeieeeeeeee 179



X1

TABLE OF CONTENTS (continued)

CHAPTER Page
DM MaSEr-CUIVES....ceeeecuiiiieeeiiiieeeeirieeeeeireeeeesireeeeeserreeessseeeeeenns 180
DM Temperature Shift Factors, ar......cccccceevivenieniiienieiiiciiee, 182
Effects of Aging on HMAC Mixture Properties .........cccevevveercieeennennns 182
SUMMATY ...ttt e s e e 185
BB TeStING....eiiiiiieeiieeiee ettt ettt et e e e ens 185
TENSIE SHIESS...cuviiiiiriiiiiiieriee e 185
Relaxation Modulus ..........ccooiiiiiiiiniiieeee 186
DPSE and SE ReSults........cccceeeeiiieiiieeiieeeieeecee e 186
HMAC Mixture ANISOTOPY ..eeevveeerereeerereeniereenieeenveeenseeessveesnseeens 187
Dynamic ModulUus ..........cooouieiiiiiiiiieiieeee e 187
IX PREDICTION OF HMAC MIXTURE FATIGUE LIVES .......ccceeeveenee. 188
The ME APProachi..........ccceevieiiiieiiiiiieie et 189
ME Lab NrReSUILS .......ccoeuiviiiiiiiiiiiiinceeeceeeeeee e 189
ME Field NyReSUILS .......cccoccveiiiiiiniiiiiciccccceceeeecce 191
The CMSE APProach .......cceeevcuiiiiiiiieeiii ettt 193
CMSE Lab NyResults.........cccoovviiiiiiiiiiiiiiiiiicccce, 193
CMSE Field NyReSults ..........ccccoooiviiiiiniiiiiiiniiicccccccce, 196
The CM APPIoach......ccueeiiiiiiiiiinitieceeee e 197
CM Lab NyReSUults .......cccoeiviiiiiiiiiiiiiiciciececccee 197
CM Field NyResults.........ccoooviiiiiiiiiiiiiiiiccce, 199
Development of a CMSE/CM Shift Factor Due to Aging ................... 200
Theoretical Basis and ASSUMPLIONS .......ccccveeevuveeerveeeiieeeiieeeiieeenns 200
SF,¢ Formulation and the Binder DSR Master-Curves.................. 201
CMSE-CM Field NyPrediction Using SFag ..c.ooovevveiiniiiininiiinnns 203
The MEPDG Approach (Field Ny) ......c.cocoeceeceeeeciivieninininineneeeeenes 205
Comparison of HMAC Mixture Fatigue Resistance...........cccceeevunennnne 211
HMAC Mixture Variability and Statistical Analysis .........cccceeeriennene 215
Effects of Other Input Variables ...........cccceeviiriieiieniieiecieeeeeeee 217
Pavement StrucCture .........c.eeeeeeviiiiieiiiie e 217
Environmental Conditions. ...........ceeeevierienienienienieiesiesceieeeee 219
SUMMATY ...ttt e e e e e snbaeeeenees 220

X COMPARISON AND EVALUATION OF THE FATIGUE

ANALYSIS APPROACHES .....coiiiiiiiiiieeeeeteeeeeee e 222
Comparative Review of the Fatigue Analysis Approaches.................. 222

Theoretical CONCEPLS......cccvieeriieeiiieeiie et eeiee et eere e e eae e 224



TABLE OF CONTENTS (continued)

CHAPTER

INPUE Data.......oeiiiiiiii e
Laboratory TeStING .......c.eevvieiiieiieiiieiie ettt
Failure Criteria ......coiuiiiiieiiieiieeieeie et
Data ANALYSIS ..coeoviiieiiiiieeii et
Results and Statistical Variability ........c.cccccovveviieeiiiieeniieeieeee,
Costs - Time Requirements for Laboratory Testing and
Data ANALYSIS ..coevieiiiiiieiii et
Costs - EQUIPMENt ......cc.eiiiiiiniiiiiiicicieeeeceeceeee e
Rating of the Fatigue Analysis Approaches..........cccccceevvverieeneennneenne.
TxDOT Evaluation Survey Questionnaire .............coceeeereereennenne.
Assessment and Rating Criteria of the Fatigue Analysis
APPIOACKES ...ttt en
The Recommended Fatigue Analysis Approach:
The CMSE APProach .......ccooevcuiiiiiiiieiiiieciee ettt
Effects of Binder Oxidative AINg.........ccceevieiiiienieeiienieeieeeie e
Surrogate Fatigue Tests and Analysis Protocol............cccccveevveeeninennns
SUMIMATY ..ttt s

XI CONCLUSIONS AND RECOMMENDATIONS.........ccceoiiiiiiiiiiinenne.

CONCIUSIONS ...ttt ettt
Selected Fatigue Analysis Approach - CMSE ..........cccooiniininen.
Comparison of HMAC Mixture Fatigue Resistance......................
Effects of Binder Oxidative Aging and Other Variables on
HMAC Mixture Fatigue Resistance..........cccceeveenieeiieenienieeieenne

Recommendations ..........cccueeiieiiiiiiiiiieieee e

REFERENCES ...t
APPENDIX A: EVALUATION FIELD SURVEY QUESTIONNAIRE ..................
APPENDIX B: TTI SURFACE ENERGY (SE) MEASUREMENTS ..........ccceueenee.
APPENDIX C: THE CMSE FATIGUE ANALYSIS APPROACH .........cccccceeeee.
APPENDIX D: THE UNIVERSAL SORPTION DEVICE ......ccccooviniiiiiiniiiienene
APPENDIX E: HMAC MIXTURE PROPERTY RESULTS......ccccooiiiiiiiinieiieene.
APPENDIX F: HMAC MIXTURE LAB N RESULTS .....cooiiiiiiiiiiieeeiceee
APPENDIX G: HMAC MIXTURE FIELD Np RESULTS .....coooiiiiiiiinieeieiceeee

Xii



APPENDIX H:
APPENDIX I:
APPENDIX J:

TABLE OF CONTENTS (continued)

RESOURCE REQUIREMENTS ..o
TXDOT EVALUATION SURVEY QUESTIONNAIRE.................
RATING CRITERIA OF THE FATIGUE ANALYSIS

APPROACHES

xiil

Page

309
313

316
318



Xiv

LIST OF FIGURES

FIGURE Page
1-1 Dissertation OULHNE .......cceeruiiiiriieiieieseieeeeee e 8
2-1 SCB Test-Loading Configuration .............ccceecueerieecieeniencieeneesieeieesneeneens 15
2-2 The 75 -Aging Relationship (Glover et al. 2005)..........c.ooeevrrereereerereernenne. 25
2-3 Ductility versus DSR Function (G//n’ /G’]) (Glover et al. 2005).............. 26
3-1 Limestone Aggregate Gradation Curve for TxDOT Type C Mixture ......... 30
3-2 Gravel Aggregate Gradation Curve for the 12.5 mm Superpave

IMIIXEULE .ttt ettt et ettt et st e bt e et e e et e embeesaeeenne 32
3-3 Binder High Temperature Properties - G*/Sin (delta) (Pascal) ................... 33
3-4 Binder Low - Temperature Properties —

Flexural Creep Stiffness (MPa).......cccccveviiioiieniieiieieeeeceeeee e 33
3-5 Binder Low-Temperature Properties (m-value)..........cccceeveveenieecieeneeenenne. 34
3-6 Superpave Gyratory Compactor (SGC) ......cevcvvieviieeriieeeiee e 38
3-7 Linear Kneading Compactor .........cccevueriirieneriinienieeieneenieeeeeesee e 39
3-8 Laboratory Test Specimens (Drawing Not to Scale) ........cccccecveverviceiennennee 40
3-9 Fatigue Analysis Approaches and HMAC Mixture Aging

CONAITIONS ..ottt ettt et sttt ettt enbeeneeeaeenees 42
3-10 Texas Environmental Zoning (Freeman 2004) .........ccccccvevveenieeieenneeeneenne. 44
4-1 The ME Fatigue Design and Analysis System ..........cccceeecvieeriieenieencieenns 52
4-2 The BB Test DEVICE ...c.veeiuiieiieiiiieiie ettt e 54
4-3 Loading Configuration for the BB Fatigue Test .........cccccevvieiiieniieiiieene, 55
4-4 Example of Temperature Plot for BB Testing at 20 °C ........ccc.ccccevvenuennene. 56
4-5 Example of Stress Response from the BB Test at 20 © C

(374 Test MICTOSEIAIN)....ccccuiieciieeeiieeeiieeeiieeeiee e reeeseaeeeeereeeeeaeeenreeesreeenes 57
5-1 Example of Hysteresis Loop (Shaded Area is DPSE).......cccccoceviviiinienncnne. 68

5-2 The CMSE Fatigue Design and Analysis System...........cccceevveeeiienieeenenne. 72



LIST OF FIGURES (continued)

FIGURE
5-3 Loading Configuration for the TS Test........ccccovuerviievieniieiieeieeieee,
5-4 Loading Configuration for RM Test .........cccceevvieriieriienieeieecieeieene
5-5 Example of Stress Response from the RM Test at 10 °C....................
5-6 Loading Configuration for the RDT Test.......ccccceevvieeviieniiieniieee.
5-7 Stress Response from the RDT Test at 30 °C ........oovvvveviiieiiieenieens
5-8 Loading Configuration for the AN Test.......ccccovevviieeiiieecieeeieee,
5-9 Example of Strain Response from AN Testing at 20 °C.....................
5-10 Loading Configuration for the Wilhelmy Plate Test Method .............
5-11 The DCA Force Balance and Computer Setup -

Wilhelmy Plate TeSt.......covieeiiaiiiiiieiie ettt
5-12 Example of the DCA Software Display

(Advancing and Receding).........ccccvevuieriieriieeiieiiecieeiee e
5-13 The USD Setup (Cheng 2002) ......ccvevvierieeiieiieeieeieeere e
5-14 Adsorption of n-Hexane onto Limestone under USD Testing

(Cheng 2002)....cc.uieieeieee ettt et
5-15 HMAC Brittle-Ductile Characterization ...........ccceeeveveevieeieneenennnens
5-16 Output RDT Stress Shape FOrm..........coccceevieeiieiiiniiieieeieeeeeeeee,
5-17 Example of WR - LOg N Plot....c.oooiiiiiiiiiiiiiieceeee e
5-18 Brittle Crack Failure Mode (Marek and Herrin 1968) ........................
6-1 The CM Fatigue Design and Analysis System.........cccccveeeeveercrreennnenn.
7-1 The Fatigue Design and Analysis System for the MEPDG as

Utilized in this Study.......cocoeviiiiniiiiieeeeee,
7-2 Loading Configuration for the DM Test .........cccceverienieneniienieniennen,
7-3 The Universal Testing Machine (UTM-25) .......cccccoevieviieniienieeneene.

7-4 Compressive Axial Strain Response from DM Testing at 4.4 °C

XV



FIGURE

8-1

8-2
8-3
8-4
8-5
8-6
8-7
8-8

8-10
8-11
8-12
8-13
8-14
8-15
8-16
8-17
8-18
8-19
9-1
9-2
9-3
9-4
9-5

XVvi

LIST OF FIGURES (continued)

Page

Flexural Stiffness versus Load Cycles at 20 °C

(Bryan Mixture, 0 MONths) .........ccccoeriieiiiiiieiieieeiecee e 151
Initial HMAC Mixture S (MPa) versus Aging Condition at 20 °C............ 151
Plot of BB Load Cycles versus Test Tensile Microstrain at 20 °C............ 154
Plot of k; versus Aging for the Bryan Mixture...........cccceeveviieniencieenieennnnnn 157
The ky-k; RelationShip .......ccceeeeeiiieeiiieiiieceeee e 158
HMAC Mixture Tensile Stress at 20 °C......oooerieririenienieieneeeeiesceens 160
HMAC Mixture Failure Tensile Microstrain at Break at 20 °C................. 161
Mean E(1) at 1.0 S at 20 OC ....oooviiiiiiiieiee et 163
Mean m Values at 20 %C ....cc.oooiiiiiiiiiiiieeeieeeee e 164
RM (Tension) Master-Curve at 20 °C (Bryan Mixture, 0 Months) .......... 165
RM (Tension) Master-Curves at 20 °C ........ccoooieiiienieniieieeie e 166
RM Temperature Shift Factors, ar @ Tref=20 aC «oveveveveveecieniiiiiiieice 168
Plot of DPSE versus Log N at 20 °C.......coooveeiiieeiieeieeeeeeeee e 169
Plot of the Parameter b versus Aging Condition...........ccceevveereveeerveeeennenns 170
HMAC Mixture Surface Energy at 20 °C.......ccooeviieeiiiieiiieeieeeee e 173
HMAC Mixture Anisotropic Test Results at 20 °C .........cccceeveveevciveeenenns 176
Elastic Modular Ratio at 20 °C .........cccoooeiieiinieieereeceeeeee e 177
Mixture |[E*| Master-Curves at 20 °C ........cooovevieiiieniienieeieeeie e 181
Mixture ar at Ter—20 « for |[E*| Master-Curves.........cccoceeveiviniiinincnienns 182
ME Lab Ny for PS#1, WW Environment .............cccceoiviniininciininennenns 190
ME Field Ny for PS#1, WW Environment ............ccccoccoviiiiiiiniiiinennn 192
CMSE Lab Ny for PS#1, WW Environment .............ccoooeviiviiiiiincnincnnn. 195
CMSE Field Ny for PS#1, WW Environment ..........cccccocoeviiiiniiininnnnnn, 196

CM Lab Ny for PS#1, WW Environment ............cccocoviviiiniiiiiiniinnne, 198



FIGURE

9-6
9-7
9-8
9-9
9-10
9-11
9-12
10-1

Xvil

LIST OF FIGURES (continued)

Page
CM Field Ny for PS#1, WW Environment...........ccccccooviiiniiiiiniinincn. 199
Binder DSR{®) Master-Curves at 20 °C.......ccceeevveeeciieeiieeeiee e 204
Field Ny for PS#1, WW Environment ...........cccccocoviiininiiiiniiiiiienens 208
Field Ny-AV Relationship for PS#1, WW Environment............................ 210
Field Ny for PS#1, WW Environment ............ccccoccooiiinininiiiiiiicene 211
Effect of Pavement Structure on Field Ny for WW Environment.............. 218
Effect of Environmental Conditions on Mixture Field Ny for PS#1 .......... 219

Assessment Factors/Sub-factors and Associated Weighting Scores.......... 234



xviii

LIST OF TABLES

TABLE Page
3-1 Intermediate Temperature Properties of the Binders at 25 °C ..................... 34
3-2 AgEregate PrOPEITICS .......eevuieiiiieiieeiieeiieeie ettt ettt e 35
3-3 Limestone Aggregate Gradation for TxDOT Type C Mixture .................... 36
3-4 Gravel Aggregate Gradation for 12.5 mm Superpave Mixture.................... 36
3-5 HMAC Mixture Mixing and Compaction Temperatures.............cccceevveennee. 37
3-6 Laboratory Aging Conditions for Binders and HMAC Compacted

SPECIMENS. ...ttt ettt ettt ettt ettt e et e st eeteesabeenbeesnaeenseessseenseens 41
3-7 Pavement Structures and Traffic.......c..ccccovveviiiiniiniinineee 43
3-8 Computed Critical Design Strains...........cceecveeveerieerieeneenieesee e eseeeeveenees 48
4-1 Summary of ME Fatigue Analysis Input and Output Data........................... 53
5-1 Summary of CMSE Fatigue Analysis Input and Output Data...................... 73
5-2 Determination of Anisotropic Adjustment Factors (@;)........ccccceevveevueennnenne 86
5-3 Surface Energy Components of Water, Formamide, and Glycerol.............. 89
5-4 Surface Energy Components of Water, n-hexane, and MPK at 25 °C......... 94
5-5 Fatigue Calibration Constants Based on Backcalculation of

Asphalt Moduli from FWD Tests (Lytton et al. 1993) .......c..ccovevvvenrennnn. 104
5-6 Fatigue Calibration Constants Based on Laboratory Accelerated

Tests (Lytton et al. 1993) ....ooiieiiieeeeeeeeee e 105
6-1 Summary of CM Fatigue Analysis Input and Output Data................c...... 133
7-1 Input and Output Data for the MEPDG Software..........cccceeeeverienennnennen. 140

7-2 Example of Output Data from DM Testing at 4.4 °C .......cccccocveverieneennn 146



TABLE

8-10
8-11
8-12
8-13
8-14
9-1

9-2

9-3

9-4

9-5

9-6
9-7

XiX

LIST OF TABLES (Continued)

Page
BB Laboratory Test Results at 20 °C.........ccccoeviiiiienieniieiieeieeeecee e 153
HMAC Mixture Empirical Fatigue Relationships at 20 °C ....................... 155
Example of Ln Transformation Analysis of BB Test Data
(Bryan Mixture, 0 MOnths) .........ccccoevieiiiiiieiiieiiecie e 156
Extract of SPSS V11.5 Least Square Regression Analysis
(Bryan Mixture, 0 MOnthS) ........coovvieriiiiiiiieciieeceeee e 156
HMAC Mixture Tensile Strength Results at 20 °C........c.cccoeeeevveiieeveennnnn. 159
Paris’ Law Fracture CoeffiCIENt, 72 .......uuueeeeeeeeeeeeeeee e 165
SE Components for Binder (Advancing *Wetting ~Healing) ................... 172
SE Components for Binder (Receding ~ Dewetting ~Fracturing)............. 172
SE Components for the Aggregate........coovveerieeeiieeeiieeeiiee e e eeeeeeeee s 173
Paris’ Law Fracture Coefficient, 4 and SF;, Values at 20 °C..................... 174
Shift Factor Due to Anisotropy (SF,) at 20 °C......ccccvervieieenieeiieiieereene 178
Mean |E*| Values from DM Testing (0 Months)..........cccceecvievienieenneennnnn. 179
COV of |[E*| Results from DM Testing (0 Months) ........ccccevvveeeiieeecnens 180
Effects of Binder Oxidative Aging on HMAC Mixture Properties ........... 183
Summary of ME Mean Lab Nrand 95% Ny PL.......ccccooiiiiiiiiii, 190
Example of CMSE Statistical Analysis
(Spreadsheet Descriptive StatiStiCs) .....ccvveevveerreeriieerieeieeniieeieenieeeieesieens 194
Example of SPSS V11.5 Analysis
(Bryan Mixture, 0 Months, PS#1, WW) ...c.cooiiiiiiieeeee e 194
Comparison of CMSE-CM Ny Results for PS#1,
WW ENVITONMENE ...ttt s 198
CMSE-CM SF g VALUES ..ottt 203
Field NyPredictions at Year 20 for PS#1, WW Environment.................... 205

Example of the MEPDG Software Analysis (Bryan Mixture)................... 206



TABLE

9-8
9-9
9-10
9-11
9-12
9-13

9-14
10-1
10-2
10-3

XX

LIST OF TABLES (Continued)

Page

Example of SPSS V11.5 Analysis (Bryan Mixture) ...........ccccoceeeveenneennnn. 207
Summary of MEPDG Mean Field Nyand 95% Field NyPT(WW)............ 209
Example of Effects of AV on NyPrediction (Bryan Mixture).................... 209
Example of Effects of AV on Ny Prediction (Yoakum Mixture)............... 210
Example of HMAC Specimen AV Variability ........cccccvveevenicniencnncnnen. 215
Example of Mixture Field Ny Variability for PS#1,

WW ENVIFONMENT .....eeiiiiiiiiiiieiieeiteecet ettt 216
PS Design Strains (WW Environment)...........ccceeevveeeeieeecieenieecniee e 218
Summary Comparison of the Fatigue Analysis Approaches. .................... 222

Advantages and Disadvantages of the Fatigue Analysis Approaches........ 233
Weighted Scores and Rating of the Fatigue Analysis Approaches............ 235



CHAPTER |
INTRODUCTION

Hot-mix asphalt concrete (HMAC) is a heterogeneous complex composite
material of air, binder, and aggregates used in pavement construction. Approximately
500 million tons of HMAC (valued at about $11.5 billion) are used in pavement
construction yearly in the United States (Si 2001). Despite, this widespread usage, the
fatigue characterization of HMAC mixtures to ensure adequate field fatigue performance
is not very well established, and fundamental fatigue predictive models still remain to be
developed.

Under traffic loading and changing environmental conditions, HMAC exhibits
non-linear visco-elastic and anisotropic behavior. Its mechanical properties and
performance are dependent on loading rate, temperature, and direction of loading
(Lytton et al. 1993, Lytton 2000, Kim et al. 1997a, Lee 1996, Tashman et al. 2003,
Arramon et al. 2000). With time, HMAC also ages but has the potential to heal (closure
of fracture surfaces) during traffic loading rest periods (Kim et al. 1997b, Si 2001,
Cheng 2002). Inevitably, this complex nature of HMAC response behavior under
changing traffic loading and environmental conditions makes it difficult to adequately
model HMAC mixture properties, particularly with respect to fatigue cracking.

Complicating the prediction of HMAC mixture resistance to fatigue are the
effects of binder oxidative aging (as a function of time) that increase both the binder
viscosity and elastic moduli, thus reducing the HMAC mixture ductility and increasing
its susceptibility to fatigue cracking (Glover et al. 2005). However, little is understood
nor documented about the effects of binder oxidative aging on both HMAC mixture

properties and fatigue resistance.

This dissertation follows the style of the Journal of Engineering Mechanics.



Comprehensive HMAC mixture fatigue analysis approaches that take into
account the complex nature of HMAC are thus desired to ensure adequate field fatigue
performance. Analysis models associated with such approaches should have the potential
to utilize fundamental mixture properties that are critical to HMAC pavement fatigue
performance when predicting mixture fatigue resistance and pavement fatigue life (V).
Such analysis models should be based on data input obtained from simple routine
laboratory tests that measure fundamental material properties instead of time-consuming
fatigue tests. Their failure criteria should also be based on a simulation of direct
relationship between crack development and fatigue damage accumulation in the field.
Various fatigue analysis approaches have been developed and some are in use today, but
many are inadequate in producing fatigue resistant HMAC mixtures or pavement
structures that are structurally adequate in fatigue throughout the pavement’s design life.
Consequently, fatigue cracking continues to be prevalent in today’s HMAC pavements.
Additionally, mixture resistance to fatigue cracking is directly tied to its mechanical
response under repeated traffic loading that depends on the entire pavement structure,
1.e., the fatigue response behavior of the top HMAC layer under traffic loading is also
dependent on the material properties and structural capacity of the underlying layers.
This unique characteristic inevitably calls for fatigue analysis approaches that adequately

interface both HMAC mixture fatigue characterization and pavement structural design.

PROBLEM STATEMENT

HMAC mixtures are designed to resist aging and distresses induced by traffic
loading and changing environmental conditions. Common HMAC distresses include
rutting, stripping (moisture damage), and fatigue. Over the past decade, research efforts
were focused on improving mixture design to preclude rutting in the early life of HMAC
pavements, which also offers increased resistance to moisture damage. However, a
concern arises that these HMAC mixtures may be susceptible to fatigue cracking,

particularly if the binder stiffens excessively due to aging.



RESEARCH OBJECTIVES
The primary objectives of this research study were threefold:

1) to evaluate and recommend a fatigue HMAC mixture design and analysis system
to ensure adequate mixture fatigue performance in a particular pavement
structure under specific environmental and traffic loading conditions that utilizes
fundamental material properties,

2) to investigate the effects of binder oxidative aging on HMAC mixture properties
and fatigue resistance, and

3) to evaluate and compare the fatigue resistance of selected common TxDOT
HMAC mixtures.

To accomplish these goals, four fatigue analysis approaches listed below were
comparatively utilized to predict the fatigue lives of selected TxDOT HMAC mixtures:

e the mechanistic empirical (ME) approach developed during the Strategic
Highway Research Program (SHRP) using the bending beam fatigue test
(Tayebali et al. 1992, Deacon et al. 1994, AASHTO 1996a),

e the new proposed NCHRP 1-37A 2002 Pavement Design Guide (MEPDG) using
the dynamic modulus test (Witczak 2001, AASHTO 2004),

e a calibrated mechanistic (CM) approach developed at Texas A&M University
that requires strength and repeated loading tests in uniaxial tension and relaxation
tests in uniaxial tension and compression for material characterization and
monitoring dissipated pseudo strain energy (Lytton et al. 1993, Kim et al. 1997a),
and,

e an updated calibrated mechanistic (CMSE) approach developed at Texas A&M
University that also requires measuring surface energies of component materials
in addition to the material characterization tests from the original CM approach

(Lytton et al. 1993, Kim et al. 1997a, b).



WORK PLAN AND SCOPE OF STUDY
The work plan entailed utilization of the four fatigue analysis approaches
(mechanistic empirical and calibrated mechanistic) to predict the fatigue lives of
common TxDOT HMAC mixtures and other TxDOT HMAC mixtures frequently used
for rutting resistance under representative environmental conditions and typical traffic
loading conditions in standard HMAC pavement structures. Thereafter, the best
approach for fatigue design and analysis was recommended based on a value
engineering assessment criteria including the ability to incorporate the important effects
of aging, fracture, healing, and anisotropy; variability; required resources;
implementation issues; and practicality. The general scope of the study was limited to:
e two HMAC mixtures that represent common basic and rut-resistant HMAC
mixtures often used in the Texas environment,
e four fatigue analysis approaches described above that include mechanistic
empirical and calibrated mechanistic approaches,
e three laboratory aging exposure conditions that simulate Texas HMAC field
aging conditions,
e five hypothetical field HMAC pavement structures under representative traffic
loading conditions,
e two Texas environmental conditions that are critical to fatigue cracking, and

e one typical reliability level (95%) for statistical analysis.

RESEARCH METHODOLOGY

The research methodology for this study involved the following major tasks:
information search, experimental design and materials selection, laboratory testing,
laboratory test data analysis, material characterization, stress-strain analysis, prediction
of HMAC mixture fatigue lives, comparison and evaluation of the fatigue analysis
approaches, conclusions and recommendations, and documentation. These tasks are

briefly discussed in the subsequent text.



Task 1: Information Search

An information search was conducted to gather data on current fatigue design
and analysis approaches; related laboratory tests, materials, pavement structures, and
designs; corresponding standards or references; and resources or methodologies used to
obtain fatigue-resistant HMAC mixtures. As well as aiding in the selection of the
fatigue analysis approaches for a comparative evaluation and HMAC mixture Ny
prediction, these data from the information search also served as the basis for

formulating the experimental design program which included materials selection.

Task 2: Experimental Design and Materials Selection

Two HMAC mixture types representing a common basic TxDOT Type C
mixture and a rut-resistant 12.5 mm Superpave Type D mixture frequently used for
rutting resistance were utilized. Three laboratory aging exposure conditions (0, 3, and 6
months) at 60 °C that simulate approximately up to 12 years of Texas field HMAC
aging at the critical pavement service temperature were selected to investigate the effects
of aging on binder and HMAC mixture properties and Ny (Glover et al. 2005). For field
conditions, five hypothetical field HMAC pavement structures under representative
traffic loading conditions and two Texas environmental conditions (wet-warm and
dry-cold) that are critical to fatigue cracking were considered (TxDOT 2003a). A typical
95% reliability level was used in the study.

Task 3: Laboratory Testing and Data Analysis

In line with the study’s experimental design, a series of laboratory tests at various
aging exposure conditions were accomplished for each fatigue analysis approach. Output
data from these laboratory tests served as input data for both characterizing the HMAC
mixture properties and predicting mixture Ny using the four fatigue analysis approaches
under consideration. Because HMAC fatigue damage is generally more prevalent at
intermediate pavement service temperatures, most of the laboratory tests were conducted

at 20 °C; otherwise the test data were normalized to 20 °C during the analysis phase.



Task 4: Stress-Strain Analysis

Elastic strains (tensile and shear) within the HMAC layer at certain critical
locations in a representative HMAC pavement structure are required as input parameters
for fatigue analysis (Tayebali et al. 1992, Lytton et al. 1993). An elastic multi-layer
software, ELSYMS, was utilized for the stress-strain analysis, but the response was
adjusted based on finite element (FEM) simulations to account for more realistic HMAC

behavior in terms of visco-elasticity and plasticity (Ahlborn 1969, Park 2004).

Task 5: HMAC Mixture Property Characterization and Prediction of Ns

This task involved HMAC mixture property characterization and prediction of
mixture Ny consistent with each fatigue analysis approach for each mixture type and
aging condition. Under this task, HMAC mixture properties and fatigue resistance were
also comparatively evaluated, including development of an aging shift factor due to

binder oxidative aging for the CMSE and CM fatigue analysis approaches.

Task 6: Comparison and Evaluation of Fatigue Analysis Approaches
Under this task, the four fatigue analysis approaches (ME, CMSE, CM, and

MEPDG) were comparatively evaluated in terms of the fundamental concepts,
laboratory testing, equipment requirements, input data, data analysis, failure criteria,
results and variability, and associated costs. Thereafter, a value engineering assessment
criterion utilizing the following assessment parameters in their descending order of
significance was conducted to select the appropriate fatigue analysis approach:

e results (Nyvariability and tie to field performance);

® costs,

e input data variability;

e analysis (simplicity, failure criteria, and versatility of input data);

e laboratory testing; and

e incorporation of material properties (mixture volumetrics, modulus/stiffness,

fracture, tensile strength, healing, aging, and anisotropy).



Task 7: Conclusions and Recommendations

Upon completion of data analysis and comparison of the fatigue analysis
approaches, the results were synthesized to draw conclusions and recommendations. The
conclusions include the significant findings of the study as well as the selected and
recommended fatigue analysis approach. The recommendations in turn highlight the
general applicability and validity aspects of the selected fatigue analysis approach and its
limitations. This final task involved documentation of all the fatigue analysis approaches
including the literature review, laboratory test procedures, analysis procedures and

associated models, results, conclusions, and recommendations.

DISSERTATION LAYOUT

This dissertation consists of eleven chapters including this chapter (Chapter I)
that provides the motivation for the research, the overall objectives and work plan, and
the scope of this study. The layout is schematically summarized in a flowchart in
Fig. 1-1. The subsequent chapters describe the information search (Chapter II) and
experimental design (Chapter III), which includes selection of the fatigue analysis
approaches, materials, specimen fabrication protocols, laboratory aging exposure
conditions, and typical pavement structures.

Next, the four fatigue analysis approaches (ME, CMSE, CM, and the MEPDG)
presented in this dissertation are described in detail in Chapters IV through VII. For
each fatigue analysis approach, the description includes the fundamental theory,
input/output data, laboratory testing, fatigue failure criteria, analysis procedure and
associated models, and statistical analysis. Then, the results including HMAC mixture
properties, the resulting fatigue lives from all the approaches, the aging evaluation, and
the comparison and selection of the recommended fatigue analysis approach are
described and discussed in Chapters VIII through X. The dissertation concludes in
Chapter XI with a summary of the findings and recommendations. Appendices of

detailed laboratory test results and other important data are also included.
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SUMMARY
In this introductory chapter, the background, problem statement, and study
objectives were discussed. The work plan, scope of study, and research methodology

were then described, followed by the dissertation layout.
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CHAPTER Il
INFORMATION SEARCH

An information search utilizing a field survey questionnaire, electronic databases,
and resulting publications was conducted to gather data on current fatigue design and
analysis approaches; related laboratory tests, materials, pavement structures, and design;
corresponding standards or references; and resources or methodologies used to obtain
fatigue-resistant HMAC mixtures. Effects of aging, healing, and fracture on HMAC
mixture fatigue performance were also reviewed, and the literature found was
summarized and documented. Commonly used TxDOT HMAC mixtures, material
characteristics, and other general input parameters including pavement structures, traffic
loading, environmental conditions, mix-designs, aging conditions, and reliability levels
were also reviewed and documented.

Data gathered from this information search aided in selecting the appropriate
fatigue analysis approaches for a comparative evaluation and subsequent selection of the
best fatigue analysis approach. These data also served as the basis for formulating the

experimental design program, including materials selection for this study.

FIELD SURVEY QUESTIONNAIRES

A field survey of government agencies and the industry addressed some of the
key aspects of fatigue analysis approaches, laboratory tests, material characteristics,
pavement structures and design, corresponding standards or references, and resources
used for fatigue resistant HMAC mixtures. Appendix A shows an example of the field

survey questionnaire with results summarized for six respondents.
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Thirty-nine surveys were emailed to a list of familiar contacts in the industry,
academia, and relevant personnel at state departments of transportation (DOTSs).
Approximately half (10) of the 23 responses received do not consider fatigue in their
HMAC mixture design and analysis. Some of the responses referred the survey to other
contacts, and seven responses, primarily from research agencies, provided valuable
references and information that were reviewed and incorporated into the research
methodology and experimental design for the study.

Of the positive responses received, a majority of the DOTs and private industry
personnel use the Superpave, mechanistic empirical, AASHTO, Asphalt Institute, and
visco-elastic continuum-damage analysis either for HMAC mix-design and analysis or
just to check for fatigue resistance in the final HMAC pavement structural design
(see Appendix A). Laboratory tests used include bending beam, dynamic modulus,
indirect tension, uniaxial fatigue, moisture sensitivity, and retained indirect tensile
strength. Some of these approaches and associated laboratory tests have been included in

the experimental design and are discussed in subsequent chapters.

LITERATURE REVIEW
From a detailed review of the information search, the following information on
the prediction of HMAC mixture fatigue resistance and binder aging and its effects on

HMAC mixture fatigue resistance were summarized.

Prediction of HMAC Mixture Fatigue Resistance

An approach that predicts HMAC mixture resistance to fatigue requires an
understanding and description of material behavior under repeated loads that simulate
field conditions (Deacon et al. 1994). This broad description is valid for approaches that
are mechanistic empirical to varying degrees. A more empirically based approach
requires that the laboratory test simulate field conditions, but a constitutive law for
material behavior in a more mechanics-based approach requires only material properties

determined from laboratory test(s) measured using a simple stress state if possible.
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In a review of flexure, direct uniaxial, diametral or indirect tension, triaxial,
fracture mechanics, and wheel-tracking test methods; continued research in the use of
dissipated energy and fracture mechanics approaches with flexure or direct or indirect
tension testing were recommended (Deacon et al. 1994). This recommendation
highlighted the shift from more empirically based approaches to those able to
incorporate a more fundamental mechanistic understanding of fatigue crack initiation,
crack propagation, and failure.

The shift over the last decade toward the use of more applicable material
behavior models and numerical analysis methods to simulate the fatigue mechanism and
failure was possible due to the rapid increase in computing power. This section provides
a brief review of previous and current approaches that are more empirical in nature,
those that provided a bridge toward mechanistic analysis methods, and current

mechanistic analysis approaches.

Mechanistic Empirical Approaches

Most previous approaches for predicting fatigue resistance of HMAC involved
either controlled stress or controlled strain laboratory testing at a single representative
temperature over a series of stress or strain levels, respectively, and determination of
fatigue life at a stress or strain level assumed to be critical and caused by a single type of
wheel loading. These approaches predict the number of stress or strain cycles to crack
initiation in flexure, direct or indirect tension, or semi-circular bending tests
(Tayebali et al. 1992, Walubita et al. 2000, 2002). A method to determine a single
representative temperature for laboratory testing and a temperature conversion factor to
account for the fact that loading occurs over a range of temperatures are required. A
composite shift factor is also required to account for other differences between field and
laboratory test conditions, including the effects of wander, healing, and crack
propagation. A lengthy testing program is required with replicate tests (to account for
relatively large variability) at different stress or strain levels to sufficiently define an

empirical fatigue relationship for a specific HMAC mixture.
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The determination of the critical stress or strain at the critical location within the
pavement structure in the HMAC layer constitutes the mechanistic part of this type of
approach, and this calculated value varies depending on the assumed model of material
behavior (where layered elastic is most commonly used because of simplicity). The
location of the critical stress or strain also limits the analysis to either bottom-up or
top-down fatigue cracking without simultaneous consideration of both.

Even with the limitations of mechanistic empirical approaches, validation has
been illustrated through comparisons with fatigue life measured in the field, particularly
at accelerated pavement testing (APT) facilities. The mechanistic empirical approach
developed at the University of California at Berkeley during SHRP as part of Project
A-003A provides a widely used example with results validated with full-scale heavy
vehicle simulator (HVS) tests (Tayebali et al. 1992, Harvey et al. 1998, Epps et al. 1999).

Another mechanistic empirical approach explored at the University of
Nottingham in conjunction with the SHRP A-003A project was validated using a
laboratory scale APT device. Indirect tensile fatigue testing was also utilized at the
University of Nottingham, and this testing method was included in a comprehensive
APT project that included scaled testing with the model mobile load simulator (MMLS3).
These approaches are described in brief detail in the subsequent text, followed by a
subsection on improvements in mechanistic empirical approaches to account for

changing environmental and loading conditions.

SHRP A-003A (University of California at Berkeley). The SHRP A-003A
approach utilizes the flexural beam fatigue test (third-point loading); incorporates
reliability concepts that account for uncertainty in laboratory testing, construction, and
traffic prediction; and considers environmental factors, traffic loading, and pavement
design (Tayebali et al. 1992). Specimen preparation by rolling wheel compaction is
strongly recommended as part of this approach to simulate the engineering properties of

extracted HMAC pavement cores.
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Conditioning prior to testing to a representative or worst-case aging state is also
suggested. This approach was selected for this study as the mechanistic empirical

approach discussed in more detail in Chapter IV.

University of Nottingham. Fatigue research at the University of Nottingham
provided validation of the SHRP A-003A analysis system through wheel tracking tests
and trapezoidal fatigue testing (Tayebali et al. 1992, Rowe and Brown 1997a).
Validation of flexural beam fatigue tests for one aggregate type was successful for the
thick wheel tracking slabs that approximated a controlled stress mode of loading.
HMAC mixture rankings by the laboratory scale APT device were also approximately
equivalent to those based on indirect tensile stiffness and fatigue life determined by an
indicator of the ability to dissipate energy. Large variability in the wheel tracking results
was highlighted.

Fatigue analysis continued at the University of Nottingham with the inclusion of
a visco-elastic model for material behavior that utilizes improvements in the conversion
of dynamic shear test results to dynamic flexural results, which was first developed as
part of the SHRP A-003A system (Tayebali et al. 1992, Rowe and Brown 1997b). A
visco-elastic material model was used in a mechanistic empirical fatigue relationship to
predict crack initiation based on dissipated energy to account for nonsymmetrical
stress/strain response measured under full-scale loads and to remove the effect of mode
of loading during laboratory testing. This model provides dissipated energy contour

maps where the maximum value can be located throughout the HMAC layer.

Indirect Tension Testing. Indirect tension offers a simple mode for dynamic
frequency sweep, fatigue, or strength testing, although a biaxial stress state and the
inability to test with stress reversal have been cited as the major disadvantages
(Mathews et al. 1993). The University of Nottingham has utilized this testing mode in
measuring stiffness and evaluating the fatigue resistance of HMAC mixtures for overlay

design (Rowe and Brown 1997b).
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More extensive indirect tensile fatigue testing for a range of materials in a
complex layered pavement structure was included in a comprehensive evaluation of two
rehabilitation strategies by TxDOT (Walubita et al. 2000, 2002). Relative fatigue lives
were defined as the ratio of fatigue resistance of untrafficked materials in these
structures compared with those of the same materials trafficked with a scaled APT
device (MMLS3). These ratios provided an indication of the detrimental effect of
moisture damage and the improvement in fatigue resistance due to increased
temperatures and subsequent compaction. A series of time-consuming tests with an
average duration of 20 hours was completed at a single representative temperature
(20 °C) and frequency (10 Hz) with no rest periods in a controlled stress mode at a stress
level equal to 20 percent of the indirect tensile strength of the same HMAC material.
Tensile strength tests were also conducted in a semi-circular bending (SCB) mode that
induces a direct tensile load in the center zone of a semi-circular shaped HMAC

specimen to supplement the indirect tensile test results (see Fig. 2-1).

Load

HMAC
Specimen

Crack

Tensile stresses

‘ <4— Diameter =‘

Load/2 Load/2

Fig. 2-1. SCB Test-Loading Configuration
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The SCB test was considered as a possible candidate for fatigue testing in this
study due to reduced load requirements for the same stress level as compared to indirect
tensile testing, but it was not selected for evaluation because the associated analysis

system is still under development (van de Ven et al. 1997).

Improvements to Mechanistic Empirical Approaches

The approach first developed during SHRP A-003A has been expanded further
using the full-scale APT WesTrack project to develop fatigue models and associated pay
factors based on construction quality (Monismith et al. 2000, Tsai et al. 2002). The
models developed were used to predict fatigue crack initiation in the 26 original
WesTrack sections. Hourly changes in both environmental and traffic conditions
(wander) were incorporated in this mechanistic empirical analysis that assumed:

e a critical binormal strain distribution beneath dual tires at the base of the HMAC
surface layer,

e layered elastic behavior, and

e valid extrapolation of fatigue life for temperatures greater than 30 °C.

No shift factor was applied to the fatigue life relationship that must be defined
through laboratory testing for each HMAC mixture type that is different from the
Superpave WesTrack HMAC mixtures. Empirical fatigue relationships developed by the
Asphalt Institute and Shell have also been improved through the definition of a
continuous function of cumulative fatigue damage using Miner’s Law to replace
prediction of a specific level of fatigue cracking (Miner 1945, Ali et al. 1998). This
function assumes bottom-up cracking and utilizes a layered elastic material behavior
model but accounts for changing environmental and loading conditions in the
accumulation of fatigue damage. Further refinement with an expanded long-term
pavement performance (LTPP) dataset that contains pavements exhibiting fatigue failure
was recommended. Tsai et al. (2004) have also adopted the Recursive Miner’s Law for

cumulative fatigue damage analysis of HMAC mixtures (Miner 1945).
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This Recursive Miner’s Law approach attempts to directly incorporate the
significant effects of traffic, environment, material properties, and pavement structure in
HMAC mixture fatigue modeling using mechanistic empirical relationships and a
Weibull-type fatigue life deterioration function. In their findings, Tsai et al. (2004)
observed that mixture properties played the most significant role in the fatigue damage
accumulation of HMAC pavement structures under traffic loading. The randomness of
vehicle speed and traffic wander had the least effect. Other research to further improve
mechanistic empirical fatigue analysis has accounted for the effects of dynamic loads
(Castell and Pintado 1999). This approach that considers a moving and fluctuating
concentrated load again utilizes Miner’s Law (Miner 1945) and assumes bottom-up

cracking to predict fatigue crack initiation and cumulative fatigue damage.

The M-E Pavement Design Guide

The new M-E Pavement Design Guide adopts a mechanistic empirical approach
for the structural design of HMAC pavements (AASHTO 2004). The basic inputs for
pavement design include environmental, materials, and traffic data. There are two major
aspects of ME-based material characterization: pavement response properties and major
distress/transfer functions (Witczak 2001). Pavement response properties are required
to predict states of stress, strain, and displacement within the pavement structure when
subjected to external wheel loads. These properties for assumed elastic material behavior
are the elastic modulus and Poisson’s ratio. The major distress/transfer functions for
asphalt pavements are load-related fatigue fracture, permanent deformation, and thermal
cracking.

The current version of the M-E Pavement Design Guide (and its software), which
is discussed in greater detail in Chapter VII, utilizes the modified Asphalt Institute
fatigue damage predictive equation (Bonnaure et al. 1980). Unlike most ME-based
approaches, this procedure incorporates two types of fatigue damage criteria. Bottom-up
fatigue cracking assumes crack initiation at the bottom of the asphalt layer and

propagation through the HMAC layer thickness to the surface.
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Top-down fatigue cracking assumes crack initiation at the pavement surface and
propagation downward through the HMAC layer. In both failure criteria, tensile strain is
the primary mechanistic failure load-response parameter associated with crack growth.
The M-E Pavement Design Guide is one of the fatigue analysis approaches utilized in

this study.

Toward Mechanistic Analysis

The shift toward mechanistic analysis of fatigue cracking was recognized and
encouraged through a review of the use of fracture mechanics in both HMAC and
Portland cement concrete (PCC) pavements (Ioannides 1997). This history highlighted
early efforts utilizing linear elastic fracture mechanics and a single material property
(K;¢) providing the driving force for crack propagation characterized by Paris’ Law of
fracture mechanics (Paris and Erdogan 1963).

Further efforts to consider a process zone ahead of the crack tip were also
reviewed, and the concept of similitude to provide a dimensionless parameter equivalent
for both field and laboratory conditions was described. A warning considering the
HMAC specimen-size effect and its implications for scaling cracking behavior was also
issued. The application of fracture mechanics to composite materials to advance the
understanding of the mechanism of fatigue cracking was recognized as a slow process
but one worth pursuing. This pursuit has continued to address the limitations of previous
ME approaches and expand the knowledge base and application of HMAC fatigue

analysis approaches.

Lengthy Test Programs. To address the limitation of a lengthy testing program,
researchers suggested characterizing the stiffness of HMAC using a master-curve from
simple dynamic direct or indirect tensile tests that reflects the HMAC dependence on

both time of loading and temperature (Molenaar and Medani 2000).
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Parameters from the master-curve were successfully used to predict the
coefficients in empirical fatigue relationships. The range of HMAC mixture variables,
including modified binders utilized in developing the regression relationships, were also

provided.

Linear Visco-elastic Models and Numerical Techniques. To address the
limitation of assumed layered elastic material behavior, other researchers produced an
integrated HMAC mixture and pavement design approach that allows for more realistic
linear visco-elastic behavior (Hopman and Nilsson 2000). This type of material model
accounts for asymmetrical stress-strain distributions under moving wheel loads and the
effect of time of loading history. In a multi-tiered analysis, the approach separately
utilized two conventional empirical fatigue relationships (based on strain and dissipated
energy) for crack initiation and Paris’ Law for crack propagation as described by
Schapery (1984).

Laboratory testing requirements include frequency sweep, creep, and strength
testing in direct tension or compression at relevant temperatures. A non-linear finite
element simulation of a multi-layer pavement structure that selects an appropriate
HMAC stiffness as a function of a more realistic asymmetrical stress state was also
utilized in conjunction with mechanistic empirical fatigue relationships
(Mamlouk and Khanal 1997). Numerical techniques were also used to model the
behavior of three specific materials using elastic-plastic fracture mechanics (Zhang and
Raad 2001). Both crack initiation and propagation were modeled, but the viscous

behavior of HMAC was not taken into account.

Fracture Mechanics Approach. Further research toward improving the linear
elastic fracture mechanics approach with Paris’ Law as described by Schapery (1984)
related the material fracture coefficients 4 and » and described the use of uniaxial
dynamic and strength tests to determine both parameters from a stiffness master-curve

and HMAC mixture correction factors (Jacobs et al. 1996).
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Crack propagation using Paris’ Law was also incorporated successfully in two-
and three-dimensional FEM simulations (Simons and Seaman 2000). This approach
spread complex simulation computations over the material lifetime, incorporating
damage and resulting stress redistribution. Crack propagation was extrapolated between
simulations to determine fatigue life from propagation of an initial crack size assumed
related to maximum aggregate size. This approach that assumes elastic material
response to a single type of load was validated using flexural beam fatigue tests.
Non-linear fracture mechanics were applied to compare crack propagation parameters of
different materials at low temperatures and highlight the need to include effects of

inelastic dissipated energy in fatigue analysis (Mobasher et al. 1997).

Continuum Mechanics Approach. Research in fatigue analysis over the past
decade has expanded to include investigation of both damage due to repeated loading
and healing due to repeated rest periods (Kim et al. 1997a, b). Recovery of a loss in
stiffness monitored during fatigue testing was noted for short rest periods in direct
uniaxial testing in a review of laboratory fatigue tests, and the lack of fatigue cracking in
thick HMAC pavements was attributed to a healing effect in an evaluation toward
revising design procedures (Mathews et al. 1993, Nishizwa et al. 1997).

A continuum mechanics approach developed through research efforts at North
Carolina State University and Texas A&M University successfully accounted for
damage growth through crack initiation and propagation and healing for any load history
or mode of loading (Kim et al. 1997a, b). This approach utilizes the visco-elastic
correspondence principle and work potential theory (WPT) described by Schapery
(1984) to remove viscous effects in monitoring changes in pseudo-stiffness in repeated
uniaxial tensile tests. Coefficients in the visco-elastic constitutive model describe
differences in damage and healing behavior of different materials. This model was
validated with both laboratory and field results, and with behavior predicted from the
micromechanical approach also developed at Texas A&M University and described in

Chapters V and VI of this dissertation (Kim et al. 1997b).
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The continuum approach has also led to the development of two simplified
fatigue analysis systems (Daniel and Kim 2002, Wen and Kim 2002). One system
predicts fatigue behavior for temperatures less than 20 °C from a characteristic damage
curve generated based on frequency sweep and strength tests in uniaxial tension at
multiple temperatures (Daniel and Kim 2002).

Improvements to this system to consider aging and healing and application to
other HMAC mixture types were recommended. The other system utilizes indirect
tensile creep and strength testing with a longer gauge length than the standard Superpave
mixture test and visco-elastic analysis of material response (AASHTO 2000, Wen and
Kim 2002). The use of fracture energy based on tests at 20 °C to predict fatigue
cracking was validated using data from the full-scale APT WesTrack project.

With a shift toward more mechanics-based approaches, fatigue analysis is
expected to become independent of many factors and variables that limit the application
of ME approaches that were the only available analysis tools prior to the rapid increase
in computing power. These factors and variables include mode of loading
(controlled stress or controlled strain), laboratory test type, time of loading, temperature,

type and location of loading, rest periods, and HMAC mixture variables.

Empirical to ME to Calibrated Mechanistic

A major reason for the gradual change of HMAC mixture fatigue analysis from
empirical or phenomenological to ME to calibrated mechanistic is the greatly increased
capabilities of computers to model material behavior realistically, using mechanics and
user-friendly computational packages such as finite element programs. As computers
become faster with larger memories in the future, these approaches will most likely be
the simplest, most direct, and most practical way to design HMAC mixtures and

pavements.
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These computational packages can only utilize material properties as input,
instead of empirical constants or ME regression coefficients used in previous
approaches. This development brings with it an added bonus that laboratory or
non-destructive field measurement of material properties is much simpler than

determination of these constants and coefficients through extensive laboratory testing.

Calibrated Mechanistic Approaches. The calibrated mechanistic approaches
are based on the theory that HMAC is a complex composite material that behaves in a
non-linear visco-elastic manner, ages, heals, and requires that energy be stored on
fracture surfaces as load-induced damage in the form of fatigue cracking. Energy is also
released from fracture surfaces during the healing process. HMAC mixture resistance to
fatigue cracking thus consists of two components, resistance to fracture (both crack
initiation and propagation) and the ability to heal; processes which both change over
time.

Several approaches that predict fatigue life, require material characterization and
account for both the fracture and healing processes in HMAC have been developed over
the past decade. In the SHRP A-005 project, a complete model of fatigue fracture and
healing was developed (Uzan 1996). Other researchers showed the importance of the
use of fracture and dissipated energy in measuring the fracture resistance of an HMAC
mixture (Lee et al. 1995). This same concept of dissipated energy per load cycle
provides the driving force for fatigue crack initiation and propagation, and researchers
demonstrated that the fracture energy approach was able to accurately predict the fatigue
life of a wide variety of HMAC mixture designs as compared to other approaches
(Zhou and Liang 1996, Liang and Zhou 1997). SHRP A-005 results and a finite element
computer program have been used to illustrate substantial agreement with these results

in predicting the two phases of crack growth, initiation, and propagation (Uzan 1997).
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The Texas A&M Calibrated Mechanistic Approach. A micromechanical
approach developed at Texas A&M University based on the SHRP A-005 results
requires only creep or relaxation, strength, and repeated load tests in uniaxial tension and
compression and a catalog of fracture and healing surface energy components of asphalt
binders and aggregates measured separately (Lytton et al. 1993, Little et al. 1998, 2000).
Surface energy components of various common aggregates and binders have been
measured at the Texas Transportation Institute (TTI) in various studies (Little et al. 1998,
2000, Hefer 2004, CastelloBlanco 2004).

These surface energy results have been cataloged (see Appendix B) and are also
proving useful in other ongoing TTI studies including moisture sensitivity analysis in
HMAC mixtures. In this approach selected for evaluation in this study, HMAC behavior
in fatigue is governed by the energy stored on or released from crack faces that drive the
fracture and healing processes, respectively, through these two different mechanisms

(fracture and healing). Chapter V discusses this approach in greater detail.

Binder Aging and HMAC Mixture Fatigue Resistance

TTI’s Center for Asphalt and Materials Chemistry (CMAC) has studied the effect
of oxidative aging on asphalt binders over the last 15 years (Glover et al. 2005). During
this time, CMAC researchers have conducted a comprehensive study of the oxidation
kinetics of binders under varying conditions of temperature and oxygen pressure and of
the effect of this oxidation on the physical properties of binders. Both of these issues are
crucial to understanding the rate at which asphalt binders age in service in the field and
the results of these changes on HMAC pavement fatigue performance.

Fundamentally, the oxidation of binder results in compounds that are more polar
and therefore form strong associations with each other. These associations result in both
a greater resistance to flow (higher viscosity) and larger elastic modulus. Together,
these effects result in higher stresses in HMAC under loading. This greater resistance to
flow can be beneficial at high temperatures by reducing permanent deformation and

rutting.
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A problem emerges, however, when aging is excessive, leading to excessively
large stresses that result in binder failure at intermediate and lower temperatures
(cracking). This effect of oxidative aging must also contribute to failure by repeated
loading (fatigue cracking) through its effect on HMAC stiffness that governs material
response to loading. It also explains why producing binders that have higher high-
temperature Superpave grades (and thus provide stiffer mixtures at rutting temperatures)
may be more prone to premature fatigue cracking, particularly if the binder is very
susceptible to oxidative aging under changing environmental and traffic loading

conditions.

Effect of Aging on Binder Viscosity

Binder viscosity increases dramatically due to oxidation, in fact, by orders of
magnitude over the life of a pavement. The effect is most significant at high
temperatures (low frequency) but plays a role in HMAC pavement performance at all
practical temperatures. According to Glover et al. (2005), the increase in binder log
viscosity (77) with oxidation is linear and has no bound within the practical limits
encountered by binder during a normal pavement life. Fig. 2-2 illustrates the 7-time
relationship based on unaged and rolling thing film oven test (RTFOT) aged binders.

Fig. 2-2 shows the increase in low shear-rate dynamic viscosity (77,") measured at
60 °C versus aging time at 60 °C and atmospheric air pressure for two binders AAB-1
and AAG-1. These data were obtained in thin films, and thus the hardening rates
reflected by the slope of these lines are higher than those that actually occur in the field.
However, the effect and the ultimate result that is dependent on binder type are

nonetheless very clear.
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Fig. 2-2. The ng*-Aging Relationship (Glover et al. 2005)

Effect of Aging on Low-Temperature Superpave Performance Grade

Viscosity is inversely related to the m-value (the slope of the plot of log stiffness
versus log time) in the Superpave low-temperature performance grade for binders and
elastic modulus is related to binder stiffness. Thus as binders age, m decreases and the
stiffness increases. This increase in stiffness (and decrease in m) results in a
deterioration of the low-temperature grade as a binder oxidizes (Knorr et al. 2002).
These are essentially the same phenomena that occur due to aging in HMAC pavement

field conditions.

Effect of Aging on Ductility and Shear Properties

One of the significant results from the literature is that ductility at 15 °C relates
well to HMAC pavement performance (Doyle 1958, Halstead 1984). According to these
studies, when the ductility of a binder decreases to a minimum value in the range of
about of 3 to 5 cm (at an extension rate of 1 cm/min), the HMAC pavement condition

tends to suffer from fatigue cracking.
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CMAC researchers have related this ductility to the dynamic shear rheometer
(DSR) loss (G ) and storage moduli (G’) (Glover et al. 2005). As these moduli increase
with aging, the binder (and subsequently the HMAC mixture) breaks or rather fails at
smaller values of strain (loss of ductility) due to higher values of stress, thus becoming
more susceptible to fatigue cracking. Fig. 2-3 illustrates the relationship between binder
ductility and the DSR function (G7/n7G’) for some 20 conventional (unmodified)
binders in the low-ductility region thought to be near HMAC pavement failure. In
general, the DSR function increases and the ductility decreases with oxidative aging,
respectively (Glover et al. 2005). A decrease in ductility is often associated with a loss
in fatigue resistance and subsequently poor field fatigue performance for HMAC

pavements.
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Fig. 2-3. Ductility versus DSR Function (G //n’/G’]) (Glover et al. 2005)
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Based on this discussion, CMAC researchers hypothesized a correlation between
binder oxidative aging and HMAC pavement fatigue failure by two mechanisms
(Glover et al. 2005):

e increased stresses under loading that result from a decreased ability to flow and
an increased elastic stiffness, both leading to cracking due to the HMAC
mixture’s inability to sufficiently relieve applied stresses, and

e adecreased ability to self-heal that results in a decrease in fatigue resistance.
Consequently, an approach that predicts HMAC mixture fatigue resistance must

be sensitive to changes in binder properties that occur due to oxidative aging. These
changes vary for binder types that are different chemically and will thus exhibit different
physical properties over time depending on the effects of oxidation. Assessment of the
impact of aging on HMAC mixture fatigue resistance and the ability of different
approaches to incorporate this effect in predicting fatigue life is therefore significant and

was investigated in this study.

SELECTED FATIGUE ANALYSIS APPROACHES
Based on this extensive literature review, the following four fatigue analysis

approaches, which are discussed in more detail in Chapters IV through to VII, were
selected for comparative evaluation in this study:

1) the mechanistic empirical approach with flexural bending beam fatigue testing,

2) the calibrated mechanistic approach with surface energy measurements,

3) the calibrated mechanistic approach without surface energy measurements,

4) the proposed NCHRP 1-37A 2002 Pavement Design Guide approach with

dynamic modulus testing.
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SUMMARY
The following bullets summarize the key points from the information search:

e Of the positive responses received, the field survey questionnaire indicated that
the majority of the DOTs use Superpave, mechanistic empirical, AASHTO,
Asphalt Institute, and visco-elastic continuum-damage analysis for their fatigue
HMAC mix-design, analysis, and/or structural design check. Laboratory tests
include the bending beam, dynamic modulus, indirect tension, uniaxial fatigue,
moisture sensitivity, and retained indirect tensile strength.

e A detailed literature review indicated that the major disadvantage of most ME
approaches is the lengthy test programs and the fact that these approaches are
phenomenologically or empirically based and often assume HMAC linear elastic
behavior.

e With advances in computer technology, there has been a drive towards more
realistic ~ calibrated mechanistic approaches that utilize continuum
micro-mechanics with fracturing and healing as the two primary mechanisms
governing HMAC fatigue damage.

e FEM analysis has the potential to model HMAC visco-elastic behavior while
calibration constants are utilized to realistically simulate field conditions in
calibrated mechanistic approaches.

e Binder oxidative aging has a significant impact on HMAC pavement fatigue
performance, primarily in terms of the HMAC mixture’s resistance to fracture
damage and the ability to heal during traffic loading rest periods and changing
environmental conditions. The incorporation of aging effects into the fatigue
design and analysis of HMAC mixtures is thus profoundly significant.

e Four fatigue analysis approaches (ME, CMSE, CM, and MEPDG) were selected

for comparative evaluation and are discussed in this dissertation.
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CHAPTER Il
EXPERIMENTAL DESIGN

The research methodology for this study involved an information search
discussed in Chapter II and subsequent selection of fatigue analysis approaches, drafting
of an experimental design program, laboratory testing, and subsequent data analysis.
This chapter discusses the experimental design program, including materials selection
and the corresponding HMAC specimen fabrication protocols and aging conditions.
Field conditions in terms of the selected pavement structures, traffic, and environmental
conditions are also presented. Laboratory testing including the appropriate fatigue

analysis approaches are discussed in Chapters IV through VII.

HMAC MIXTURES AND MIX DESIGN

HMAC mixtures commonly used by TxDOT include Type C, coarse matrix high
binder (CMHB)-Type C, CMHB-Type F, Type A, Type B, Type D, Type F, Superpave,
stone mastic asphalt (SMA), stone filled (SF) mixture, and porous friction course (PFC)
(TxDOT 1995). Type C and CMHB-Type C are the most common. More specialized
HMAC mixtures include the SMA and SF designs developed to provide superior rutting
performance.

Aggregates generally include limestone, igneous, and gravel characterized and
blended to typical TxDOT or Superpave standards. Among the performance-graded (PG)
binders used by TxDOT, notable ones include PG 58-22, PG 64-22, PG 70-22, and PG
76-22 for Texas environmental conditions.

For this study, two commonly used TxXDOT HMAC mixtures were selected for
comparative fatigue resistance evaluation. These were basic TxDOT Type C and rut
resistant Superpave HMAC mixtures, defined as the Bryan (BRY) and Yoakum (YKM)
mixtures, respectively, to represent the districts where the mix-designs were obtained.

Note that development of mix-designs was not part of this study.
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The Bryan Mixture - Basic TXDOT Type C (PG 64-22 + Limestone)

The Bryan HMAC mixture was designed using standard TxDOT gyratory design
protocols from the Bryan District (TxDOT 2002). This HMAC mixture consists of a
PG 64-22 binder mixed with limestone aggregates to produce a dense-graded TxDOT
Type C mixture. The aggregate gradation curve for this mixture is shown in Fig. 3-1.
This mixture was used on highways US 290 and SH 47 in the Bryan District, Texas
(TxDOT 2002).
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Fig. 3-1. Limestone Aggregate Gradation Curve for TxXDOT Type C Mixture

The PG 64-22 binder was supplied by Eagle Asphalt, and the limestone
aggregate was supplied by Colorado Materials, Inc., from its Caldwell plant. The
mix-design was 4.6% binder content by weight of aggregate (4.4% by weight of total
mix) with an HMAC mixture theoretical maximum specific gravity of 2.419
(TxDOT 2002). The target HMAC specimen fabrication air void (AV) content was
71£0.5% to simulate in situ field construction and trafficking when fatigue resistance is

considered critical.



31

The Yoakum Mixture -12.5 mm Superpave (PG 76-22 + Gravel)

The Yoakum HMAC mixture from the Yoakum District was a 12.5 mm
Superpave mixture designed with a PG 76-22 binder and crushed river gravel. This
mixture was used on US 59 near the city of Victoria in Jackson County, Texas, and is
considered a rut-resistant HMAC mixture. This type of HMAC mixture was selected to
examine its fatigue properties on the assumption that although rut-resistant HMAC
mixtures generally exhibit superior rutting performance in the field, they may often
perform poorly in fatigue or other forms of cracking, particularly if the binder stiffens
excessively due to aging.

The binder and aggregates were sourced from the Eagle Asphalt (Marlin
Asphalt), Inc., and Fordyce Materials plant, respectively. Unlike PG 64-22, PG 76-22 is
a modified binder with about 5% styrene-butadiene-styrene (SBS) polymer that
improves its high-temperature properties in terms of the shear and viscosity properties.
In addition to the crushed river gravel, the Yoakum mixture used 14% limestone
screenings and 1% hydrated lime. Fig. 3-2 shows the combined dense gradation of the
Y oakum river gravel.

The mix-design was 5.6% binder content by weight of aggregate (5.3% by
weight of total mix) with an HMAC mixture theoretical maximum specific gravity of
2.410. Like for the Bryan mixture, the target HMAC specimen fabrication AV content

was also 7+0.5%.
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Fig. 3-2. Gravel Aggregate Gradation Curve for the 12.5 mm Superpave Mixture

Material Properties for the Binders

Laboratory characterization of the binder materials based on the AASHTO PP1,
PP6, T313, and T315 test protocols produced the results shown in Figs. 3-3 through 3-5
(AASHTO 1996b, 1998). These results represent mean values of at least two binder test
samples. In Fig. 3-3, “delta” represents the phase angle “5” measured in degrees (°).

These verification results shown in Figs. 3-3 through 3-5 indicate that the binders
meet the PG specification consistent with the material properties for PG 64-22 and
PG 76-22 binders (AASHTO 1996b, 1998).



33

High Temperature PG Grade
52 58 64 70 76 82 88
10,000 T T T T T
E: .. - - - PG6422
Z ..
~ s ..
El ..
B 1000 e L G
: Threshold > 1,000 Pascal
=
=
o
100 T T T T T
52 58 64 70 76 82 88
Test Temperature, °C

Fig. 3-3. Binder High-Temperature Properties -G*/Sin (delta) (Pascal)

Low Temperature PG Grade
-34 -28 -22 -16
1,000 ‘ ‘
§ - = PG64-22
2 PG 76-22
4
% ,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,
Z Threshold <300 MPa
o
(]
(]
5 \
100 ‘ ‘
-24 -18 -12 -6
Test Temperature, 'C

Fig. 3-4. Binder Low -Temperature Properties - Flexural Creep Stiffness (MPa)



Low Temperature PG Grade
-34 -28 -22 -16
0.4 1 1
E Threshold = 0.30
? 034"
=
= = 'PG64-22
PG 76-22
0.2 ‘ ‘
-24 -18 -12 -6
Test Temperature, *C

Fig. 3-5. Binder Low-Temperature Properties (m-value)

34

Table 3-1 shows the measured intermediate temperature properties of the binders

at 25 °C in terms of the complex shear modulus (G*) and the phase angle (0). The results

represent average values of three tests on three different binder samples per binder type.

These properties quantify the binders’ resistance to fatigue associated cracking based on

the PG grading system. As shown in Table 3-1, both the PG 64-22 and PG 76-22 met the

required maximum specified threshold value of a G* x Sin & of 5000 kPa
(AASHTO 1996b, 1998).

Table 3-1. Intermediate Temperature Properties of the Binders at 25 °C

Binder Average Value Standard Ccov PG
S . Deviation | (G*Sin 8) (%) | Specification
3() | G™SIN3| it Gxsing (kPa)
(kPa) (kPa)
PG 64-22 65 600 10.91 1.82 < 5,000
PG 76-22 62 1,019 70.03 6.90 < 5,000
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Note that these measured binder properties also constitute input parameters for
the proposed M-E Design Guide Level 1 analysis discussed in Chapter VII. These
material property results also indicate that, as expected, the complex shear modulus and
flexural stiffness of the modified PG 76-22 binder at any test temperature was relatively
higher than that of PG 64-22.

Material Properties for the Aggregates

Material properties for the aggregates listed in Table 3-2 indicate that the
aggregate meets the specification consistent with the respective test methods shown in
Table 3-2 (TxDOT 2003a). The bulk specific gravity for the combined aggregates was
2.591 and 2.603 for limestone and gravel, respectively.

Table 3-2. Aggregate Properties

Test Limestone Gravel Specification | Test Method
Parameter

Soundness 18% 20% <30% Tex-411-A
Crushed faces 100% 100% > 85% Tex-460-A
count

Los Angeles 28% 25% < 40% Tex-410-A
abrasion

Sand equivalent 74% 77% > 45% Tex-203-F

HMAC SPECIMEN FABRICATION

The basic HMAC specimen fabrication procedure involved the following steps:
aggregate batching, binder-aggregate mixing, short-term oven aging (STOA),
compaction, sawing and coring, and finally volumetric analysis to determine the AV.
These steps are briefly discussed in this section. Note that the acronym AASHTO PP2 is

also used synonymously with the acronym STOA in this dissertation.
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Aggregate Batching
Aggregates were batched consistent with the gradations shown in Tables 3-3 and

3-4, which correspond to those shown in Figs. 3-1 and 3-2, respectively.

Table 3-3. Limestone Aggregate Gradation for TxXDOT Type C Mixture

Sieve Size TxDOT Specification (TxDOT 1995) % Passing
mm Upper Limit (%) | Lower Limit (%)
5/8" 15.9 100 98 100.0
172" 12.5 100 95 100.0
3/8" 9.5 85 70 84.8
#4 4.75 63 43 57.9
#10 2.0 40 30 36.9
#40 0.425 25 10 19.0
#80) 0.175 13 3 50
#200 0.075 6 1.0

Table 3-4. Gravel Aggregate Gradation for 12.5 mm Superpave Mixture

Sieve Size TxDOT Specification (TxDOT 1995) % Passing
mm | Upper Limit (%) Lower Limit (%)

3/4" 19.00 100 100.0
172" 12.50 100 90 94.6
3/8" 9.50 90 81.0
#4 4.75 54.4
#8 2.36 58 28 32.9
#16 1.18 22.4
#30 0.60 16.2
#50 0.30 11.0
#100 0.150 7.6
#200 0.075 10 2 5.5
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Mixing, Short-Term Oven Aging, Compaction, and Air Voids

The HMAC mixture mixing and compaction temperatures shown in Table 3-5
are consistent with the TxDOT Tex-205-F and Tex-241-F test specifications for
PG 64-22 and PG 76-22 binders (TxDOT 2003b). Prior to binder-aggregate mixing, the
limestone and gravel aggregates were pre-heated to a temperature of 144 °C and 163 °C,
respectively, for at least 4 hr to remove moisture. The binder was also heated at the

mixing temperature for at most 30 min before mixing to liquefy it.

Table 3-5. HMAC Mixture Mixing and Compaction Temperatures

Process HMAC Mixture Temperature (°C)
Bryan Mixture Yoakum Mixture

Aggregate pre-heating 144 (291 °F) 163 (325 °F)

30 min binder pre-heating 144 (291 °F) 163 (325 °F)

Binder-aggregate mixing 144 (291 °F) 163 (325 °F)

4 hr short-term oven aging 135 (275 °F) 135(275 °F)

Compaction 127 (261 °F) 149 (300 °F)

HMAC mixture STOA lasted 4 hr at a temperature of 135 °C (275 °F) consistent
with the AASHTO PP2 standard aging procedure for Superpave mixture performance
testing (AASHTO 1994). STOA simulates the time between HMAC mixing,
transportation, and placement in the field (AASHTO 1994).
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Gyratory Compaction

All the cylindrical HMAC specimens for the dynamic modulus and CMSE/CM
tests were gyratory compacted using the standard Superpave Gyratory Compactor (SGC)
shown in Fig. 3-6. Compaction parameters were 1.25° compaction angle and 600 kPa

vertical pressure at a rate of 30 gyrations per minute.

Fig. 3-6. Superpave Gyratory Compactor (SGC)

Kneading Beam Compaction

Beam HMAC specimens for the flexural bending beam fatigue tests were
compacted using the linear kneading compactor shown in Fig. 3-7 up to the target AV
content consistent with the specified beam thickness at a maximum compaction pressure

of 6,900 kPa (Tayebali et al. 1992, AASHTO 1996a).
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Fig. 3-7. Linear Kneading Compactor

All HMAC specimens were compacted to a target AV content of 7£0.5%, as
stated previously, to simulate after in situ field construction and trafficking when fatigue

resistance is considered critical.

Specimen Sawing, Coring, Handling, and Storage

HMAC cylindrical specimens were gyratory compacted to a size of 165 mm
height by 150 mm diameter, while actual test specimens were sawn and cored to a 150
mm height and 100 mm diameter. HMAC beam specimens were kneading compacted to
a size of 457 mm length by 150 mm width by 63 mm thickness, and test specimens were
sawn to a 380 mm length by 63 mm width by a 50 mm thickness (AASHTO 1996a).

Fig. 3-8 shows the dimensions of the final test specimens.
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Fig. 3-8. Laboratory Test Specimens (Drawing Not to Scale)

After the specimens were sawn and cored, volumetric analysis based on the
fundamental principle of water displacement was completed to determine the actual
specimen AV. HMAC specimens that did not meet the target AV content were
discarded or used as dummies in trial tests. In total, a cylindrical specimen took
approximately 40 hr to fabricate, while a beam specimen, because of the difficulty in
sawing, took an additional 5 hr. While beam specimens require delicate handling, the
cylindrical specimens are not as sensitive to handling. Prior to laboratory testing,
specimens were generally stored on flat surfaces in a temperature-controlled room at

approximately 2012 °C.

BINDER AND HMAC MIXTURE AGING CONDITIONS

Three laboratory aging exposure conditions listed in Table 3-6 were utilized in
this study for both the binder and HMAC compacted specimens. Consistent with the
Superpave procedure, all loose HMAC mixtures were subjected to 4 hr STOA (discussed
previously) prior to room aging of the compacted HMAC specimens for the three

selected aging conditions (AASHTO 1994).
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Table 3-6. Laboratory Aging Conditions for Binders and HMAC Compacted Specimens

Laboratory | Aging Process Description

Aging

Condition
4 hr AASHTO PP2 STOA of loose Simulates the time period
HMAC mix at 135 °C plus 0 months just after HMAC in situ

0 months aging of compacted HMAC specimens | field construction at the end
at 60 °C in an environmental of compaction
temperature-controlled room (AASHTO 1994)
4 hr AASHTO PP2 STOA of loose Simulates 3 to 6 years of
HMAC mix at 135 °C plus 3 months Texas HMAC

3 months aging of compacted HMAC specimens | onvironmental exposure
at 60 °C in an environmental (Glover et al. 2005)
temperature-controlled room
4 hr AASHTO PP2 STOA of loose Simulates 6 to 12 years of
HMAC mix at 135 °C plus 6 months Texas HMAC

6 months aging of compacted HMAC specimens | onvironmental exposure
at 60 °C in an environmental (Glover et al. 2005)
temperature-controlled room

The laboratory aging process for HMAC specimens involved keeping the
compacted HMAC specimens in a temperature-controlled room at 60 °C (140 °F) and at
the same time allowing the heated air to circulate freely around the specimens. This
allowed for accelerated oxidative aging of the binder within the HMAC specimens. An
aging temperature of 60 °C was selected to accelerate aging because this temperature
realistically simulates the critical pavement service temperature in Texas for HMAC
aging. Based on previous research, the process also simulates the field HMAC aging rate
(Glover et al. 2005). After HMAC mixture testing, the aged binders were extracted from
tested HMAC specimens for binder testing by CMAC to characterize the binder’s
chemical and physical properties. In addition, CMAC also aged some binders in thin
films in a stirred air flow test (SAFT) and the pressure aging vessel (PAV*) alongside
HMAC mixtures to simulate the hot-mix process for short-term aging comparisons with

the AASHTO PP2 aging procedure (Vassiliev et al. 2002).
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Fig. 3-9 is a schematic illustration of the HMAC specimen aging conditions
considered in each respective fatigue analysis approach. The M-E Pavement Design
Guide software encompasses a global aging model that takes into account the binder
aging effects, discussed in Chapter VII. Therefore, it was deemed unnecessary to test

aged HMAC specimens for the M-E Pavement Design Guide fatigue analysis.

All HMAC Mixtures:
Subjected to AASHTO PP2 @ 135 °C for 4 hrs

A r N
;’ Age HMAC compacted specimens ) %
i @ 60 °C for 0 months <—:- — 8
i (Total aging period = PP2 + 0 months) i =)
i ; =
i Ve N
> i ) i A
O i Age HMAC compacted specimens ;
o . > @ 60 °C for 3 months i e
- i . . — 1
|(.|£J R (Total aging period = PP2 + 3 months) . §
O_ : - J/ : g
Ll 1
S : s N ;:
E Age HMAC compacted specimens i S
: > @ 60 °C for 6 months : O
i (Total aging period = PP2 + 6 months) ;
: - J

Fig. 3-9. Fatigue Analysis Approaches and HMAC Mixture Aging Conditions



HYPOTHETICAL FIELD PAVEMENT STRUCTURES AND TRAFFIC
Table 3-7 displays a list of the five selected TxDOT pavement structures (PS)
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and five associated traffic levels ranging between 0.25 to 11.00 x 10° ESALs over a

design life of 20 yr that were considered in this study. These HMAC pavement structures

represent actual material properties and layer thicknesses that are commonly used on

TxDOT highways (Freeman 2004). Typical traffic loading conditions consisted of an 80
kN (18 kip) axle load, 690 kPa (100 psi) tire pressure, 97 km/hr (60 mph) speed, and
10% to 25% truck traffic over a design life of 20 yr (Freeman 2004). In Table 3-7, PS#5

represents the actual pavement structure where the Bryan mixture was used.

Table 3-7. Pavement Structures and Traffic

Subbase

Traffic

PS | HMAC Base Subgrade —
# | Surfacing ESALs §
7}
150 mm, Flex, 350 mm,
1 3447 MPa, | 414 MPa, N/A 63_1\(/)132 5.0E+06 | 25%
v=0.33 v=10.40 Ve
50 mm Flex, 250 mm, | Lime stab,
’ 414 MPa, 150 mm, 85 MPa o
2 3447 MPa, v =040 241 MPa, v =045 1.4E+06 | 24%
v=0.33 _
v=0.735
50 mm, Flex, 150 mm, Stab. sub,
127 mm, 69 MPa
3 3447 MPa, 345 MPa, 0.4E+06 | 11%
207 MPa, v=045
v=0.33 v=0.40
v=0.40
50 mm Asphalt stab, Flex,
’ 175 mm, 200 mm, 66 MPa
I I YA VT R TR VT R BV PRI s
vou v=0235 v =0.40
Cemented
100 mm ’
i 350 mm, 103 MPa o
5 3447 MPa, 1034 MPa, N/A v = 045 10.8E+06 | 15%
v=0.33 v=035
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ENVIRONMENTAL CONDITIONS

Fig. 3-10 shows five Texas environmental zones based on annual precipitation,
annual freezing index, and the number of wet days and freeze/thaw days
(Freeman 2004). As shown in Fig. 3-10, the TxDOT districts have been grouped into
five environmental zones: dry-cold (DC), wet-cold (WC), dry-warm (DW),
wet-warm (WW), and moderate.

The italicized environmental zones (DC, WW, and DW) in Fig. 3-10 indicate
zones that are critical to alligator (fatigue) cracking according to the TxDOT Pavement
Management Information System (PMIS) report (TxDOT 2003a). About 20% to 100%

of the PMIS pavement sections in these locations exhibited alligator cracking.

Wet-Cold (WC)

Dry-Cold (DC)

Dry-Warm (DW)

_Moderate -

Fig. 3-10. Texas Environmental Zoning (Freeman 2004)
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Pavement material performance depends on both traffic and environment. It is
therefore not uncommon that for a given design traffic level, a material that performs
well in a particular environment may perform poorly in a different environmental
location. Material properties for pavement design and performance evaluation are thus
generally characterized as a function of environmental conditions.

HMAUC, for instance, is very sensitive to temperature changes, while unbound
materials in the base, subbase, or subgrade are generally more sensitive to moisture
variations. Most often, the HMAC elastic modulus is characterized as a function of
seasonal or monthly temperature variations, with the critical pavement temperature being
at the mid-depth or two-thirds depth point of the HMAC layer. This pavement
temperature generally (but not always) exhibits a decreasing trend with depth. The
subgrade elastic modulus is normally characterized as a function of the seasonal
moisture conditions, with the wettest period of the year considered as the worst-case
scenario assuming a conservative design approach. Note also that water seepage through
cracks and/or accumulation in AV can accelerate damage, including fatigue cracking in
HMAC materials.

In this study, two environmental conditions, WW and DC were considered
(see Fig. 3-10). WW and DC are the two extreme Texas weather conditions considered
to have a significant impact on HMAC mixture fatigue performance. In fact, the 2003
TxDOT “Condition of Texas Pavements PMIS Annual Report” indicates that HMAC
highway pavements in these environmental locations (WW and DC) are comparatively

more susceptible to fatigue-associated cracking (TxDOT 2003a).
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RELIABILITY LEVEL

For this study, a 95% reliability level was utilized. This is a typical value often
used for most practical HMAC pavement designs and analyses. In statistical terms, this
means that for a given test or assessment criteria, there is 95% data accuracy, and that up
to 5% failure or result inaccuracy is anticipated and tolerable. In other words, the
acceptable risk level is 5%, which is better known as the level of significance “alpha”

(a0 =0.05), in statistical language (Montgomery et al. 2002).

STRESS-STRAIN ANALYSIS
For the five selected hypothetical PSs and environmental conditions
(WW and DC) considered, elastic ELSYMS stress-strain computations were adjusted

based on FEM simulations to account for the HMAC visco-elastic and plasticity

behavior (Ahlborn 1969, Park 2004).

ELSYMS5 Input and Output Data

The bullets below summarize the typical input data requirement for ELSYMS5
stress-strain analysis:

e pavement structure (number of layers and layer thicknesses),
e material properties (elastic modulus and Poisson’s ratio), and
e traffic loading (axle load and tire pressure).

Table 3-7 displays the PSs and the respective elastic moduli used for ELSYMS5
analysis in this study. The axle load and tire pressure used were as discussed previously,
80 kN and 690 kPa. Typical Poisson’s ratios used in the analysis were 0.33, 0.40, and
0.45 for the HMAC layer, the base, and subgrade, respectively (Huang 1993). The basic
output response parameters from the ELSYMS computational analysis include the

stresses, strains, and deformations.
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The strain response parameters from ELSYMS were then adjusted according to
FEM simulations discussed in the subsequent section to account for HMAC visco-elastic
and plastic behavior. These tensile (&) and shear () strains constitute input parameters
for the ME, CMSE, and CM fatigue analysis, respectively, discussed in Chapters IV
through VI. Stress-strain computations for the M-E Pavement Design Guide

(Chapter VII) are built into the analysis software.

FEM Strain Adjustment
The FEM strain-adjustment factor for elastic strain analysis to account for

HMAC visco-elastic and plastic behavior was determined as follows:

vy = M (3-1)
VBN Strain ;; ¢y s
where:
Sudi(ve) = FEM strain-adjustment factor
Strainpgy = Strain (& or ») computed via FEM analysis (mm/mm)
Straingrsyys = Strain (& or ») computed via ELSYMS analysis (mm/mm)
Subscripti = gory

For this study, mean Sugve values of 1.25 and 1.175 were used for & and y
computations, respectively, based on the previous FEM work by Park (2004)
(ABAQUS 1996). Note that while it is possible that these visco-elastic adjustments may
vary for different HMAC mixtures, the adjustment from layered elastic to elasto-
viscoplastic was assumed to be constant across both HMAC mixtures in this study. In
addition, the elastic moduli values at 0 months laboratory aging for these two HMAC
mixtures did not vary significantly. Thus for each computed ELSYMS strain (& and )
for the PSs shown in Table 3-7, the Sugve); Was applied as shown in Egs. (3-2) and (3-3)

to obtain the critical design strains as listed in Table 3-8:



&= Sadj(VE)e, X & (ELsyms) = 1'25€t(ELSYM5)

V= Sadj(VE)y XY ELsms)y = L175Y grsmes)

Table 3-8. Computed Critical Design Strains

(3-2)

(3-3)
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PS# WW Environment DC Environment
(&) » (&) V7
1 1.57 x 10 1.56 x 107 1.51 x 10™ 1.51 x 107
2 2.79 x 10™ 1.98 x 107 2.71 x 10™ 1.89 x 107
3 2.73 x 10™ 1.91 x 107 2.66 x 10™ 1.86 x 107
4 2.89 x 10™ 2.06 x 107 2.78 x 107 1.96 x 107
5 0.98 x 10™ 1.41 x 107 0.91 x 10™ 1.46 x 107
SUMMARY
Salient points from this chapter are summarized as follows:
e Two commonly wused TxDOT HMAC  mixtures, the Bryan

(PG 64-22 + limestone) and Yoakum (PG 76-22 + gravel) mixtures were selected
for fatigue analysis in this study. Bryan is a typical basic TxDOT Type C HMAC
mixture while Yoakum is a rut-resistant 12.5 mm Superpave HMAC mixture.
Both the binder and aggregate material properties were consistent with the
Superpave PG and TxDOT standards.

Two laboratory compactors, the standard SGC and kneading beam compactor,
were utilized for compacting cylindrical and beam HMAC specimens,

respectively.
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The target HMAC specimen fabrication AV content was 7+0.5% to simulate the
in situ AV field compaction after construction and trafficking when fatigue
resistance is considered critical.

Three laboratory aging exposure conditions at a critical temperature of 60 °C
were selected to investigate the effects of oxidative aging on binder and HMAC
mixture properties including fatigue resistance. These aging conditions were 0, 3,
and 6 months that simulate approximately up to 12 years of Texas HMAC field
aging exposure (Glover et al. 2005).

Five hypothetical standard TxDOT HMAC pavement structures with
corresponding traffic levels of 0.25 to 11.00 million ESALs over a design life of
20 years were selected for analysis. Using layered elastic analyses (ELSYMS)
and adjusting based on FEM simulations, tensile and shear strains within the
pavement HMAC layer were determined and utilized as the failure load-response
parameters associated with fatigue cracking when predicting the HMAC mixture
fatigue resistance.

Two Texas environmental conditions (wet-warm and dry-cold) that are
considered critical to fatigue-associated (alligator) cracking in HMAC pavements

were selected for the analysis.
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CHAPTER IV
THE MECHANISTIC EMPIRICAL APPROACH

This chapter discusses the mechanistic empirical (ME) approach for HMAC
pavement fatigue analysis. This includes the fundamental theory, input/output data, the
flexural bending beam laboratory fatigue testing, the failure criteria, the analysis

procedure, and statistical analysis.

FUNDAMENTAL THEORY
The selected SHRP A-003A ME approach in this study utilizes the flexural
bending beam fatigue test (third-point loading) and considers bottom-up cracking to

determine an empirical fatigue relationship of the simple power form shown in Eq. (4-1)

(Tayebali et al. 1992):

N =ke™" (4-1)
where:
N = Number of load cycles to fatigue failure
g = Applied tensile strain (mm/mm)
ki = Laboratory-determined material constants

The SHRP A-003A fatigue analysis approach incorporates reliability concepts
that account for uncertainty in laboratory testing, construction, and traffic prediction; and
considers environmental factors, traffic loading, and pavement design. The SHRP
A-003A is the ME fatigue analysis approach utilized in this study, and the flexural
bending beam fatigue testing to determine the HMAC mixture fatigue empirical
relationship shown in Eq. (4-1) was based on the AASHTO TP8-94 test protocol
(AASHTO 1996a). The AASHTO TP8-94 test protocol is discussed later in this chapter.
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HMAC specimen preparation by rolling wheel or kneading compaction is
strongly recommended as part of this ME approach to simulate the engineering
properties of extracted field HMAC pavement cores. Conditioning prior to laboratory
testing to a representative or worst-case aging state is also suggested. The AASHTO
TP8-94 test protocol requires testing conditioned HMAC specimens at least at two
different controlled strain levels under sinusoidal repeated loading to generate an
empirical fatigue relationship as shown in Eq. (4-1) (AASHTO 1996a).

Determination of the experimental fatigue relationship expressed by Eq. (4-1)
constitutes the empirical part of the ME approach of fatigue modeling of HMAC
mixtures. This empirical fatigue relationship (Eq. [4-1]) is then used in the design and
analysis system illustrated schematically in Fig. 4-1.

The fatigue analysis system shown in Fig. 4-1 evaluates the likelihood that the
selected design HMAC mixture will adequately resist fatigue cracking in a specific
pavement structure under anticipated in situ conditions, including traffic loading and the
environment. The designer must, however, select a specific level of reliability
commensurate with the pavement site for which the HMAC mixture will be utilized, as
well as the required level of service of the pavement structure.

An HMAC mixture is expected to perform adequately if the number of load
repetitions sustainable in laboratory testing after correcting for field conditions exceeds
the number of load repetitions anticipated in service. The design strain at which the
pavement fatigue life must be estimated using the empirical fatigue relationship
developed based on laboratory testing results is often computed using a simple
multi-layer elastic theory. For this computation, the design strain of interest is the
maximum principal horizontal-tensile strain at the bottom of the HMAC layer in the
specific pavement structure, assuming the bottom-up mode of fatigue cracking. The
determination of this critical design tensile strain within a representative field pavement
structure at the bottom of the HMAC layer constitutes the mechanistic part of the ME

approach.
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Nf (Mixture Fatigue Resistance) Nf(Demand)
= Empirical fatigue relationship = Reliability multiplier (M)
= Design strain = Traffic ESALs

= Shift factor

= Temperature correction factor

N J

NO Nf = M x Traffic ESALs

YES

[ Final Fatigue Design ]

Fig. 4-1. The ME Fatigue Design and Analysis System
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INPUT/OUTPUT DATA

Table 4-1 summarizes the general ME fatigue analysis input and the expected
output data based on the SHRP A-003A approach and the AASHTO TP8-94 bending
beam fatigue test protocol (Tayebali et al. 1992, AASHTO 1996a). These parameters

and their respective components are discussed in more detail in subsequent sections.

Table 4-1. Summary of ME Fatigue Analysis Input and Output Data

Source Parameter
Laboratory t.GSt data . e Strain (&) & stress
(HMAC mixture testing .
of beam specimens) e # of fatigue load cycles (V)
. e Flexural stiffness or dissipated energy
Analysis of laboratory . .
test data e Material regression constants (k;)
e Empirical fatigue relationship (N = f(&;))
e Pavement structure (layer thickness)
e Pavement materials
Field conditions (elastic modulus & Poisson’s ratio)
(design data) o Traffic (ESALs, axle load, & tire pressure)
e Environment (temperature & moisture conditions)
e Field correction/shift factors (i.e., temperature)
Computer stress-strain e Design tensile strain (&) @ bottom of the top
analysis HMAC layer
Other e Reliability level (i.e., 95%)
e Reliability multiplier (M)
e HMAC mixture fatigue resistance (Nysuppi))
Output e Pavement fatigue life (Nypemana))
e Assessment of adequate or inadequate
performance
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LABORATORY TESTING

The flexural bending beam fatigue test including the test equipment, specimen
setup, and data acquisition was conducted consistent with the AASHTO TP8-94 test
procedure (Tayebali et al. 1992, AASHTO 1996a). This section discusses the flexural

bending beam fatigue test protocol.

The Flexural Bending Beam Fatigue Test Protocol

The flexural bending beam (BB) fatigue test consists of applying a repeated
constant vertical strain to a beam specimen in flexural tension mode until failure or up to
a specified number of load cycles. In this study, the test was strain controlled and the
input strain waveform was sinusoidal shaped, applied at a frequency of 10 Hz. The BB

test device and the loading configuration are shown in Figs. 4-2 and 4-3, respectively.

Fig. 4-2. The BB Test Device
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Fig. 4-3. Loading Configuration for the BB Fatigue Test

As evident in Fig. 4-3, repeated vertical loading causes tension in the bottom
zone of the HMAC specimen, from which cracking will subsequently initiate and
propagate to the top, thus simulating pavement fatigue failure under traffic loading. The
test was conducted at two strain levels of approximately 374 and 468 microstrain
consistent with the AASHTO TP8-94 test protocol to generate the required material N-&
empirical relationship shown in Eq. (4-1) (AASHTO 1996a). These test strain levels are
within the recommended AASHTO TP8-94 test protocol range to reduce test time while
at the same time capturing sufficient data for analysis.

A 10 Hz frequency (Fig. 4-3) without any rest period was used for the test. The
average duration of each test was approximately 5 hr. Note that the BB test time is
inversely proportional to the magnitude of the input strain wave. Testing can, however,
be terminated either when the initial application load response (stress) recorded at the
50™ load cycle decreases to 50% in magnitude or when a preset number of load cycles

such as 100,000 is reached. The former approach was used in this study.
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Test Conditions and Specimens

HMAC is temperature sensitive, so the test was conducted in an environmentally
controlled chamber at a test temperature of 20+0.5 °C, consistent with the AASHTO
TP8-94 test procedure (AASHTO 1996a). The minimum HMAC specimen conditioning
time was 2 hr. However, specimens were actually preconditioned at 20 °C on a more
convenient 12 hr overnight-time period. The test temperature was monitored and
recorded every 600 s via a thermocouple probe attached inside a dummy HMAC
specimen also placed in the environmental chamber. Fig. 4-4 is an example of a

temperature plot captured during BB testing at 20 °C.

21.00
TUpper Limit, 20.50
20.50
5)
SIS
[}
5
®  20.00
[0]
Q.
5 %s
()
i Tmean, 19.96
19.50
TLower Limits 19.50
19.00 ' ' |
0 6,000 12,000 18000
Time (s)

Fig. 4-4. Example of Temperature Plot for BB Testing at 20 °C
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As evident in Fig. 4-4, the average temperature for this particular test was
19.96 °C with a coefficient of variation (COV) of 0.84%. Three replicate beam
specimens were tested for each strain level, so a complete BB test cycle for low and high
strain level tests required a minimum of six beam specimens per aging condition per

HMAC mixture type.

Test Equipment and Data Measurement

A servo electric-hydraulic controlled material testing system (MTS) equipped
with an automatic data measuring system applied the sinusoidal input strain waveform.
Actual loading of the specimen was transmitted by the BB device shown in Fig. 4-2, to
which the beam specimen was securely clamped. Loading data were measured via the
MTS load cell, and flexural deflections were recorded via a single linear differential
variable transducer (LVDT) attached to the center of the specimen. During the test, load
and deformation data were captured electronically every 0.002 s. Fig. 4-5 is an example

of the output stress response from the BB test at 20 °C based on a 374 test microstrain.

3,000
kom, 2828 MPa

2,500 -

2,000 1

131000th,
1414 MPa

1,500

Flexural Stiffness (MPa)

1,000 T I
0 40,000 80,000 120,000 160,000

Load Cycles (N)

Fig. 4-5. Example of Stress Response from the BB Test at 20 °C (374 Test Microstrain)
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FAILURE CRITERIA

For HMAC compacted specimens subjected to repeated flexural bending under
strain-controlled loading mode, fatigue failure is defined as the point at which the
specimen flexural stiffness is reduced to 50% of the initial flexural stiffness
(Tayebali et al. 1992, AASHTO 1996a). This initial stiffness is generally defined as the
specimen flexural stiffness measured at the 50™ load cycle, illustrated in Fig. 4-5. With
this criterion, fatigue cracking was considered to follow the bottom-up adhesive failure

mode assuming a service temperature of 20 °C.

ANALYSIS PROCEDURE

The ME fatigue analysis utilized in this study was a five-step procedure
involving laboratory test data analysis to determine the HMAC Ny empirical fatigue
relationship expressed by Eq. (4-1), computer stress-strain analysis to determine the
design maximum & within a selected and representative pavement structure at the
bottom of the HMAC layer, statistical analysis to predict the design HMAC mixture
fatigue resistance, determination of the required pavement life, and finally a design
check for adequate performance. These analyses, which are illustrated schematically in

Fig. 4-1, are discussed in this section.
Step 1: Laboratory Test Data Analysis (N-& Empirical Relationship)
Laboratory test data from the BB fatigue test was analyzed using the AASHTO

TP8-94 calculation procedure. Egs. (4-2) to (4-4) are the fundamental basis for BB test
data analysis (AASHTO 1996a):

§ =2t (4-2)

ln( 50% J
Ny, = TA =-0.69315b™" (4-3)
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where:

S = Flexural stiffness (MPa)

o = Maximum measured tensile stress per load cycle (kPa)

& = Maximum measured tensile strain per load cycle (mm/mm)

Nsgo; = Number of load cycles to failure during BB testing

Ss00 = Flexural stiffness at failure during BB testing (MPa)

A = Initial peak flexural stiffness measured at the 50" load cycle (MPa)
b = Exponent constant from log S versus log load cycles (N) plot

The solution of Eq. (4-3) for two different input strain levels (low and high), and
a plot of the resultant Nsjo, versus the respective applied & on a log-log scale, will

generate the required empirical fatigue relationship of the simple power format shown in

Eq. (4-1).

Step 2: Stress-Strain Analysis, & (esign)

Following establishment of the HMAC Ngg empirical fatigue relationship
through laboratory test data analysis, computer stress-strain analysis was executed to
determine the actual maximum design & of a given pavement structure at the bottom of
the HMAC layer. Input parameters for this analysis include traffic loading, pavement
structure (layer thicknesses), and material properties. Traffic loading data include the
standard axle load (e.g., 80 kN [18 kip]), ESALs, and axle and tire configurations.
Material properties including the elastic modulus and Poisson’s ratio should be defined
as a function of the environment in terms of temperature and subgrade moisture
conditions. In this study, a simple multi-layer linear-elastic software, ELSYMS5, was
used for & computations (Ahlborn 1969). Ideally, an FEM software that takes into
account the visco-elastic and plasticity nature of the HMAC material is desired for this
kind of analysis. Consequently, adjustments were applied to the ELSYMS linear-elastic

analysis results, consistent with the FEM adjustment criteria discussed in Chapter III.
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Step 3: Statistical Prediction of HMAC Mixture Fatigue Resistance, Nssupply)
Nysupply) 1s the laboratory design HMAC mixture fatigue resistance that was
statistically determined as a function of the design & (ELSYMS analysis and FEM
adjustment) and the laboratory-determined empirical fatigue N-¢; (Eq. [4-1]) relationship
at a given reliability level. This is discussed in detail in the subsequent section.
While Nysuppi) represents laboratory fatigue life, the final field fatigue life for the
ME approach in this study was obtained as expressed by Eq. (4-4):

SE (ki [gz ]7]{2 ): SFEXN 1 (suppiy)

N, = 4-4
g TCF TCF (+4)
where:
ICF = Temperature conversion factor to laboratory test temperature
SF = Composite shift factor that accounts for traffic wander, construction

variability, loading frequency, crack propagation, and healing

Determination of 7CF and SF generally requires calibration to local field
conditions, which was beyond the scope of this study. However, a default 7CF value of
1.0 is often used, while SF can often range from 0.33 to 150 depending on the HMAC
mixture type, traffic loading, and environmental conditions under consideration
(Lytton et al. 1993). However, SF values ranging between 13 and 26 have typically been
used (Lytton 2004). For simplicity, 7CF and SF values of 1.0 and 19, respectively, were
used in this study (Tayebali et al. 1992, Deacon et al. 1994).
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Step 4: Determination of the Required Pavement Fatigue Life, Npemand)
Njpemanay 15 the expected pavement fatigue life, which is representative of the
actual applied traffic loading. It is a function of the total traffic ESALs summed over the

entire pavement design life determined as expressed by Eq. (4-5):

Nf(Demand) =M x Traﬁ?c ESALS(Design) (4_5)

where:
M = Reliability multiplier that is dependent on the reliability level selected

In this ME fatigue analysis approach, the safety factor associated with a specified
level of reliability is defined in terms of a reliability multiplier (M) and is often applied
to traffic demand (ESALs) as shown in Eq. (4-5) (Tayebali et al. 1992, Deacon et al.
1994). This factor accounts for HMAC mixture variability and the anticipated
uncertainties in traffic estimate (demand), mixture fatigue resistance (supply), and
performance during service. For a reliability level of 95%, some studies have used an M
value of  3.57; this  was  the value used in  this study

(Tayebali et al. 1992, Deacon et al. 1994).

Step 5: Fatigue Design Check for Adequate Performance

An analytical fatigue design check for adequate performance requires that the
HMAC mixture fatigue resistance given by Eq. (4-4) be greater than or equal to the
required pavement fatigue life given by Eq. (4-5) as expressed by Eq. (4-6):

_ SFlk ()]

> Traffic Design ..,,. 4-6
MxTCF 1ffi 8N psars (4-6)

Nf 2 N/'(Demand) = Nj
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If Nyis less than Nypemana), @ Wide range of options including the following are
available:

e redesigning the HMAC mixture by changing the binder content and/or type, AV,
aggregate type, or gradation;

e redesigning the pavement structure by changing the layer thicknesses, for
example,

e redesigning the underlying pavement materials including the subbase, base,
and/or subgrade,

¢ reducing the pavement design life; and/or

e allowing an increased risk of premature failure.

VARIABILITY, STATISTICAL ANALYSIS, AND Nt PREDICTION

Precision is inversely proportional to uncertainty/variability in a testing method.

If N is the measured fatigue life and N is the predicted fatigue life at a given

f(supply)
design strain level, then the precision of the method (on a log scale) can be represented

by the estimated variance of Ln[N f(Supply>J as follows:

—=\2
s2 =s° l+dg (X -%) - (4-7)
! n quxp -X ’
where:
y - L nlN f(supply)J
s = Estimated variance of Ln[N f(supply)J
s = Var[Ln (N )]
n = Number of test specimens
X = Ln[in situ strain] at which LnlN f(supply)J must be predicted
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X = Average Ln[test strain]
q = Number of replicate specimens at each test strain level
Xp = Ln[strain] at the pth test strain level

A prediction interval for LnlN f(supply)J is another way of assessing the precision of
the prediction. If the resulting interval is narrow, there is little uncertainty inLnlN f(supply)J,

and the prediction is quite precise. An explicit formula for a 1-a prediction interval is as

follows:
a+bX £t 1,58, (4-8)

where:

ab = The estimated intercept and the estimated slope of the least squares
line fitted on the (Ln(strain), Ln(N Fsup ply) » data

Heaizna™ The #-critical value corresponding to the right tail probability of
a/2 of the ¢ distribution with n-2 degrees of freedom

st = The estimated variance of LnlN f(supply)J as given in Eq. (4-7)

The estimated intercept and the estimated slope, a and b, respectively, can also

be given explicitly as follows:

a=y+bx (4-9)
and

T o
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where:
Vp = Ln(N) at the pth test strain level
y = Average Ln(N )

Note that the predicted fatigue life Lnle(supply)J or the prediction interval estimate

[a +bX —t,_, J2m2S 50 F bX +t,_,, 228 J can be back-transformed by taking exp( ) to
provide the estimates in the original scale, but the variance estimate sj* itself cannot be

transformed in the same manner.

In summary, mean Ln Ny, values were predicted based on the least squares
regression line approach (Montgomery et al. 2002). Next a 95% Ln Ny prediction
interval was estimated based on the selected 95% reliability level. The predicted value
and the prediction interval estimates for Ny, Wwere then obtained by back-
transformation analysis. As another measure of variability, a COV of Ln Ny was
computed based on the estimated standard deviation for the predicted Ln Nrinterval and

the predicted mean Ln Ny value based on the normality distribution assumption.

SUMMARY
This section summarizes the ME fatigue analysis approach as utilized in this
study:

e The ME approach utilized in this study is mechanistic empirical and based on the
fundamental concepts that fatigue cracking in HMAC pavements occurs due to
critical tensile strains (&) at the bottom of the HMAC layer and that the
predominant mode of crack failure is bottom-up crack growth.

e Laboratory determination of the experimental N-¢& fatigue relationship (i.e., the &;
material regression constants) constitutes the empirical part of the ME approach,
and determination of the critical design & within a representative field pavement

structure at the bottom of the HMAC layer constitutes the mechanistic part.
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The flexural bending beam fatigue test conducted at 20 °C and 10 Hz in
sinusoidal strain-controlled mode is the principal HMAC mixture fatigue
characterization test for the ME approach in the laboratory. Under this BB testing,
kneading or rolling wheel compacted beam specimens are required.

For HMAC compacted specimens subjected to repeated flexural bending under
strain-controlled loading, fatigue failure according to the ME approach is defined
as the number of repetitive load cycles at which the HMAC specimen flexural
stiffness () is reduced to 50% of the initial flexural stiffness measured at the 50"

load cycle.
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CHAPTER YV
THE CALIBRATED MECHANISTIC APPROACH
WITH SURFACE ENERGY MEASUREMENTS

In this chapter, the calibrated mechanistic approach with surface energy
measurements, including the fundamental theory, input/output data, laboratory testing,

failure criteria, analysis procedure, and statistical analysis are discussed.

FUNDAMENTAL THEORY AND DEVELOPMENT

HMAC is a complex composite material that behaves in a non-linear
elasto-visco-plastic manner, ages, heals, and requires that energy be stored on fracture
surfaces (or be expended) as load-induced damage in the form of fatigue cracking.
Energy is also released (expended) from fracture surfaces during the healing process.
HMAC mixture resistance to fatigue cracking thus consists of two components,
resistance to fracture (both crack initiation and propagation) and the ability to heal;
processes that both change over time. Healing, defined as the closure of fracture
surfaces that occurs during rest periods between loading cycles, is one of the principal
components of the laboratory-to-field shift factor used in traditional empirical fatigue
analysis. Prediction of fatigue life or the number of cycles to failure (Ny) must account
for this healing process that affects both the number of repetitive load cycles for
microcracks to coalesce to macrocrack initiation (;) and the number of repetitive load
cycles for macrocrack propagation through the HMAC layer (»,) that add to N. Both
components of HMAC mixture fatigue resistance or the ability to dissipate energy that
causes primarily fracture at temperatures below 25 °C, called dissipated pseudo strain
energy (DPSE), can be directly measured in simple laboratory uniaxial tensile and
compression tests (Jianlong and Francken 1997, Kim et al. 1997a, b,

Little et al. 1998, 2000).
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The CMSE approach is a fracture-damage micromechanics approach developed
at Texas A&M University based on the SHRP A-005 results (Lytton et al. 1993,
Little et al. 2000). Under this CMSE approach, HMAC is characterized both in terms of
fracture and healing processes, and requires only creep or relaxation tests in uniaxial
tension and compression, strength and repeated load tests in uniaxial tension, and a list
of fracture and healing surface energy components of binders and aggregates measured
separately. The approach utilizes Paris (1963)’s Law of fracture mechanics (Paris and
Erdogan 1993), Schapery’s (1984) work potential theory (WPT), the extended visco-
elastic correspondence principle to remove the viscous effects, and monitoring of
accumulated fracture damage through changes in DPSE under repeated uniaxial tension
tests. The CMSE derivation of N; and N, based on Schapery’s WPT and Paris’ Law of
fracture mechanics is contained in Appendix C. In this CMSE approach, HMAC
behavior in fatigue is principally governed by the energy stored on or released from
crack faces that drive the fracture and healing processes, respectively, through these two
mechanisms of fracture and healing.

DPSE and pseudo strain are defined to quantify and monitor fracture and healing
in HMAC mixtures. DPSE in an undamaged non-linear visco-elastic material is
expected due to the viscous lag in material response. This pseudo strain energy is
represented by the area in the pseudo hysteresis loop of a measured stress versus
calculated PS after correcting for non-linearity, plotted as shown in Fig. 5-1. PS is
determined by calculating the expected stress in a linear visco-elastic material under
damaged conditions and dividing by a measured reference modulus (from the first stress
cycle of a repeated load test), and a non-linearity correction factor (y(?)). This y(?) is
introduced to account for any non-linearity of the undamaged visco-elastic material
(Si 2001). Any departure from the initial (first load cycle) pseudo hysteresis loop
requires additional dissipated energy, indicating that fracture is occurring. As fracture
progresses with additional load cycles, DPSE will increase. The healing process on the

other hand produces opposite results, with DPSE decreasing.
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Measured stress (g,,(7)) (MPa)

Y

N\

Calculated pseudo strain (&r(?)) (mm)

Fig. 5-1. Example of Hysteresis Loop (Shaded Area is DPSE)

Monitoring of both DPSE and PS in repeated uniaxial tension tests is required in
this micromechanical CMSE approach. The relationship between DPSE and N is
modeled using either of two functional forms: linear logarithmic or simple power law,
and calibrated using measured data. In this study, the linear logarithmic function was
used.

These calibration coefficients and Paris’ Law fracture coefficients determined by
monitoring both DPSE and PS with microcrack growth are required to determine N; for
macrocrack initiation at an average microcrack size of 7.5 mm (Jianlong and Francken
1997, Lytton 2000). This calibration is required because the coefficients of the equation
for microcrack growth are not widely known as compared to those for macrocrack
growth. The size and shape of a microcrack is controlled by microscopic quantities such
as mastic film thickness, aggregate particle size, and the degree of bonding of
crack-arresting obstacles dispersed in the mastic. Nevertheless, microcrack growth is
still controlled by the rate of change of DPSE and indicated by a reduction in HMAC

mixture stiffness.
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N, for microcrack propagation is a function of the difference between fracture
and healing speed. This N, is primarily quantified in terms of Paris’ Law fracture
coefficients (4 and n) and the material failure load-response parameter, shear strain.
Fracture speed depends on material properties determined in uniaxial tensile creep or
relaxation and strength tests at multiple temperatures and total fracture surface energy.

Healing occurs as a result of both short-term and long-term rates of rest periods,
and depends on traffic rest periods, healing surface energy components, and the material
properties measured in creep or relaxation compression tests. Because the HMAC
mixture healing properties are climatic dependent, fatigue healing calibration constants
must be used to account for the climatic location of a given HMAC pavement structure
(Jianlong and Francken 1997). In determining the final field Ny an anisotropic shift
factor (discussed subsequently) is also introduced to account for the anisotropic nature of
HMAC.

The surface energies of the binder and aggregate in HMAC are made up of
contributions from nonpolar short-range Lifshitz-van der Waals forces and longer-range
polar acid-base forces mainly associated with hydrogen bonding (Good and Van Oss
1992, Si 2001, Cheng 2002). The polar acid-base surface energy is itself also a
combination of the acid surface energy and the base surface energy. These polar forces
typical of hydrogen bonding take longer to form and act perpendicular to the crack faces
to actively pull them together, while the nonpolar tensile short-range and short-lived
Lifshitz-van der Waals forces act in the plane of the crack face to form a contractile skin
that resists healing (Good and Van Oss 1992, Lytton et al. 1993, Little et al. 2000,
Si 2001, Cheng 2002).

The difference between the total fracture and healing surface energies lies in the
measurement of the individual surface energy components using carefully selected
materials with known surface energy component values. Fracture components are found

when dewetting, and healing components are determined when wetting.
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Summary of CMSE Fundamental Theory and Analysis System

The bullets below summarize the fundamental hypotheses upon which the CMSE

fatigue analysis approach was formulated:

HMAC is a complex composite material that behaves in a non-linear
elasto-visco-plastic manner, exhibits anisotropic behavior, ages with time, and
heals during traffic loading rest periods.

HMAC requires that energy be expended to cause load-induced damage in the
form of fracture cracking. Equally, energy must be expended to close up these
fracture surfaces, a process called healing. The HMAC mixture is thus
characterized in terms of fracture and healing processes, and requires only
relaxation tests in uniaxial tension and compression, strength and repeated load
tests in uniaxial tension, and a catalog of fracture and healing surface energy
components of asphalt binders and aggregates measured separately.

HMAC resistance to fracture cracking is governed by two processes; namely the
number of repetitive load cycles for microcracks to coalesce to macrocrack
initiation (N;) and the number of repetitive load cycles for macrocrack
propagation through the HMAC layer (N,). These two processes constitute the
HMAC mixture fatigue resistance that adds to N after correcting for field traffic
loading and environmental effects.

The rate of fracture crack growth per load cycle is quantitatively a function of the
stress intensity and distribution in the vicinity of the microcrack tip under
repeated loading and unloading cycles. Consequently, Paris’ Law of fracture
mechanics and Schapery’s modified work potential theory (WPT) for non-linear
fracture mechanics (NLFM) analysis are utilized to model this relationship and
the fracture energy that represents the work required to cause fracture cracking
(Anderson 1995, Paris and Erdogan 1963, Schapery 1973, Lundstrom 2004).

The HMAC fracture damage accumulation under laboratory repeated uniaxial

tensile testing is a function of the dissipated pseudo strain energy (DPSE).
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e The DPSE function is utilized based on Schapery’s WPT and the extended
visco-elastic correspondence principle because it allows to account for HMAC
non-linearity and time-dependent visco-elastic effects. These corrections are
achieved through the use of pseudo strain and a non-linearity correction factor.
Fig. 5-2 is a schematic illustration of the CMSE design and analysis system.

Fig. 5-2 shows that if the predicted Ny is less than the design traffic ESALs, possible
options include the following:

¢ modifying the pavement structure, materials, and reliability level,;

e changing the HMAC mix-design and/or material type;

¢ reducing the pavement design life; and/or

e allowing an increased risk of premature failure, i.e., reducing the reliability level.
In this CMSE approach, the design shear strain (Fig. 5-2) computed within the

HMAC layer of the pavement structure for N, analysis constitutes the failure
load-response parameter. This critical (maximum) design shear strain is determined at
the edge of a loaded wheel tire using either a layered linear-elastic or visco-elastic model
of material behavior. The utilization of calibration constants in modeling SF, N;, and N,
constitutes the calibration part of the CMSE approach. This calibration simulates the
field mechanism of microcrack growth in the HMAC layer thickness with respect to

traffic loading and changing environmental conditions.

INPUT/OUTPUT DATA
Table 5-1 summarizes the general CMSE fatigue analysis input and the expected
output data. These parameters and their respective components are discussed in more

detail in subsequent sections.



CMSE FATIGUE ANALYSIS

=  Pavement structure
=  Pavement materials

= Traffic

NO

=  Environment
= Reliability
J L

N¢ Prediction

= HMAC mixture characterization properties
(from lab test or existing data from catalog)

= (alibration, healing, & regression constants
= Paris’ Law coefficients

=  Microcrack length failure threshold value

= Design shear strain

= Temperature correction factors

= Anisotropy and healing shift factors

= HMAC mixture fatigue resistance

J L

Reliability factor (Q)

Nt > Q x Traffic

YES

[ Final Fatigue Design ]

Fig. 5-2. The CMSE Fatigue Design and Analysis System
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Table 5-1. Summary of CMSE Fatigue Analysis Input and Output Data
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Source

Parameter

Laboratory test data

Tensile stress & strain
Relaxation modulus (tension & compression)
Uniaxial repeated direct-tension test data (strain, stress,

(HMAC mixture time, & N)
testn.lg of cylindrical | o Anisotropic data (vertical & lateral modulus)
specimens) e Dynamic contact angle for binder SE
e Vapor pressure & adsorbed gas mass for aggregate SE
e Tensile strength
e Relaxation modulus master-curves (tension &
compression)
Analysis of Non-linearity correction factor
laboratory test data DPSE & slope of DPSE vs. Log N plot

SE (4Gr& AG,) for binder & aggregates
Healing indices & calibration constants
Creep compliance & shear modulus
Load pulse shape factor

e Pavement materials (E & v) & structure (layer thickness)
. .. e Traffic (ESALs, axle load, & tire pressure)
Field conditions . . o\
. e Environment (temperature & moisture conditions.)
(design data) i o .
e Field calibration coefficients
e Temperature correction factor
Computer

stress-strain analysis

Design shear strain (y) @ edge of a loaded tire

Others

Reliability level (95%)

Crack density

Microcrack length

HMAC brittle-ductile failure characterization
Regression constants & material coefficients

Output

Paris’ Law fracture coefficients (4 and n)
Shift factor due to anisotropy (SF,)

Shift factor due to healing (SF})

Fatigue load cycles to crack initiation (N;)
Fatigue load cycles to crack propagation (V,)
HMAC mixture fatigue resistance (V)
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LABORATORY TESTING

The required laboratory tests for the CMSE approach of HMAC mixture fatigue
analysis include tensile strength, relaxation modulus in tension and compression,
uniaxial repeated direct-tension, and surface energy (Lytton et al. 1993, Lytton 2000,
S12001, Cheng 2002). These tests are described in this section. For each of these tests, at
least two replicate cylindrical HMAC specimens were tested per aging condition per

HMAC mixture type.

Tensile Strength Test
The tensile strength test was conducted to determine the HMAC mixture tensile

strength (o), which is a required input parameter for the CMSE fatigue analysis.

Test Protocol

The tensile strength (TS) test protocol involves applying a continuously
increasing tensile load to a cylindrical HMAC specimen at a constant elongation
(deformation) rate of 1.27 mm/min (0.05 in/min) until failure. This test is destructive and
takes at most 2 min to complete the test. Fig. 5-3 shows the loading configuration for the

TS test and typical results.

Load (P)

Deformation

Fig. 5-3. Loading Configuration for the TS Test
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Test Conditions and Data Acquisition

The TS test was conducted in an environmentally controlled chamber at a test
temperature of 20+£0.5 °C. Specimens were pre-conditioned to 20 °C for a minimum
period of 2 hr. The temperature was monitored and controlled through a thermocouple
probe attached inside a dummy HMAC specimen also placed in the environmental
chamber. An MTS equipped with an automatic data measuring system applied the
loading. Loading data were measured via the MTS load cell, and deformations were
recorded via three LVDTs attached vertically to the sides of the specimen. During the
test, load and axial deformation data were captured electronically every 0.1 s. Two
replicate specimens were tested per aging condition per HMAC mixture type.

HMAC mixture tensile strength (o;) was calculated simply as the maximum

tensile load at break divided by the specimen cross-sectional area as follows:

0, = (5-)
where:
o = Tensile strength (MPa)
Powe = Maximum tensile load at break (kN)
r = Radius of cylindrical HMAC specimen (mm)

Relaxation Modulus Test

The time-dependent elastic relaxation modulus (E£(?)), modulus relaxation rate
(m;), and temperature correction factor (ar) constitute input parameters for the CMSE
fatigue analysis. These material properties were determined from the relaxation modulus

test (S12001).
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Test Protocol

Relaxation modulus (RM) is a strain-controlled test. The test involves applying a
constant axial strain to a cylindrical HMAC specimen either in tension or compression
for a given time period and then releasing the strain for another given time period,
thereby allowing the specimen to rest or relax (elastic recovery). The test loading

configuration is shown in Fig. 5-4.

200 A .
Tension

200 400 600 800 1000 1200 1400

Microstrain
=}

Compression

-200 -
Time, s

Load

Fig. 5-4. Loading Configuration for the RM Test

As shown in Fig. 5-4, the loading sequence consisted of applying a 200 tensile
microstrain for a period of 60 s, followed by a 600 s rest period and then application of a
200 compressive microstrain for 60 s, followed by another 600 s rest period. A
200 microstrain was selected because for the HMAC mixtures considered in this study,
prior trial testing with microstrains above 200 proved to be destructive while those
below 200 were too small to produce meaningful results. This input strain magnitude
also simulated 20% of the HMAC mixture tensile strain at break at 20 °C for the

0 months aged HMAC specimens.
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A 60 s strain loading time was considered adequate to prevent irrecoverable
damage, while a 600 s rest period was considered adequate to allow for elastic recovery.
The time interval for the strain load application from 0 to +200 or -200 microstrain was
0.6 s, and the input strain waveform was actually a trapezoidal shape. Thus, the total test
time for both the tensile and compressive loading cycle for a given test temperature was

approximately 25 min.

Test Conditions and Data Acquisition

RM testing was conducted in an environmentally controlled chamber at three
temperatures: 10, 20, and 30 °C, to facilitate development of a time-dependent RM
master-curve. This master-curve is a graphical representation of the HMAC mixture
properties as a function of temperature and loading time. Note that HMAC is sensitive to
both temperature and time of loading.

The temperatures were monitored and controlled at a tolerance of +0.5 °C
through a thermocouple probe attached inside a dummy HMAC specimen also placed in
the same environmental chamber as the test specimen. For each temperature-test
sequence, the minimum specimen conditioning time was 2 hr. The MTS provided the
loading, while an automated data measurement system captured the data (time, load, and
deformation) electronically every 0.5 s. Loading data were measured via the MTS load
cell, and deformations were recorded via three LVDTs attached vertically to the sides of
the specimen. Three replicate specimens were tested per aging condition per HMAC
mixture type. Fig. 5-5 is an example of the output stress response from the relaxation

modulus test at a single test temperature of 10 °C.
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250
)
g 0
200 400 600 800 1000 1200 1400
-250
Time, s

Fig. 5-5. Example of Stress Response from the RM Test at 10 °C

Eq. 5-2 was used to calculate the elastic relaxation modulus as a function of the

measured load (stress) and strain:

o)y P
En=20 -1 (5-2)
&£ e
where:
Ewp = Elastic modulus (MPa)
Pes = Load (kN) and strain (mm/mm)

A time-reduced superposition logarithmic analysis of the elastic modulus data for
each test temperature to a reference temperature of 20 °C generates the required
time-dependent RM master-curve. This master-curve is represented in the form of a
simple power law and characterizes the HMAC visco-elastic properties. By the same
logarithmic analysis, temperature correction factors (ar) are determined, where ar has a

value of 1.0 for the 20 °C reference temperature.
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Uniaxial Repeated Direct-Tension Test

The time-dependent tensile stress (o (¢)) is an input parameter required to
calculate the rate of dissipation of PS energy (b) that is necessary to calculate »;. This
material property was determined from the uniaxial repeated direct-tension test

discussed subsequently.

Test Protocol

Like the RM test, the uniaxial repeated direct-tension (RDT) test was conducted
in a strain controlled mode. An axial direct tensile microstrain of 350 was applied
repeatedly to a cylindrical HMAC specimen at a frequency of 1 Hz for a total of 1,000
load cycles. The input strain waveform was haversine shaped.

The actual loading time was 0.1 s with a 0.9 s rest period between load pulses.
Thus, a complete load cycle including the rest period was 1.0 s. Fig. 5-6 shows the
loading configuration. The 0.9 s rest period allowed for HMAC relaxation between the
load pulses and prevented the buildup of undesirable residual stresses discussed

subsequently. This rest period is also theorized to promote a limited amount of healing.

Microstrain

TANNAAAA

Number of Load Cycles (1,000)

Load

Fig. 5-6. Loading Configuration for the RDT Test
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The haversine-shaped input strain waveform is representative of the field load
pulse developed under moving wheel loads of commercial vehicles on interstate
highways. A relatively high input strain magnitude of 350 microstrain was selected
because this value (350 microstrain) was considered substantial enough to induce
cumulative micro fatigue damage (microcracking) within the HMAC specimen during
the test. In this test, while micro fatigue damage is desirable, an appropriate input strain
level must be selected that will allow the test to continue to an appreciable number of
load cycles to capture sufficient data for calculation of the b slope parameter needed in
the CMSE analysis. In this study, testing was terminated at 1000 load cycles, during
which time sufficient data had been captured for DPSE analysis and subsequent

calculation of the constant . A complete RDT test thus took at most 20 min.

Test Conditions and Data Acquisition

The haversine input strain waveform was supplied by the MTS, and axial
deformations were measured via three LVDTs. Data (time, load, and deformations) were
captured electronically every 0.005 s. The RDT test was conducted in an
environmentally controlled chamber at a test temperature of 30+0.5 °C. The minimum
conditioning period for the specimens was 2 hr. The temperature was monitored and
controlled through a thermocouple probe attached inside a dummy HMAC specimen
also placed in the same environmental chamber as the test specimen.

Three replicate cylindrical HMAC specimens that had previously been subjected
to a series of RM tests at 10, 20, and 30 °C were used for this test for each aging
condition and each HMAC mixture type. It should be noted that the RM test was
assumed to be non-destructive in this study. However, the RDT test is a destructive test
since some microdamage occurs within the HMAC specimen even though damage may
not be physically visible.

Fig. 5-7 is an example of the stress response from the uniaxial repeated direct-
tension test at 30 °C. The measured stress (o(?)), strain (g2)), and time (¢) are the

required input parameters for CMSE fatigue analysis to calculate DPSE.
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Time, s

Fig. 5-7. Stress Response from the RDT Test at 30 °C

Anisotropic Test

The modulus of HMAC is an important input parameter used in predicting
HMAC mixture fatigue properties. HMAC is not an isotropic material and therefore its
mechanical properties (i.e., elastic modulus) are directionally dependent (Tashman et al.
2005, Arramon et al. 2000). The objective of the anisotropic test was therefore to
measure the variation of HMAC modulus measured from different directions, vertical
(E-) and horizontal or lateral (£, and E,), which constitute input parameters for CMSE
fatigue analysis. These data from the anisotropic (AN) test were used to determine the

shift factor due to anisotropy (SF,) discussed in the subsequent sections of this chapter.
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Test Protocol

The AN test was conducted consistent with the HMAC elastic-resilient modulus
test, but with both axial and radial deformation measurements for E, and E;
determination, respectively (Huang 1993). AN is a destructive stress-controlled test with
a sinusoidal-shaped input stress waveform. The test involved repeated application of a
sinusoidal-shaped stress magnitude of 690 kPa at a loading frequency of 1 Hz for a total
of 200 load cycles without any rest period. Fig. 5-8 shows the AN test loading

configuration.

690 klPa (100 psi)

|

n

N

AN

| yRadial
~ 4| “deformation

fAxial deformatior
~N

|(.

. Stress

Load Time, s

Fig. 5-8. Loading Configuration for the AN Test

An input stress magnitude of 690 kPa is a simulation of truck tire pressure on an
in situ field HMAC pavement structure. For this study, AN testing was terminated at
200 load cycles, during which time sufficient data had been captured for moduli analysis.
With a loading frequency of 1 Hz, the total AN test time was at most 5 minutes.
Although AN is a destructive test, the 200 load cycles was in most cases not sufficient to

cause visible damage to some specimens.



83

For AN testing of this nature, it is normal practice to subject the test specimens to
lateral pressure confinement to simulate the field triaxial stress state, particularly when
testing unbound granular materials (Adu-Osei 2000, Kim et al. 2004). In this study, the
AN test was conducted under unconfined lateral pressure conditions. However, the AN
analysis models were adjusted to the lateral pressure confinement conditions to simulate
the laboratory triaxial stress state. This adjustment was achieved through trial testing of
several HMAC specimens under both unconfined and confined laboratory lateral
(345 kPa) pressure conditions and then comparing the moduli results. The moduli results
measured without pressure confinement were then adjusted/modified to match the
moduli results under lateral pressure confinement conditions, thus accounting for triaxial
stress state conditions. Note that it is much more convenient, easier, and more practical

to conduct the HMAC AN test under unconfined lateral pressure conditions.

Test Conditions and Data Acquisition

The sinusoidal input stress waveform was supplied by the MTS, while axial and
radial deformations were measured via three LVDTs. Two LVDTs attached vertically to
the sides of the specimen were used for axial measurements, and one LVDT attached
radially around the center of the specimen was used for radial deformation
measurements as shown in Fig. 5-8. Data (time, load, and deformations) were captured
electronically every 0.02 s.

Like other HMAC mixture tests, the AN test was conducted in an
environmentally controlled chamber at a test temperature of 20+0.5 °C. The minimum
conditioning period for the specimens was 2 hours. The temperature was monitored and
controlled through a thermocouple probe attached inside a dummy HMAC specimen
also placed in the same environmental chamber as the test specimen. Three replicate

specimens were tested per aging condition per HMAC mixture type.
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Fig. 5-9 is an example of the strain responses from the AN test at 20 °C recorded
for a period of 60 s. While the AN test gives both the elastic and plastic strain responses
as shown in Fig. 5-9, the response component of interest that is critical to fatigue is the
elastic strain. By contrast, the plastic strain is critical to permanent deformation, which

was beyond the scope of this study.
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Fig. 5-9. Example of Strain Responses from AN Testing at 20 °C
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From the measured AN test data, the elastic moduli were calculated as a function
of the applied load (stress) and elastic strain response as expressed by Egs. (5-3) and
(5-4) (Huang 1993, Adu-Osei 2000, Kim et al. 2004). For simplicity, HMAC was

assumed to be laterally isotropic, and therefore E, was considered equivalent to E, in

magnitude.
E.=a (5-3)
82
Vo,
E =E =a, (5-4)
gx
where:
E, = Elastic modulus in the vertical direction (MPa)
E, = Elastic modulus in the lateral direction (MPa)
o: = Applied compressive axial stress (MPa)
&6 = Axial and radial deformation, respectively (mm/mm)
% = Poisson’s ratio (v = 0.33)
a, ay = Anisotropic adjustment factors that simulate laboratory lateral pressure

confinement conditions (a, = 1.15, a. = 1.34)

In this study, the mean a, and a, values were determined to be 1.15 and 1.34,
respectively (for both HMAC mixtures), and these were the values used for moduli

computations. Table 5-2 illustrates the determination of the a; values.



Table 5-2. Determination of Anisotropic Adjustment Factors («;)
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Test Unconfined (MPa) Confined (MPa) ax a;

Exw =10 Exc) Exo) | ExoExw) | ExoyEx
1 1,789 3,399 1,940 4,450 1.08 1.31
2 1,569 2,980 1,785 3,927 1.14 1.32
3 1,678 3,188 1,963 4,320 1.17 1.35
4 1,589 3,219 1,900 4,180 1.20 1.30
5 1,498 2,846 1,760 3,972 1.17 1.40
Mean 1,625 3,127 1,870 4,170 1.15 1.34
Stdev 112 216 92 223 0.04 0.04
Cov 6.90% 6.91% 4.91% 5.35% 3.76% 2.99%

Surface Energy Measurements for the Binder - The Wilhelmy Plate Test

The surface energy (SE) measurements for the binders in this study were

completed using the Wilhelmy plate (WP) method (Si 2001, Cheng 2002). Compared to

other methods such as the drop weight, Du Nouy ring, pendant drop, Sessile drop,

capillary rise, and maximum bubble pressure, the WP method is relatively simple and

does not require complex correction factors to the measured data (Si 2001, Cheng 2002).

The contact angle between binder and any liquid solvent can be measured using

the Wilhelmy plate method. This method is based on kinetic force equilibrium when a

very thin plate is immersed or withdrawn from a liquid solvent at a very slow constant

speed, as illustrated in Fig. 5-10 (Maugis 1999).
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Advancing

T

Receding

Fig. 5-10. Loading Configuration for the Wilhelmy Plate Test Method

The dynamic contact angle between binder and a liquid solvent measured during
the immersing process is called the advancing contact angle, while the dynamic contact
angle during the withdrawal process is called the receding contact angle.

The advancing contact angle, which is a wetting process, is associated with the
healing process; the receding angle is associated with the fracture mechanism. The total
surface free energy and its components for binder are calculated from these advancing
and receding contact angles. The surface free energy calculated from the advancing
contact angles is called the surface free energy of wetting (advancing) or healing, while
the surface free energy computed from the receding contact angle is called the surface

free energy of dewetting (receding) or fracturing.
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Test Protocol and Data Acquisition

To complete the WP test, approximately 0.65 g of hot-liquid binder heated to
144 °C was coated onto glass plates 50 mm in length by 25 mm in width with a 0.15 mm
thickness. By dipping the glass plate into a mass of hot-liquid binder to a depth of about
15 mm, a thin binder film of approximately 1 mm thickness was created on the glass
plate after allowing the excess binder to drain off.

As shown in Fig. 5-7, the actual test protocol involves an automatically
controlled cycle (s) of immersion and withdrawal (receding) processes of the
binder-coated glass plates into a liquid solvent to a depth of about 5 mm at an
approximate uncontrolled ambient temperature of 20+2 °C. The temperature is not
tightly controlled in this test because previous research has indicated that the measurable
contact angle, and consequently the surface free energy, are not very temperature
sensitive (Si 2001, Cheng 2002). The total test time for both the immersion and
withdrawal processes is approximately 15 min.

Prior to testing, the binder-coated glass plate must be vacuumed for about 12 hr
in a diseccator to de-air the binder. Three test binder samples are required per test per
three liquid solvents, and thus a total of nine samples were used per aging condition.

Distilled water, formamide, and glycerol were the three selected liquid solvents
used in this study because of their relatively large surface energies, immiscibility with
binder, and wide range of surface energy components. Table 5-3 lists the surface energy
components of these three liquid solvents (distilled water, formamide, and glycerol) that

were measured at 20 °C (S1 2001, Cheng 2002).
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Table 5-3. Surface Energy Components of Water, Formamide, and Glycerol

Solvent Surface Free Energy Components (ergs/cm?)

[ - Ny 1) r"°
Distilled water 72.60 21.60 25.50 25.50 51.00
Formamide 58.00 39.00 2.28 39.60 19.00
Glycerol 64.00 34.00 3.60 57.40 30.00

During the test, the loading force for the immersion and receding processes was
provided by an automatically controlled dynamic contact analyzer (DCA) balance shown
in Fig. 5-11. Data (dynamic contact angle) were measured and captured electronically
via the WinDCA software. Fig. 5-12 is an example of the measured dynamic advancing

and receding contact angles at 2012 °C.

Fig. 5-11. The DCA Force Balance and Computer Setup - Wilhelmy Plate Test



90

DHMAMEL - Murrsal Bnafpses - FroBal 05 001 5288 200
Afeaacing 101453, Bl 40 0T
200 e H
Necrding m.slln,s.l.ur,n.-iﬂs:n}.___"_hg
= r | .
| Receding angle=59.75°
™y | 5 (Dewetting or fracturing-process)
] H
N | I - -
3 { i e
: &)1 [ i-\._‘
- i ; e
: : -
:E - - I'"
£ , et 4
i Advancing angle = 61.67° " '
(Wetting or healing process) e "'-1"
i i T 3 7 3 B ;
Fresigad iw

Fig. 5-12. Example of the DCA Software Display (Advancing and Receding)

For clarity, the vertical axis title in Fig. 5-12 is “mass” in mg with a scale of
-100 to 200 mg, and the horizontal axis title is “position” in mm with a scale of

0 to 7 mm.

Binder Surface Energy Calculations

Eq. (5-5) is the force equilibrium equation resulting from the immersion
(advancing) or the withdrawal (receding) processes during the WP test. Based on the
Young-Dupre theory and the assumption that binder equilibrium film pressure is zero,

Eq. (5-5) reduces to Eq. (5-6) (Cheng 2002):

AF =PI’ CosO-Vp,g+Vp,,& (5-5)

I, (1+Cos6,)=2T," T/ +2I,T; +2T,'T; (5-6)
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where:

F = Applied force (kN)

P, = Perimeter of the binder-coated glass plate (m)

0 = Dynamic contact angle between binder and the liquid solvent, degrees (°)
V = Volume of immersed section of glass plate (m?)

P = Density (subscript “L” for liquid solvent and “Air” for air) (g/cm)

g = Acceleration due to gravity (m/s’)

r = Surface free energy (ergs/cm?)

The dynamic contact angle 0 (°) is the measurable parameter, either advancing
(wetting) or receding (dewetting). T,*”, T';",and T are the known surface free
energy components of the liquid solvent. T; ©”, T';", and T'; are the three unknown
components of the binder surface free energy from Lifshtz-van der Waals forces, Lewis
base, and Lewis acid, respectively, that need to be determined.

Mathematically, three liquid solvents of known surface free energies must be
used to solve Eq. (5-6) for the three unknown parameters I LW, r,,and T ;.
Algebraically, Eq. (5-6) can easily be transformed into a familiar matrix form of simple

linear simultaneous equations expressed by Eq. (5-7) (Cheng 2002):

Y
Ay Ay Ays | X, |=| T, (5-7)
Y,

N T T
P A P (5-8)
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X = FiLWa x, =4I, x; = r’ (5-9)
Y,(x) =1+ Cosé, (5-10)
where:
ki = Known surface energy components of the three liquid solvents
(distilled water, formamide, and glycerol) (ergs/cm?) (see Table 5-2)
Xi = The unknown surface energy components (I'; “”, T';", and T';) of the
binder that need to be determined (ergs/cm?)
Yitx) = Known function of the measured contact angles of the binder in the three

11C1UId SOlVthS (HWater’ HFormamidea and HGlycerol)

The solution of Eq. (5-10) provides the surface free energy components

I L W, r;,and T i) of the binder required for the CMSE fatigue analysis.

Surface Energy Measurements for the Aggregate -The Universal Sorption Device
In this study, the universal sorption device (USD) was used for the surface
energy measurements of aggregates. The USD method utilizes a vacuum gravimetric
static sorption technique that identifies gas adsorption characteristics of selected solvents
with known surface free energy to indirectly determine the surface energies of the
aggregate. Sorption methods are particularly suitable for aggregate surface energy
measurements because of their ability to accommodate the peculiarity of sample size,
irregular shape, mineralogy, and surface texture associated with the aggregates

(Cheng 2002).
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Test Protocol and Data Acquisition

The USD setup is comprised of a Rubotherm magnetic suspension balance
system, a computer system (with Messpro software), a temperature control unit, a
high-quality vacuum unit, a vacuum regulator, pressure transducers, a solvent container,
and a vacuum dissector. A schematic of the main components of the USD setup is

illustrated in Fig. 5-13.

Balance,
Magnetic reading, tare, ff/-
Pressure  suspensiol calibration, zero
control and balance point and ) —
measurement ” measuring point

(0]
/

|Temperatu re control

(|
Solvent -
vapor had %
supply 1
‘ [4--F - Sample chamber %

Vacuum Vacuum regulator

Fig. 5-13. The USD Setup (Cheng 2002)

A Mettler balance is securely established on a platform with the hang-down
Rubotherm magnetic suspension balance and sample chamber beneath it. This magnetic
suspension balance has the ability to measure a sample mass of up to 200 g to an
accuracy of 10” g, which is sufficient for precise measurement of mass increase due to
gas adsorbed onto the aggregate surface. The whole USD system is fully automated
with about 8 to 10 predetermined pressure set points that automatically trigger when the

captured balance readings reach equilibrium.
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With this USD sorption method, an aggregate fraction between the 4.75 mm and
2.36 mm sieve sizes is suspended in the sample chamber in a special container.
Essentially, the size of aggregate tested is that which passes the 4.75 mm sieve but is
retained on the 2.36 mm sieve. Theoretically, the surface free energy of aggregate is not
significantly affected by the size of the aggregate because size is accounted for during
the SE calculation process. However, this aggregate fraction size (4.75 mm < aggregate
size < 2.36 mm) used in the USD test is dictated by the limitation of the sample chamber
size and the desired aggregate surface area for sufficient gas adsorption that is
representative of all aggregate fractional sizes.

During the USD test process, once the chamber is vacuumed, a solvent vapor is
injected into the aggregate system. A highly sensitive magnetic suspension balance is
used to measure the amount of solvent adsorbed on the surface of the aggregate. The
vapor pressure at the aggregate surface is measured at the same time. The surface
energy of the aggregate is calculated after measuring the adsorption of three different
solvents with known specific surface free energy components. In this study, three
solvents; distilled water, n-Hexane, and Methyl Propyl Ketone 74 (MPK); with surface
free energy components listed in Table 5-4 at 25 °C were used (Cheng 2002).

Table 5-4. Surface Energy Components of Water, n-Hexane, and MPK at 25 °C

Solvent Surface Free Energy Components (ergs/cm?)

Iy Y Iy’ i r"®
Distilled water 72.60 21.60 25.50 25.50 51.00
n-hexane 18.40 18.40 0.00 19.60 0.00
MPK 24.70 24.70 0.00 0.00 0.00
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Like binder SE measurements, aggregate SE measurements are also insensitive to
temperature, and so the USD test was conducted at an uncontrolled ambient temperature
of approximately 25+2 °C. The total test time for a complete test set with three solvents
is about 60 to 70 hr. For each solvent, a 50 g sample of aggregates was tested for the
zero months aging condition only. Note that aggregates are by nature insensitive to aging,
and thus aging was not considered for the aggregate SE measurements. Prior to testing,
the aggregate sample was thoroughly cleaned with distilled water and oven dried (at
about 120 °C for at least 8 hr) to remove any dusty particles and moisture that might
negatively impact the results.

Data (vapor pressure, adsorbed gas mass, and test time) were measured and
captured electronically via the Messpro software. Fig. 5-14 is an example of a typical
output obtained from the USD adsorption test for n-hexane adsorption on limestone

aggregate at 25 °C.

0.25

02 —e— adsorption without bouyancy correction

—&— "adsorption with bouyancy correction” f
0.15 s
0.1

0.05 1
o - \ -,

0 50 100 150 200 250 300 350
Time, (min)

Mass adsorbed, (mg/g)

Fig. 5-14. Adsorption of n-Hexane onto Limestone under USD Testing (Cheng 2002)
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Aggregate SE Calculations

Once the adsorbed solvent mass and vapor pressure on the aggregate surface
have been measured and the adsorption data corrected for solvent vapor buoyancy using
the generalized Pitzer correlation model, the specific surface area of the aggregate was
then calculated using the Brunauer, Emmett, and Teller (BET) model shown by
Eq. (5-11) (Si 2001, Cheng 2002):

P__fjehi 2, ] (5-11)
where:
P = Vapor pressure (MPa)
Py = Saturated vapor pressure of the solute (MPa)
n = Specific amount adsorbed on the surface of the absorbent (mg)
m = Monolayer capacity of the adsorbed solute on the absorbent (mg)
c = Parameter theoretically related to the net molar enthalpy of adsorption

For the type of isotherms associated with the pressure conditions in this USD test,

n, can be obtained from the slope and the intercept of the straight line that fits the plot

of P/n(P-Po) versus P/Po best. The specific surface area (4) of the aggregate can then
be calculated through the following Equation:

A= (ﬂJa (5-12)
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And for a hexagonal close-packing model;

where:

AN

X & 8

2/3
M
=1.091| —
¢ (Nup] (5-13)

Specific surface area

Projected area of a single molecule (m?)

Avogadros’ number (6.02 x 10%)

Molecular weight (g)

Density of the adsorbed molecule in liquid at the adsorption conditions

(g/cm3 )

The result from the BET in Eq. (5-11) is used to calculate the spreading pressure

at saturation vapor pressure (7,) for each solvent using Gibbs free energy in Eq. (5-14)

(Cheng 2002):

where:

Tte

(5-14)

Spreading pressure of the solute at saturation vapor pressure of the
solvent (ergs/cm?)
Universal gas constant (83.14 cm’ bar/mol.K)

Absolute temperature (Kelvin, K) (K = 273 + )
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The work of adhesion of a liquid on a solid () can be expressed in terms of the

surface energy of the liquid (T,) and the equilibrium spreading pressure of adsorbed

vapor on the solid surface () as shown in Egs. (5-15) and (5-16):

W,=r, +2I (5-15)
7, +20 = 2T T 42T +2T T (5-16)
where:
Subscripts = Solid (aggregate)
Subscript/ = Liquid (solvent)

From Egs. (5-15) and (5-16), the surface energy components and the total surface
energy of the aggregate can be determined by employing Eq. (5-17) through Eq. (5-20):

21, )
FSLW — (ﬂ-e + ! (5_17)
4T

Eq. (5-17) is used to calculate the I'*" of the surface for a non-polar solvent on
the surface of the solid (aggregate). For a known mono-polar basic liquid vapor
(subscriptm ) and a known bipolar liquid vapor (subscriptb ), the T',” andT’, values were

calculated using Egs. (5-18) and (5-19) as follows:

+2I, —Jr”ﬁﬂWT
F+ — (7[6 Im N Im (5-18)

s 4F_

Im
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- _ (ﬂ-e + 20, _W—2 FSJTIZ)Z (5-19)

’ AT,
Finally, the total surface energy of the aggregate (I’ ) is calculated as expressed

by Eq. (5-20):
[L=T"+2JT'T" (5-20)

Appendix D provides a summary of the current USD test protocol and SE
analysis procedure as utilized in this study. Note that the current USD test protocol is
still under development, in particular to improve its test time efficiency as well as a
general review of the SE test protocol and data analysis procedure (Little et al. 2003).
Presently, research is ongoing at TTI to explore the use of a new device called the
Microcalorimeter to measure the aggregate SE. This device is hypothesized to be more

time-efficient, less complex, and more accurate than the USD.

FAILURE CRITERIA

For the CMSE approach, fatigue failure is defined as crack initiation and
propagation through the HMAC layer thickness. In this study, a maximum microcrack
length of 7.5 mm was selected as the failure threshold value for crack initiation and
propagation. This 7.5 mm threshold value was selected based on the work of Lytton et al.
(1993) from extensive fatigue testing that indicated that crack propagation in the HMAC
layer begins when microcracks grow and coalesce to form a small microcrack

approximately 7.5 mm long.
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CMSE ANALYSIS PROCEDURE

Eq. (5-21), which relates field fatigue life (Vy) to the number of load cycles to
crack initiation (&V;) and crack propagation (N,) as a function of shift factors (SF;), is the
fundamental principle of the CMSE approach for fatigue modeling of HMAC mixtures
(Lytton et al. 1993):

N, =SE(N,+N,) (5-21)
where:
Ny = Fatigue life or number of load cycles to fatigue failure
SF; = Product of the shift factors that include HMAC anisotropy (SF%,),
healing (SF}), and aging (SF )
N; = Number of load cycles to crack initiation
N, = Number of load cycles to crack propagation

Each of the terms in Eq. (5-21) is discussed in the subsequent subsections. In
Eq. (5-21), the sum (N; + N,) constitutes the laboratory fatigue life, and the product of
the shift factors (SF;) and the sum (V; + N,) constitute the field fatigue life.

Shift Factor Due to Anisotropic Effect, SF,

Anisotropy arises due to the fact that HMAC is not isotropic as often assumed.
The HMAC mixture stiffness (modulus) in the lateral (horizontal) direction is not equal
to that in the vertical direction due to the differences in the particle orientation during
compaction/construction. During construction, there is always a high compactive effort
in the vertical direction relative to other directions. So the HMAC behavior or response
to loading and/or the environment is different in different directions. Consequently, the
HMAC anisotropy must be considered in fatigue analysis. However, most laboratory

test protocols measure only the vertical stiffness and assume isotropic behavior.



101

In the CMSE analysis, SF, takes care of the anisotropic behavior of the HMAC
mixture. Eq. (5-22) shows the relationship between the vertical (E.) and horizontal (Ey)

moduli used in this study. E, and E, are measurable parameters from the AN test.

E 1.75
SF, =| —= 5-22
(2 oo
where:
SF, = Shift factor due to HMAC anisotropy, ranging between 1 and 5
E, = Elastic modulus in the vertical direction (MPa)
E, = Elastic modulus in the lateral or horizontal direction (MPa)

Generally, because of the vertical orientation of the compactive effort during
field construction or laboratory compaction, E. is always greater than E,, on the order of
magnitude of about 1.5 times, at a temperature of around 20 °C (Khanal and Mamlouk
1995). For simplicity purposes, HMAC was assumed to be laterally isotropic, and

therefore E, was considered equivalent to £, in magnitude.

Shift Factor Due to Healing Effect, SFy

Due to traffic loading rest periods and temperature variations, the asphalt binder
has a tendency to heal (closure of fracture surfaces), which often results in improvement
in the overall HMAC mixture fatigue performance. The CMSE approach takes this into
account and relates healing to traffic rest periods and temperature as expressed by Eq.

(5-23) (Lytton et al. 1993, Cheng 2002):

Arsp

At 86
SF, :1+g5[ : j (5-23)
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where:

SF, = Shift factor due to healing, ranging between 1 and 10
At, = Rest period between major traffic loads (s)

At = Loading time (s)

arsp = Temperature shift factor for field conditions (~1.0)
Cy = Square rest period factor (~1.0 )

a, gs, g6= Fatigue field calibration constants

ho. by,

hg=  Healing indices

(5-24)

(5-25)

(5-26)

(5-27)

(5-28)

(5-29)
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Pp, = Pavement design life in years

ESALs = Equivalent single axle loads over a given pavement design period

Cis = Healing constants

E. = Elastic relaxation modulus from compression RM master-curve (MPa)
me = Exponent from compression RM master-curve

4G, = Surface energy due to healing or dewetting (ergs/cm®)

In Eq. (5-23), 4t, represents the field long-term rest period and depends on the
pavement design life and traffic expressed in terms of ESALs. The numerical value of
31.536 x 10° in Eq. (5-24) represents the total time in seconds for a 365-day calendar
year. The parameter arsr is a temperature shift factor used to correct for temperature
differences between laboratory and field conditions. For simplicity, an azsr value of 1.0
was used, but this value can vary depending on the laboratory and field temperature
conditions under consideration. Cy, represents the shape of the input strain wave rest
period during the RDT test. As discussed previously, the periodic time interval between
the input strain waveforms for the RDT test in this study simulated a square-shaped form,
with a total duration of 0.9 s. This 0.9 s periodic time interval was considered a
square- shaped rest period, so a C;, value of 1.0 was used in the analysis (Lytton 2001).
As stated previously, this rest period allowed for HMAC relaxation and healing, and

prevented the buildup of undesirable residual stresses during RDT testing.

The parameters a, g5, g5 , ho h and hp are fatigue field calibration

1o s
constants/coefficients and healing indices. These parameters quantify the HMAC
mixture healing properties as a function of climatic location of a specific pavement
structure, AGjy, due to healing and HMAC mixture elastic properties (E. and m,.) obtained
from compression RM tests. These calibration constants and healing indices also
represent the HMAC mixture short-term rest periods and binder healing rates, both
short-term and long-term, respectively (Lytton et al. 1993). In particular, /4 is a healing

index ranging between 0 and 1.0 that represents the maximum degree of healing

achievable by the asphalt binder (Cheng 2002).
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The fatigue calibration constants gs and gs are climatic dependent. In this study,
values shown in Table 5-5 were used assuming wet-no-freeze and dry-no-freeze climates.
Table 5-6 provides an additional set of g; values based on accelerated laboratory testing.
Note that the g; values in Tables 5-5 and 5-6 do not differ significantly. These values
were established by Lytton et al. (1993) in their extensive field calibration study of
fatigue cracking through Falling Weight Deflectometer (FWD) tests in the field and
accelerated laboratory tests. In their (Lytton et al. 1993) findings, these calibration

constants provided a good fit between measured and predicted fatigue cracking.

Table 5-5. Fatigue Calibration Constants Based on Backcalculation of Asphalt
Moduli from FWD Tests (Lytton et al. 1993)

Coefficient Climatic Zone
Wet-Freeze Wet-No- Dry-Freeze Dry-No-
Freeze Freeze
2o -2.090 -1.615 -2.121 -1.992
g1 1.952 1.980 1.707 1.984
2 -6.108 -6.134 -5.907 -6.138
3 0.154 0.160 0.162 1.540
24 -2.111 -2.109 -2.048 -2.111
gs 0.037 0.097 0.056 0.051
26 0.261 0.843 0.642 0.466




Table 5-6. Fatigue Calibration Constants Based on Laboratory Accelerated Tests

(Lytton et al. 1993)
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Coefficient Climatic Zone
Wet-Freeze Wet-No- Dry-Freeze Dry-No-

Freeze Freeze
20 -2.090 -1.429 -2.121 -2.024
g1 1.952 1.971 1.677 1.952
f25) -6.108 -6.174 -5.937 -6.107
23 0.154 0.190 0.192 1.530
g4 -2.111 -2.079 -2.048 -2.113
gs 0.037 0.128 0.071 0.057
g6 0.261 1.075 0.762 0.492

The SE and RM tests were discussed in previous sections of this chapter. 4Gy,

E., and m, are material (binder, aggregate, and HMAC mixture) dependent, but also vary

with the aging condition of the binder and/or HMAC mixture, which has a net impact on

SF, and Ny As discussed in subsequent chapters, this study has shown that the variation

of these parameters (A4Gy, E., and m.) with 3 and 6 months aging of the binder and

HMAC mixture at 60 °C reduced the value of SF}, considerably, particularly the resultant

Ny Analysis procedures for AGy, E., and m. are discussed subsequently.

The healing constants C; through Cs were backcalculated from regression

analysis as a function of the measured E., AG; due to healing, and the healing rates (/4;)

using a spreadsheet sum of square error (SSE) minimization technique (Lytton et al.

1993, S12001, Cheng 2002).
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Other Shift Factors

The shift factor due to aging (SF,,) is discussed in Chapters X and XI of this
dissertation. In the current CMSE analysis, other shift factors including residual stress,
stress state, dilation, and traffic wander were not considered or were simply assigned a
numerical value of 1.0 based on the assumptions discussed in this section. In fact, some
of these factors are already included in the SF, and SF}, shift factors. Nonetheless, future
CMSE studies should consider the possibility of exploring these shift factors in greater
detail.

Residual Stresses, SF,

In the field, because of incomplete elastic relaxation/recovery and short time
intervals between some traffic load applications (axles of the same vehicle), residual
stresses can remain in the pavement after the passage of each load cycle and may thus
pre-stress the HMAC layer so that the stresses that occur with the next load cycle cause
less, equivalent, or more damage. If present, these residual stresses occur either in
tension or compression depending, among other factors, on the magnitude of the load
and the pavement structure. On the same principle, residual stresses can also build-up in
laboratory test fatigue specimens, particularly if there is an insufficient rest period
between load applications or if the specimens are not properly loaded during the test.

Egs. (5-30) and (5-31) show the estimation of SF) according to Tseng and Lytton (1990):
k21
ﬂ7=(——l——J =@iPtWﬁ7) (5-30)

20

° " & E(f) (5-31)
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where:

P, = The percent of total strain remaining in the pavement as residual strain
after passage of the traffic load (%)

t = Loading duration (s) (e.g., 0.1 s)

m = Stress relaxation rate (i.e., from tensile RM master-curve)

k; = Laboratory-determined material constant as a function of m

ot) = Residual stresses (tensile or compressive) at time ¢ (MPa)

& = Total tensile strain (mm/mm)

Ery = HMAC elastic modulus at time ¢ (MPa)

Note that the expression k,; = 2/m may be valid only for HMAC subjected to
uniaxial strain-controlled loading tests. A different expression may be required for
stress-controlled loading tests.

According to Lytton et al. (1993), SF, commonly ranges between 0.33 and 3.0
depending on whether the residual stresses are tensile or compressive. In the absence of
sufficient field data to accurately predict the magnitude and/or determine whether these
residual stresses (or strains) will be tensile or compressive, and in recognition of the fact
that there was insignificant residual stress build-up in the CMSE laboratory fatigue
specimens in the RDT test (i.e., ot) = P, = 0.0), a SF, value of 1.0 was not an
unreasonable assumption in this study. In fact, Egs. (5-30) and (5-31) also show that if
there are no residual stresses (o;(¢2) =0.0) as in the case of the RDT test in this study, P,
will be 0.0, and SF, will have a numerical value of 1.0.

The RDT test in this study was conducted with a 0.9 s rest period between load
pulses, while the actual loading time was 0.1 s. The RDT output stress response
indicated that this 0.9 s rest period sufficiently allowed for HMAC relaxation and
subsequent prevention of residual stress buildup. Note also that the CMSE fatigue
analysis approach used in this study assumes that there are no residual stresses due to

construction compaction in the field or SGC compaction in the laboratory.
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Stress State, SF

In a pavement structure under traffic loading, a triaxial stress state exists. The
continuum nature of the pavement material tends to transfer the applied stress in all three
coordinate directions (X, y, and z) based on the Poisson’s ratio and the interlayer bonding
conditions. In the laboratory, the stress state can be uniaxial, biaxial, or triaxial
depending on the test protocol. A shift factor is thus required to account for this
difference in stress state between laboratory and field conditions.

In a linear elastic stress-strain analysis, Al-Qadi and Nassar (2003) found that a
shift factor based on strain energy that accounts for the differences between laboratory
and field pavement stress state can vary between 1.0 and 6.0. With sufficient laboratory
and field data, Al-Qadi and Nassar (2003) proposed that SF can be approximated by
Eq. 5-32 as follows:

Y
Z(Eigi)+ O-zzEz
WLab i=x
SFSS = W — 5 (5'32)
" S () olE.
where:
Wiab = Total work done by laboratory loading = strain energy (J/m’)
Wriela = Total work done by traffic loading in the field = strain energy (J /m3)
G E &= stress (MPa), elastic modulus (MPa), and strain (mm/mm)

Subscript i, for x, y, and z coordinate directions

~.

However, for the current CMSE analysis, the effect of differences in stress state
between laboratory and field loading conditions was assumed to be directly tied to the
anisotropic response of HMAC. For example, the response behavior of HMAC in terms
of the elastic modulus under loading is directionally dependent, which is a function of
the stress state. Therefore, the effect of stress state was considered to be indirectly

incorporated in the SF), factor.
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Resilient Dilation, SF,

Consistent with the theoretical definition of v, resilient dilation will occur only
for v values greater than 0.5. For pavement material subjected to vertical loading,
dilation occurs when the lateral deformation is greater than the vertical deformation,
often as a result of inadequate lateral confinement or support. This tendency to dilate is
generally caused by the motion of particles that tend to roll over one another
(Lytton et al. 1993).

Dilation is often very critical in unbound granular materials, and the subgrade
and base can often have a very significant impact on the overall fatigue performance of
the pavement structure in terms of stress-strain response. HMAC, on the other hand, is a
bound material and is not very sensitive to dilation. However, its stress-strain response to
traffic loading and overall performance can be greatly affected if the underlying
pavement layers have the potential to dilate.

SF; often ranges between 1.0 and 5.0 depending upon how much larger the
Poisson’s ratio (v) is greater than 0.5. Since in this study all the values of v used were

less than 0.5 (Chapter III), a minimum value of 1.0 for SF; was assumed.

Traffic Wander, SF,,

Controlled laboratory fatigue testing applies loading repetitively to the same
exact location on the specimen. However, traffic loading in the field does not constrain
itself to the same position in the wheelpath. Accordingly, SF}, is needed to account for
the traffic wander when modeling pavement response to loading.

Blab and Litzka (1995) postulated that the vehicle positions within the
wheelpaths follow a Laplace distribution function. Al-Qadi and Nassar (2003) assumed
a normal distribution around the wheelpath with a mean of zero and a standard deviation
c. Based on transverse strain measurements in the wheelpath, Al-Qadi and Nassar.

(2003) derived SF,, values ranging between 1.6 and 2.7 for a ¢ range of 0.5 to 1.0.
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Also, Al-Qadi and Nassar (2003)’s study seems to indicate that with the
assumption of normal traffic distribution in the wheelpath and a relatively small value of
o (i.e., 6 <0.5), a SF,, value of 1.0 can possibly be derived. In this study, traffic wander

was not, however, directly taken into account.

Number of Load Cycles to Crack Initiation, N;

N; is defined as the number of load cycles required to initiate and grow a
microcrack to 7.5 mm in length in the HMAC layer and was derived as explained in
Appendix C. In the CMSE analysis, N; is determined as a function of crack density,
HMAC specimen cross-sectional area, Paris” Law fracture coefficients, and the rate that
damage accumulates as indicated by the DPSE during RDT testing (Lytton et al. 1993,
Jacobs et al. 1996, Simons and Seaman 2000, Daniel and Kim 2002):

Emax(nzn) 474, n )
Ni=( y ]H ; ”(CD) (5-33)

n= (i] (5-34)
mt

1 1
D (l—m,)E [WT[(”HD“)D t
A= ]; 1 ‘ ¥y (H)dt (5-35)
o1 AGf 0
p, <[ 1t 39
E N mnz
2 (5-37)
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jo w" (£).dt = jo [Sm2 [Etht:0.5042—0.1744ln(n) (5-38)

where:

aQ
I

max

S oA oA
&=
I

npp =

A =
At
jw” (t)dt =
0

t =

Maximum microcrack length (mm) (i.e., 7.5 mm)

Paris’ Law fracture coefficients

HMAC specimen cross-sectional area (m?)

Rate of accumulation of dissipation of pseudo strain energy
Crack density (m/m?)

Exponent obtained from the tension RM master-curve
(slope of the log relaxation modulus versus log time graph)
Time-dependent creep compliance at 1.0 s (MPa™)

Elastic modulus from tension RM master-curve (MPa)
Material coefficient (~0.33)

Surface energy due to fracture or dewetting (ergs/cm?)
Maximum HMAC mixture tensile strength at break (kPa)
Dimensionless stress integral factor in crack failure zone,
ranging between 1 and 2

Dimensionless brittle-ductile factor, ranging between 0 and 1

Repeated loading time (s) (~0.01 s)

Load pulse shape factor, ranging between 0 and 1

Time (s)

The parameter ¢ defines the CMSE maximum microcrack length at the point

of crack initiation and subsequent propagation through the HMAC layer thickness. The

crack density (Cp) and rate of accumulation of dissipation of pseudo strain energy (b) are

discussed in the subsequent subsections of this chapter.
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The parameters 4 and » are Paris’ Law fracture coefficients for material fracture
properties, which quantify the HMAC mixture’s susceptibility to fracturing under
loading. According to Paris’ Law and Schapery’s WPT theory, the coefficient n can be
defined simply as the inverse of the stress (tensile) relaxation rate (m;) as expressed by
Eq. (5-34) (Paris and Erdogan 1963, Schapery 1984, Si 2001, Cheng 2002). This
assumption is valid for linear visco-elastic HMAC materials under a constant strain-
controlled RDT test (Si 2001, Cheng 2002). The Paris’ Law fracture coefficient A
(Eq. [5-33)) on the other hand is a function of many parameters including &, D,, E;, m,
ngp, AGy, oy, I, and w'(z). Based on Eq. (5-33), a small value of 4 is desirable in terms of
HMAC mixture fatigue resistance. Numerical analysis, however, indicated that this
coefficient 4 is very sensitive to npp and o; if other factors are held constant.

The parameter £ is a material coefficient relating the length of the fracture
process zone (<) to strain energy and tensile strength. While &k is a measurable
parameter, a value of 0.33 was used based on the work of Lytton et al. (1993) and the
assumption that & does not vary significantly with microcrack length in the fracture
process zone.

As expressed by Eq. (5-36), the time-dependent creep compliance, D;, was
determined as a function of E; and m, at 1.0 s. Although an exact value of D; can be
measured from uniaxial creep tests, this less costly and simple approximation produces
reasonable results that are sufficient for use in HMAC mixture characterization analysis.

The numerical integration of w"(?) (Eq. [5-38)) with respect to time () describes
the shape of the input load pulse as a function of material fracture coefficient n (Paris’
Law). This integral exhibits a linear proportional relationship with the Paris’ Law
fracture coefficient 4, as evident from Eq. (5-35), and has a subsequent inverse

relationship with V..
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For a haversine-shaped input strain waveform for the RDT test, as in this study,
the integral reduces to a simple linear logarithmic form shown in Eq. (5-38) with # as the
only variable. Note that material response to loading is not only magnitude dependent
but is also dependent on the shape of the applied load form. As discussed previously, a
haversine-shaped input load form is a close simulation of HMAC load response under a
moving wheel load (Lytton et al. 1993, Si 2001). The parameters E,, m;, AG;, and o;are
discussed subsequently.

I; is an elasticity factor due to the integration of the stresses near the microcrack
tip over a small region in the microcrack failure zone (Lytton et al. 1993, Si 2001, Cheng
2002). This factor /;, which quantifies the materials’ elasticity, ranges between 1.0 and
2.0 for perfectly linear-elastic (brittle) and rigid-plastic (ductile) materials, respectively
(Lytton 2004). Generally, a lower value (i.e., more brittle) of /; is indicative of high
susceptibility to fatigue damage. As expressed by Eq. (5-37), I; was quantified simply as
a function of npp in this study. This brittle-ductile factor npp, which ranges between 0.0
for perfectly plastic materials and 1.0 for brittle materials, is an age-related adjustment
factor that accounts for the brittleness of the HMAC mixture in terms of stress-strain
response under loading. In this study, unaged HMAC specimens were assumed to
exhibit plastic behavior and were subsequently assigned an npp value of 0.0. All the aged
HMAC specimens were assumed to exhibit a more brittle behavior lying somewhere
between perfectly plastic and brittle behavior, and were thus assigned npp values of 0.5
and 0.75 for 3 and 6 months aging conditions, respectively. Fig. 5-15 illustrates the

HMAC brittle-ductile characterization as a function of o; and &,.
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Fig. 5-15. HMAC Brittle-Ductile Characterization

Based on this 0;-& plot, the lower the npp value, the more plastic and ductile the
material is and vice versa. Note that the ngp value can be likened to the slope of the o;-¢
plot and the steeper the slope, the more brittle the material is. According to Fig. 5-15, a
perfectly plastic-ductile material will have a minimum #npp value of 0.0 and a maximum
npp value of 1.0 for a perfectly elastic-brittle material. Notice also from Eq. (5-39) that
as npp increases from 0.0 to 1.0, /; will in contrast decrease from 2.0 to 1.0, indicating an
increase in HMAC brittleness. In Fig. 5-15, the shaded area (Aspueq) 1S given by
Eq. (5-39) below:

o&| 2 | o'D| 2

A

_ t
shaded —
2

not1| 2 |my, 41 (5-39)

The area represented by Eq. (5-39) can be likened to a simplified representation
of the actual physical energy that will be expanded to cause fracture failure or break

under tensile loading. When the product o; x & is normalized to 1.0, Agadeq 1S sSimply 7.
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Eq. (5-39) further indicates that as HMAC approaches a brittle state
(i.e., ngp approaches 1.0), Asqq.a Will decrease to almost half the magnitude when npp is
zero, indicating a decrease in the amount of actual physical energy expended to cause
fracture failure. This response is theoretically expected as brittle materials are more
susceptible to fracture damage and subsequently require less energy to induce and cause

fracture failure.

Number of Load Cycles to Crack Propagation, N,

N, refers to the number of load cycles required to propagate a 7.5 mm microcrack
through the HMAC layer thickness and its derivation is included in Appendix C. As
expressed by Eq. (5-40), N, is determined as a function of the maximum microcrack
length, HMAC layer thickness, shear modulus, Paris’ Law fracture coefficients, and a

design shear strain (Lytton et al. 1993, Si 2001, Cheng 2002):

) oy
%= |l isori—m) {I{Cﬂ )H o

S = u (5-41)
(1-2v)
GXZ
G = Et (E—ZJ (5-42)
where:
An = Paris’ Law fracture coefficients
rqg = Regression constants for stress intensity factor (~4.40, 1.18)
S = Shear coefficient

G = Shear modulus (MPa)



116

C. = Maximum microcrack length (mm) (i.e., 7.5 mm)

d = HMAC layer thickness (mm)

4 = Maximum design shear strain at the edge of a loaded tire (mm/mm)
= Poisson’s ratio

G. = Resilient shear modulus (MPa)

E, = Elastic modulus from tensile RM master-curve (MPa)

If the elastic modular ratio G,./E, in Eq. (5-42) is unknown, Eq. (5-43) below can
be used to approximate G (Lytton 2001). Eq. (5-43) is a simple shear-elastic modulus

relationship based on elastic theory:

G=—-" (5-43)

The parameters 4, n, and C,,,, were discussed in the previous subsections, and y
is discussed in the subsequent text. Like »;, an inverse relationship exists between 4 and
N,, indicating that a small value of 4 is desired in terms of HMAC mixture fatigue
resistance. The failure load-response parameter y also exhibits an inverse relationship
with N,,.

Unlike for W, d is introduced in N, because during the microcrack propagation
process, for fatigue failure to occur, a microcrack length of a defined threshold value
must actually propagate through the HMAC layer thickness. By contrast, the prediction
relationship for A; is a fatigue model for microcrack initiation and is independent of the
parameter d.

Parameters » and ¢ are regression constants that are a function of the stress
intensity distribution in the vicinity of the microcrack tip. In this study, values of 4.40
and 1.18 were used, respectively, based on the work of Lytton et al’s through FEM
analysis (1993). S is a shear coefficient, which as defined by Eq. (5-41) is a function of

the Poisson’s ratio.
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Surface Energies, 4Gy *?, 4Gy"", and AG;

To cause load-induced damage in the form of fatigue cracking, energy must be
expended, and equally energy must be expended to close the fracture surfaces. Surface
energy data thus constitute input parameters for the healing, crack initiation, and
propagation calculations in the CMSE fatigue analysis (Eqs. [5-44] through [5-50]). The
respective equations for the SE data analysis required for the CMSE approach based on

an adhesive mode of fracturing under dry conditions are described in this subsection.

AG," =-I;" +T" +T" (5-44)
AG” =-T7 +T% +T " (5-45)
AG, = AGY +AG"*

AG, = AG/L»W +AG;‘B

S I s s g TS oS s (5-46)

And,
rr = (T o | (5-47)
r =) (5-48)
=27 -5 =) (5-49)
e = 2T (5-50
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where:

r = Surface free energy component of the binder or aggregate (ergs/cm?)

ij = Subscript “1” for binder (healing or fracture) and “j” for aggregate

hf = Subscript “h” for healing and “f” for fracture

Lw = Superscript “LW” for Lifshitz-van der Waals (LW) component

AB = Superscript “AB” for acid-base (AB) component

+ = Superscript “+” for Lewis acid component of surface interaction

— = Superscript “—” for Lewis base component of surface interaction

I = Interfacial surface energy between binder and aggregate due to “LW” or
“AB” (superscripts) components (ergs/cm®)

AG = Total surface free energy due to “h” or “f” (subscripts) for “LW” and/or

“AB” (superscripts) components (ergs/cm®)

Egs. (5-44) through (5-48) are the non-polar surface bond energy for healing, the
polar surface bond energy for healing, the interactive term for the non-polar LW surface
bond energy component, and the polar surface energy component for binder,
respectively. These equations quantify the bond strength within the binder mastic and the
binder-aggregate adhesion.

Eq. (5-46) is the total bond strength energy for fracture, which is made up of the
LW nonpolar energy components and the AB polar energy components. Eq. (5-46) is
also commonly known as the total bond strength or Gibbs free energy of fracture for the
binder (Lytton 2004).

According to Lytton et al. (1993), greater resistance to fracture, is provided by
larger bond strength (cohesive or adhesive), and a greater healing capacity is promoted
by the smallest LI bond strength and the largest AB bond strength. On this basis, the
lower the value of 4G, the greater the potential to self-heal and the higher the value of
AGy, the greater the resistance to fracture for HMAC.
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In the simplest fundamental theory of energy, if a relatively higher amount of
energy is required or must be expended to cause fracture damage (i.e., initiate and
propagate a microcrack through the HMAC layer), then the HMAC mixture is
substantially resistant to fracture damage. If, on the other hand, a higher amount of
energy is required or must be expended to repair the fracture damage (i.e., healing
defined as the closure of fracture surfaces) that occurred during the fracturing process,

then the HMAC mixture has relatively less potential to self-heal.

Relaxation Modulus, E;, Exponent, m;, and Temperature Correction Factor, ar

The elastic relaxation modulus (£(?)) and exponent (m;) were determined from
RM master-curves of log modulus (£(?)) versus log time (¢) obtained from tension and
compression RM test data at a reference temperature of 20 °C (Si 2001). From the RM
master-curve, a simple power function of relaxation modulus and loading time was

generated as follows:

E()=E&™ (5-51)
t
E=— (5-52)
ar
where:
Ery = Time-dependent elastic relaxation modulus (MPa)
E; = E(t) at £ =1.0 s (MPa) tension (E,) or compression (E,)
St = Reduced and actual RM test time, respectively (s)
m; = Exponential stress relaxation rate (0 <m; < 1)

“t”

i = Subscript “t” for tension and “c” for compression
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Eq. (5-51) is a simple power law relationship that is valid for most HMAC
materials at intermediate and/or long times of loading (Si 2001). The exponent m; refers
to the rate of stress relaxation. The temperature correction factors (ar) were obtained
through utilization of the SSE regression optimization technique using the spreadsheet
“Solver” function and the Arrhenius time-temperature superposition model shown in
Eq. (5-53) (Francken and Clauwert 1988). The reference temperature was 20 °C, and
thus the ar for 20 °C was 1.0.

Log(a,)= 4, H% —Tiﬂ (5-53)

ref

where:

A, = Material regression constant obtained from spreadsheet regression SSE
optimization analysis

T = Test temperature in degrees Kelvin (K = 273 + )

Ty = Reference temperature of interest (°K) (K..r= 273 + 20 =293)

Dissipated Pseudo Strain Energy (DPSE) and Constant, b

Using Schapery’s (1984) WPT and the extended visco-elastic correspondence
principle, DPSE was utilized as a representative measure of HMAC damage under RDT
testing. This DPSE was used to describe cumulative fracture damage within the HMAC
specimens instead of the physically measured dissipated energy because the DPSE
approach allows for a more accurate and appropriate characterization of the fracture
damage process by eliminating the time-dependent linear visco-elastic effects and non-
linearity of the material (Cleveland et al. 2003). The slope of a plot of DPSE versus load
cycles (N) from the RDT test is defined as the rate of fracture damage accumulation or

energy dissipation denoted as the constant b.
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This constant b is basically a representation of the rate at which the specimen is
accumulating fracture damage during RDT testing. Both DPSE and the constant b were
determined from a combination of the RM test data (£, and m;) in tension and the RDT
test data. The steps and associated numerical models used for DPSE analysis in this
study are discussed in the subsequent text.

For any selected load cycle, the time-dependent linear visco-elastic stress
(under damaged or undamaged conditions) was calculated using the Boltzmann
superposition constitutive equation as a function of the RM and the RDT test data
(Lytton 2001, Si 2001, Daniel and Kim 2002, Wen and Kim 2002). A temperature
correction factor (ar) was also introduced into the constitutive equation to normalize the
calculated stress to a given reference temperature. In this study, ar was obtained from
RM analysis, and the selected reference temperature was 20 °C. This temperature is a
realistic simulation of field service temperatures at which HMAC is susceptible to
fracture damage under traffic loading. The RDT test was conducted at 30 °C, and
therefore the calculated stress had to be normalized to 20 °C.

Secondly, pseudo strain for damaged conditions was calculated as a function of
the normalized calculated linear visco-elastic stress for damaged conditions, the
reference modulus (£R), and a non-linearity correction factor, y(?) (Si 2001). In the
analysis, calculated PS rather than physically measured strain is used to characterize
damage and healing to separate and eliminate the time-dependent visco-elastic behavior
of the HMAC material from real damage during the strain-controlled RDT test (Si 2001).

Er is the modulus of the undamaged material determined from the first load cycle
of the RDT test. Note that no significant fracture damage was considered to occur
during the first RDT load cycle. This Ex can be an arbitrary constant introduced
primarily to remove the stress dimension in the pseudo strain analysis. However, the
selected Eg in this study also allows the linear visco-elastic material behavior to be
treated as elastic during the damage development process due to the elastic visco-elastic

correspondence principle.
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The w(¢) is introduced primarily to account for any non-linearity of the
undamaged visco-elastic material. This y(?) is a function of the measured and calculated
stress at the first RDT load cycle in an assumed undamaged condition. The principal
concept of y(?) is to collapse the hysteresis loop of the first RDT load cycle into a
straight line as illustrated in Fig. 5-1 so that the DPSE of the first RDT load cycle is
equal or close to zero. This () concept is based on the theoretical assumption that no
fracture damage occurs during the first RDT load cycle and thus the DPSE should
essentially be zero if the assumption of linear elastic behavior is upheld.

Finally, DPSE was then calculated as a product of the measured stress and the
calculated PS for damaged conditions using the double meridian distance method
(DMD) for traverse area determination (Kissam 1956, Si 2001). This DPSE is simply the
area in the pseudo hysteresis loop of the measured tensile stress versus the calculated PS
plotted as shown in Fig. 4-1. The value of DPSE is supposed to be close or equal to zero

for the first RDT load cycle. The respective equations are:

DPSE =Y (et () x o2 (1) (5-54)
dyn _ O'j (?) _
ex(t) = l//(t){—ER } (5-55)
(1) = Laio) (5-56)
U/:(l) (?)
ol(t)# o, )0l ) #0,@) (5-57)

‘7:(1) (1) = O-j(l) (1) # GCd(z..Jv) (), ‘7:1(1) ()= 02(1) (1) # O',i(z“.zv) (?) (5-58)

