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ABSTRACT
Response functions of linear viscoelastic (LVE) materials, dynamic modulus ([E*|) and creep
compliance (D(t)) are considered primary mechanical property inputs for flexible pavement in the
Mechanistic-Empirical Pavement Design Guide (MEPDG). The contents of this thesis investigate
the impact of these mechanical properties on the performance of hot-mix asphalt (HMA) pavement
layers in Georgia. Tree-based methods are used to predict |E*| using an existing library of HMA
mixtures of differing material properties. Subsequently, an LVE interconversion model is
developed to determine D(t) estimates using |[E*| in favor of laboratory testing. A performance
analysis is provided to determine the most sensitive distress outputs associated with these inputs
and to identify the potential necessity for a Level 1 creep compliance library. Ultimately, it is found
that such design considerations will significantly impact the international roughness index (IRI),

rutting, and thermal cracking performance on long-term flexible pavement sections.

INDEX WORDS: flexible pavement, creep compliance, dynamic modulus, tree analysis, LVE

interconversion, sensitivity analysis, Pavement ME Design, MEPDG



USE OF CREEP COMPLIANCE AND DYNAMIC MODULUS INTERCONVERSION TO
EVALUATE FLEXIBLE PAVEMENT PERFORMANCE IN MECHANISTIC EMPIRICAL
PAVEMENT DESIGN GUIDE

by

HAMPTON WORTHEY

B.S., The University of Georgia, 2019

A Thesis Submitted to the Graduate Faculty of The University of Georgia in Partial Fulfillment

of the Requirements for the Degree

MASTER OF SCIENCE

ATHENS, GEORGIA

2020



© 2020
HAMPTON WORTHEY

All Rights Reserved



USE OF CREEP COMPLIANCE AND DYNAMIC MODULUS INTERCONVERSION TO

EVALUATE FLEXIBLE PAVEMENT PERFORMANCE IN MECHANISTIC EMPIRICAL

PAVEMENT DESIGN GUIDE

by

HAMPTON WORTHEY

Major Professor:

Committee:

Electronic Version Approved:

Ron Walcott

Interim Dean of the Graduate School
The University of Georgia

May 2020

S. Sonny Kim
Stephan A. Durham
Mi Geum Chorzepa

Jidong J. Yang



ACKNOWLEDGEMENT
The author would like to acknowledge those who provided valuable contributions towards the
completion of this report. Dr. S. Sonny Kim acted as mentor to the author, providing guidance
and expertise throughout the duration of the project. Committee members, Dr. Stephan A. Durham,
Dr. Jidong Yang, and Dr. Mi Geum Chorzepa deserve special recognition for their valuable input
and support towards the project’s completion. Dr. Hyung Suk Lee for assisting the author and
associates with viscoelastic theory application. Special thanks are owed to Ryan Romeo, without
whose efforts the interconversion would not have been possible. Finally, on behalf of the
University of Georgia, the author would like to acknowledge the Georgia Department of

Transportation for the opportunity and financial support required to develop this thesis.

v



TABLE OF CONTENTS

ACKNOWLEDGEMENT ..ottt ettt sttt sbe b sneeneenea v
LIST OF TABLES ...ttt sttt et s ettt b et eneeneeneenes viii
LIST OF FIGURES ..ottt ettt ettt ettt ese e nbe b X
1.0 INTRODUCTION ..ottt ettt ettt ettt s se st et et e e sesseene e 1
2.0  BACKGROUND IN GEORGIA ......cotiiieieieeeeeeeeee ettt 4
3.0  LITERATURE REVIEW ....ociiiiiiiiiiieieieieeceeteeeee ettt 14
3.1 History of AASHTO Pavement Design Guides...........ccueevieeiienieeiiienieeieeiie e 14
3.2 Mechanistic-Empirical Pavement Design Guide..........cccecueveeverienieniinienieenieneenne, 17
33 Dynamic Modulus Prediction Methods ...........coooieviiiiieniieiieieceee e 32
3.4  Viscoelastic Theory and Interconversion Methods.............ccoeeieviiiiiiiniiieniiniiiie, 38
4.0 PROBLEM STATEMENT ......ooiiiiiiiieeeese ettt 45
5.0 TREE ANALYSIS OF ASPHALT PROPERTIES ON DYNAMIC MODULUS .......... 47
5.1 Preparation of Model Database............coouieciiiriieiiienie e 47
5.2 Model DeVEIOPMENL........cccuiiiiiiiieiieeieeeie ettt ettt et e e et eaae e 50
53 Results and DISCUSSION ......ocueeiiriieriiiiiiienieeieeit ettt 54
6.0 INTERCONVERSION OF DYNAMIC MODULUS TO CREEP COMPLIANCE ....... 56



6.1 ApPplication t0 PrONY SETIES ......cccvevvieriieeiieiiieeieeriie ettt eie et e steebeesnaeeseeseneens 56

6.2  Time-Temperature Superposition Shift ............ccoeoieiiiiiiiiniiiee e 57
6.3 Interconversion PrOCEAULIE ........c..eovuiiiiiiiriiienieieeceeeeeee e 59
6.4  Results and DISCUSSION ....cueeiiriiiriiiiiriieieeiestteieete ettt ettt s sbe s 68
7.0  PMED EVALUATION ....ocoiiiiiiiitieieieteeste sttt sttt sttt saesae i 70
7.1 INEEOAUCTION ...ttt ettt s be et s 70
7.2 PMED Pavement DESI@N .........ccciiiiiiiiieiiieiiesie ettt en 72
7.3 Analysis of Pavement Performance.............ccoeciieiiieriieniieniieiieeieeceeie e 83
8.0 CONCLUSIONS ...ttt ettt et et sttt eae e st et et e e b e besbeeae e 87
8.1 SUMMAry Of RESUILS .....cccueiiiieiiiieeeeee et st 87
8.2  Tree Analysis CONCIUSIONS .....ccceieiuiiiiiiiiieeiieiie ettt ettt 87
8.3 PMED Analysis CONCIUSIONS.......ccceeiuiiiiieiieniieetiesiieeieenite et esieeereesieeeaeeseesereenee e 88
9.0  RECOMMENDATIONS ... .ottt ettt sttt sttt saenbesbesae s 89
9.1 Recommendations Based on This Study..........cccccveviiiiiiiniiiiieiccieeeeeeee e 89
9.2 Resource Integration in GDOT MEPDG........c.cccooiiiiiiiiiniieiiecieeeeeeeiee e 90
93 FULUIE WOTKS ..ot 92
REFERENCES ...ttt ettt ettt ebe st ent st e et e nbenbenbeens 94
APPENDICES ...ttt sttt ettt ettt s b s bt bt et ent e st et ebenbenaeeaeeneas 101
APPENAIX A ..ottt et ettt ettt ettt e tteeabe e taeenb e e bt e enbeeseeenteenneeenne 101
APPENAIX B ..ottt ettt e b e et e etaeenaeenneeenne 109

Vi



Appendix C

Appendix D

vii



Table 2.1.

Table 2.2.

Table 2.3.

Table 2.4.

Table 2.5.

Table 2.6.

Table 3.1.

Table 3.2.

Table 3.3.

Table 5.1.

Table 5.2.

Table 6.1.

Table 6.2.

Table 6.3.

Table 7.1.

Table 7.2.

Table 7.3.

Table 7.4.

Table 7.5.

LIST OF TABLES

Transfer Function Coefficients (Von Quintus et al., 2016) ........c.ccccovveevvieecieeecieeeenneen. 6
RP 12-07 HMA Mixture ID and Volumetric Characteristics (Kim, 2013) ................... 7
RP 12-07 Aggregate Sources and Physical Properties (Kim, 2013).........ccccceveriennennee. 9
RP 12-07 Subgrade Sources and Physical Properties (Kim, 2013)........ccccccvvervvennennen. 9
RP 14-12 COAC Summary (Kim et al., 2016) .......cceovierieriiiiieiicieceeeee e 11
RP 16-19 Plant Produced Mixture Properties (Kim et al., 2019) .........cccoevvenirenennne. 13
Summary of AASHTO Publications (GDOT Pavement Design Guide, 2005)........... 16
MEPDG Input HIeTarchy .........cooeviriiiiiiieieiieeieseee e 19
HMA Design Inputs by Maximum NSI,..26 Values (Schwartz et al., 2013) ............... 32
Dynamic Modulus Prediction Model Input Parameters ..........c.ccoccevvvevienenieneenennene 49
Tree-Based ALZOTItRMS.......c.ooiiiiiiiiiieiiece et 50
Asphalt Mixture Prony CoeffiCIents ..........ccceeviieiiieriieriieiie e 60
Asphalt Mixture Shift FACTOTS.......ccueeiuiiiiieiieiiiciieee et 61
Creep Compliance Interconversion Model Outputs ...........cceeevverieeiienieeciienieeeieenen. 69
PMED Sensitivity Analysis MatriX .......cccceeeierieriiiienieniieienienieeieseesceee e 71
PMED Calibration Factors for New Flexible Pavements...........cccccoceviiviniininncnnene 74
PMED Traffic INPULS ....ocviiiieiiieiiecie ettt 76
PMED Unbound Material INPULS.........ccceeeiiiriiiiiieiieeiieieeeeeee e 78
PMED AC Pavement Material INPULS ..........cceeiiiiiieiiieiiecieeiiecee e 79

viii



Table 7.6.a. Mechanical Property Inputs for Mixture A 12.5 64 M1 ....coccovviiviiiniiniieieeee 80

Table 7.6.b. Mechanical Property Inputs for Mixture A 12.5 64 M1 ....cccooviiiiiiiiiiiniieiieeiee 80
Table 7.6.c. Mechanical Property Inputs for Mixture A 12.5 64 M1 ....cccoiviiiiiiiiniiniieieee 81
Table 7.7. PMED Pavement Performance Predictions .............cceevieriieniieniienienieeicecieeiee e 82
Table 7.8. Summary Statistics and ANOVA ReSUILS .......c.ceouiiriieriiiiiieiieeieeeeee e 85

iX



LIST OF FIGURES

Figure 2.1. RP 12-07 Master Curve (Plant A JMF with PG 64-22) (Kim, 2013)........ccccceecvrenennne. 8
Figure 3.1. Typical GDOT Flexible Pavement Profile.........c..ccoceeviiiiniiiiniiiniiieneccee 20
Figure 3.2. Four-layered Neural Network Architecture employed by Ceylan et al. 2007............ 36
Figure 3.3. Support Vector Regression Architecture of Gopalakrishnan et al. (2009)................. 37
Figure 3.4. Complex Plane (Kim, 2009)........cccciiiiiiiiieiiieiieeieeieeeee ettt 41
Figure 5.1. Asphalt Binder Relationship using ASTM A-VTS ..o 48
Figure 5.2. Model Tree Using 1-37A Witczak Predictors........coceeveriinienieienieneiienceceieene 51
Figure 5.3. Method Comparison Using Witczak Predictors.........ccevvvevienieiiniencnienieccienne 52
Figure 5.4. Model Tree Using GDOT PrediCtors .........oveeruirierienieniiniceieeieseceiese e 53
Figure 5.5. Method Comparison Using GDOT Predictors ..........cooeviereereeienienenienceieeieneeenee 53
Figure 5.6. Relative Influence of Module Predictors........cooivieviineniinieiiiienieieeeesceeee e 54
Figure 5.7. Boosted Tree Comparison to Witczak Equation .............ccceviierieniiienienciieiecieeee, 55
Figure 6.1. Sample Master Curve Development (Kim, et al., 2019) ......ccccceceriineniinininienne 58
Figure 6.2.a. Relaxation Modulus and Creep Compliance Curves...........ccceeeeeveenieenieenieenveennen. 62
Figure 6.2.b. Relaxation Modulus and Creep Compliance Curves...........ccceeeeeveerieenirenieenveennen. 63
Figure 6.2.c. Relaxation Modulus and Creep Compliance Curves...........cceeverveeneenieenneenveennen. 64
Figure 6.2.d. Relaxation Modulus and Creep Compliance Curves...........ccoeeeeeveenieenveenieenveennen. 65
Figure 6.2.e. Relaxation Modulus and Creep Compliance Curves...........cceeeeeveenieenieenieenneennen. 66
Figure 6.2.f. Relaxation Modulus and Creep Compliance CUrves ...........ccoeeeeeveenveeieenieenveennen. 67



Figure 6.2.g. Relaxation Modulus and Creep Compliance CUurves..........c.cceceeveenierieneeneeneeneenn. 68

Figure 7.1. PMED Analysis Roadway Section LoCation..........cccceveriereenienienienienienceeeeieneeenne 72
Figure 7.2. PMED Analysis Pavement Profile ..........ccccoooioiiiiiniiiiiiiieeeeccceee 73
Figure 7.3.a. PMED Pavement Performance Predictions............cccevevevienenieniencnienceccienne 83
Figure 7.3.b. PMED Pavement Performance Predictions.........c..ccoevvevienieienienicniencecciene 84

xi



1.0 INTRODUCTION

Current pavement design methodology for many state Department of Transportation agencies is
conducted under the 1972 AASHTO Interim Guide for Design of Pavement Structures. While this
guide has been in use for over 20 years, the empirical data used to develop the software were
derived from procedures conducted during the 1950’s.

In an effort to improve these dated guidelines, the Mechanistic Empirical Pavement Design
Guide (MEPDG) was developed. The MEPDG aims to provide a more complete pavement design
methodology by implementing mechanistic-empirical based inputs for pavement layers, material
properties, traffic loadings, climate conditions, and more. These inputs are structured on a basis
of hierarchical levels (1, 2, and 3) that provide the engineer with flexibility over the accuracy of
their design. Among these inputs are dynamic modulus and creep compliance, the primary
mechanical properties of asphalt materials and characterizations of hot mix asphalt (HMA)
viscoelastic behavior.

Dynamic modulus is defined as the stress/strain response under dynamic loading and is
considered the principal stiffness measurement of HMA. As a result, it a highly regarded
performance metric for pavement design applications and remains a premier input in all three
design input levels of the MEPDG. Specifically, dynamic modulus is relied upon to determine
load-induced distresses such as longitudinal cracking, alligator cracking, and pavement rutting.

Conducted under AASHTO TP107, dynamic modulus determination may be a difficult and

expensive procedure to perform in the laboratory. Overtime an abundance of historic laboratory-



tested dynamic modulus has led to the generation of a variety of accurate prediction models. These
models often prove sufficient for global applications, but the wide array of asphalt material
properties limits their precision when evaluating project-specific samples. Therefore, among the
objectives of this study is the development of a tree-based regression model for dynamic modulus
prediction using an existing library of Georgia-specific asphalt mixtures. These efforts intend to
provide supplemental value to the existing materials library utilized in pavement design practices
in Georgia.

Creep compliance is the ratio of time-dependent strain to the applied constant stress. It is a
material property that illustrates low temperature cracking behavior of asphalt mixtures and is a
primary input to predict the thermal/transverse cracking of flexible pavement in Pavement ME
Design (PMED). Creep compliance is determined in the laboratory through AASHTO T322,
“Standard Method of Test for Determining the Creep Compliance and Strength of Hot Mix Asphalt
(HMA) Using the Indirect Tensile Test Device (IDT)”.

Creep compliance is used to predict HMA thermal cracking at low temperatures and
permanent deformation at high temperatures. The prediction of thermal cracks is important
because the predicted transverse cracks have an impact on the International Roughness Index (IRI)
calculation in PMED. PMED predicts transverse cracks based on a thermal event or mechanism
(i.e., shrinkage). However, using the previous global calibration values derived under the NCHRP
1-40D project, PMED never predicts any transverse cracks although Georgia exhibits transverse
cracks in flexible pavements.

Recently, new calibration coefficients were derived under the Mean Annual Air
Temperature (MAAT) dependent global calibration process. To use the MAAT-dependent

calibration coefficients in PMED, creep compliance for asphalt mixture is essential. With MAAT-



dependent calibration coefficients and creep compliance of asphalt mixtures, transverse cracking
can be predicted for use in the IRI regression equation.

Determining the creep compliance provides valuable information in regard to long-term
pavement performance and expected permanent deformations. As a result, it remains a valuable
input for flexible pavement design in the MEPDG. However, due to the complexity of laboratory
testing and expense of required equipment, it is advantageous to instead determine creep
compliance from other material properties using viscoelastic models. In this study, mathematic
processes are utilized to convert a pre-existing library of dynamic modulus (JE*|) values to creep
compliance values (D(t)) for a set of Georgia asphalt mixtures. This method permits the use of
converted creep compliance values as a Level 2 input for pavement design using MEPDG. To
determine the effectiveness of this approach, a PMED performance analysis is also conducted. The
predicted distress outputs for a design incorporating measured dynamic modulus values (Level 1)
are analyzed against designs using converted creep compliance values (Level 2) and global default
values (Level 3) using PMED.

The results of this investigation aim to provide state highway agencies with valuable
resources necessary for MEPDG implementation. Conversion to the MEPDG from the empirical
pavement design guide represents a paradigm shift in modern pavement design, opening the door

for superior pavement development across the United States.



2.0 BACKGROUND IN GEORGIA

Implementation of the MEPDG for state DOT agencies is a lengthy, multi-step process that
requires local calibration, operational processes integration, traffic and climate data collection,
material database development, and more. GDOT is among the state highway agenies conducting
such efforts to improve their current practices, conducted under the 1972 AASHTO Interim Guide
for Design of Pavement Structures. These efforts were supported by several cooperating agencies
such as Applied Research Associates (ARA) and local universities including the University of
Georgia (UGA). The following sections summarize relevant work currently developed for Georgia
MEPDG implementation, with respect to flexible pavement design.

A significant GDOT implementation milestone involved local calibration of MEPDG
analysis parameters. The standard MEPDG distress transfer functions and prediction
methodologies were calibrated using data from the Long Term Pavement Performance (LTPP)
program under the National Cooperative Highway Research Program (NCHRP). In a report
submitted by ARA, the transfer functions were validated, or in some cases, re-calibrated to more
accurately represent the performance of Georgia roadways (Von Quintus et al., 2016). The study
investigated 32 LTPP flexible pavement sections with full time series data and 15 without. To
further populate the sampling templates and include roadways that exhibited high distress levels,
an additional 19 non-LTPP sections were included in the analysis. Soil class is more important

relative to flexible pavement performance in comparison to rigid pavement performance, so a



variety of soil class types above and below the “fall line” were also included in the flexible testing
matrix (Von Quintus et al., 2016).

The results of ARA’s investigation suggest a sufficient number of test sections were
available and used to derive the calibration coefficients of the fatigue cracking, rut depth, and
transverse cracking transfer functions, as well as the IRI regression equation for new flexible
pavements and HMA overlays (Von Quintus et al., 2016). Table 2.1 summarizes the modified
calibration factors proposed to GDOT based on their results. After calibration, ARA provided
additional resources, such as The GDOT Pavement ME Design User Input Guide to promote
further implementation efforts (ARA, 2015). This document guides new pavement engineers
through the PMED input selection process for both flexible and rigid new and overlay designs.

The expansion of GDOT’s pavement materials library is another primary contribution to
MEPDG implementation in Georgia. Under GDOT Research Project (RP) 12-07 conducted by
Kim (2013), the dynamic moduli of Georgia asphalt mixtures were measured using Job Mix
Formulas from 2 GDOT Highway Contractor plants with 3 different nominal maximum aggregate
sizes (NMAS) (25mm, 19mm, and 12.5mm) and 2 types of binder grades (PG 64-22 and PG 67-
22). This combination yielded 36 asphalt mixtures with varying air void percentages and bulk
specific gravities. A summary of the mixture properties is listed in Table 2.2.

Dynamic modulus (|E*|) testing was conducted for each mixture combination and the
master curves were developed. A typical increase in |[E*| as loading frequency increases and
decrease in |E*| as temperature increases was observed during analysis (Kim, 2013). Figure 2.1
shows an example master curve generated from this data for a Plant A mixture with PG 64-22. The

resulting dynamic modulus database was compiled for the GDOT material testing library and can



be imported into the MEPDG software in accordance with the MEPDG Software Manual (ARA,

2015).

Table 2.1. Transfer Function Coefficients (Von Quintus et al., 2016)

Asphalt Concrete Rut Depth

Transfer GDOT Value
Function Global Value
Coefficient Neat Mixtures PMA Mixtures
K1 -3.35412 245 -2.55
K2 1.5606 1.5606 1.5606
K3 0.4791 0.30 0.30
Std. Deviation 0.24*Pow(RD,0.80519)+0.001 0.20*Pow(RD,0.55)+0.001
RD = Average rut depth predicted by the Pavement ME Design software.
Unbound Layer Rut Depth
Transfer
Function Global Value GDOT Value
Coefficient
Coarse-Grained, 1.00 0.50
Bsl
Fine-Grained,
Bsl 1.00 0.30
Flexible Pavement Bottom-Up Faigue Cracking
Transfer GDOT Value
Function Global Value High RAP; Older
Coefficient Typ. HMA Mixtures g Mixes
K1 0.007566 0.00151 0.000757
K2 3.9492 3.9492 3.9492
K3 1.281 1.281 1.281
Cl1 1.00 2.20 2.20
C2 1.00 2.20 2.20
C3 6,000 6,000 6,000
. L. 10 10
Std. Deviation e (1 + Exp(7.57 — 15.5 * Log10(Dlpsttom + 0.0001) s (1 + Exp(7.5 — 6.5 * Log10(DIgo¢r0m + 0.0001)

DI Bottom = Damage index for bottom up fatigue or alligator cracking.




Table 2.2. RP 12-07 HMA Mixture ID and Volumetric Characteristics (Kim, 2013)

Mix ID %AV Gmb

12.5mm PG64 SPI 4.28 2.44

12.5mm PG64 SP2 3.81 2.45

12.5mm PG64 SP3 4.21 2.44

12.5mm PG67 SP1 4.36 2.45

12.5mm PG67 SP2 3.93 2.46

12.5mm PG67 SP3 4.09 2.46

19mm PG64 SP1 4.06 2.48

< 19mm PG64 SP2 3.72 2.49
E 19mm PG64 SP3 3.99 2.48
= 19mm PG67 SP1 4.18 2.49
19mm PG67 SP2 4.17 2.49

19mm PG67 SP3 3.60 2.50

25mm PG64 SP1 4.45 2.47

25mm PG64 SP2 4.25 2.48

25mm PG64 SP3 391 2.49

25mm PG67 SP1 4.47 2.49

25mm PG67 SP2 3.56 2.51

25mm PG67 SP3 3.93 2.50

12.5mm PG64 SP1 4.47 2.41

12.5mm PG64 SP2 4.47 2.41

12.5mm PG64 SP3 4.40 2.41

12.5mm PG67 SP1 442 241

12.5mm PG67 SP2 4.36 241

12.5mm PG67 SP3 4.36 241

19mm PG64 SP1 4.49 2.42

19mm PG64 SP2 4.29 242

P 19mm PG64 SP3 4.10 2.43
E 19mm PG67 SP1 4.06 243
- 19mm PG67 SP2 4.08 243
19mm PG67 SP3 4.11 243

25mm PG64 SP1 3.73 2.45

25mm PG64 SP2 4.34 2.44

25mm PG64 SP3 4.20 2.44

25mm PG67 SP1 3.93 2.45

25mm PG67 SP2 3.58 2.46

25mm PG67 SP3 3.59 2.46
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Figure 2.1. RP 12-07 Master Curve (Plant A JMF with PG 64-22) (Kim, 2013)

Kim (2013) also recorded the resilient modulus (Mg) for 11 sources of graded aggregate
base (GAB) material and 9 sources of subgrade soil gathered from varying counties across
Georgia. The material properties for both the GAB and subgrade samples are found in Tables 2.3
and 2.4, respectively. Repeated load triaxial test was performed on the GAB and subgrade
specimens to investigate the factors affecting Mr and correctly characterize material behavior. The
results suggest a correlation between improved stiffness properties and increased stress magnitude
for GAB, possibly attributed to the reduction in air voids and thus greater friction forces between
aggregate particles (Kim, 2013). Further, Kim (2013) showed a decrease in subgrade Mr as fine
content (passing #200 sieve) increased along with the expected decrease in Mg at high deviatoric

stress and low confining stress.



Table 2.3. RP 12-07 Aggregate Sources and Physical Properties (Kim, 2013)

QPL | Aggregate Source GAB Wopt Max. Woactual Actual Percent LA Bulk
D Group Location Character (%) Ydﬁ (%) Ydﬁ Compaction | Abrasion | Specify
(pe (pe (%) Gravity
011C II Lithonia Granite | 5, | 1339 | 43 133 99 50 2.614
Gneiss
013C I Dalton Limestone 6.6 | 1425 4.7 139 98 25 2.702
. . Mylonitic
024C I Gainesville . 6 136.6 | 6.7 134 98 39 2.605
Gneiss
. Mylonitic
028C I Hitchcock . 6.2 | 141.2 5.6 138 98 18 2.697
Gneiss
050C I Stockbridge | ST | 59 | 1342 | 59 | 134 100 42 2.611
Gneiss
Meta- . .
101C I Demorest 53 | 1374 5 137 100 32 2.642
sandstone
108T I Mayo Mine | Limerock | 13.6 | 1126 | 11.5 110 98 N/A N/A
Granite
118C I Columbus . 6 137.2 | 6.5 135 98 33 2.677
Gneiss
141C I Dahlonega Granite 56 | 1352 4 132 98 34 2.646
Gneiss
Walton Biotite
158C I County Gneiss 6.4 135 4.5 132 98 41 2.64
.75 Recycled
165T I Unadilla Concrete 7 134 8.5 131 98 N/A N/A
Table 2.4. RP 12-07 Subgrade Sources and Physical Properties (Kim, 2013)
Percent Passing (%) o Max. Opt. uses
Subgrade Location % Vol::me % % Dry Moi:lmre LL PI Eros ;‘: Soil AA::lTO
No. (County) Clay Change Swell | Shrink | Density | Content (%) (%) | Index Class Class
#10 #40 #60 #200 (pef) (%) Class
1 Lincoln | 99.3[96.8[938[489[407] 245 [205[ 40 | 934 | 235 [399] 86 [ 423 ] IB4 | SC A4
2 Washington | 99.8 | 84.6 | 56.1 | 23.8 | 20.6 | 47 | 45 | 02 | 117.8 | 11.0 |23.0| 66 | 730 | IB2 | SM | A-2-4
3 Coweta | 89.5|64.6|489(283[240( 122 [112| 1.0 [ 1053 | 167 [425|11.0|6.69 | IIB3 | SC | A2-7
4 Walton | 89.4 | 61.5 | 50.5 | 36.3 | 283 | 40 | 1.0 | 3.0 | 1048 | 168 |405| 127|571 | OB4 | SC | A-7-6
5 Chatham | 99.9 [ 97.4[935] 36 | 1.8 | 00 | 36 | 00 | 974 127 [ 00| 00 [ 976 | IB4 | SM | A-2-4
6 Lowndes | 99.0 | 749 [529|122] 45 | 00 | 00 [ 00 | 1131 4.7 00| 00 [865] 1A2 | SP | A24
7 Franklin | 97.3 (894709 |31.1[196| 52 | 30 | 22 [ 1051 | 226 [393] 98 | 632 | IB3 | SC | A-24
8 Cook 799|664 | 466] 250|184 06 | 06 | 00 | 113.1 9.9 00| 00 [706]| mB2 | SM | A2-4
9 Toombs | 842378 [176] 62 | 46 | 1.1 | 01 | 1.0 [ 1193 | 119 | 0.0 | 00 [ 9.39 | 1Al SP | A-1b




The results of RP 12-07 confirmed an expected discrepancy between the global default
values for MEPDG unbound aggregate and subgrade soil properties and those observed in the
Georgia specimens. Included in Kim’s (2013) research are artificial neural networks (ANN)
models that present more accurate estimations of resilient modulus for GAB and subgrade given
their basic physical properties. The database developed for this report was later adopted by GDOT
for inclusion in The GDOT Pavement ME Design User Input Guide (ARA, 2015).

Following the efforts of RP 12-07, additional research was conducted under RP 14-12 to
investigate the effect of recycled asphalt pavement (RAP) contents and sources on the dynamic
modulus and the performance of Georgia asphalt concrete mixtures (Kim et al., 2016). This topic
was investigated on the basis of NCHRP’s claim that RAP content and source significantly affect
|[E*| and pavement performance, proving significant for MEPDG designs. To verify this claim,
asphalt mixtures were developed using two Georgia mixing plants with 12.5mm NMAS and three
types of binder grades (PG 64-22, PG 67-22, and PG 76-22). The associated asphalt mixture
summary is found in Table 2.5, where COAC refers to corrected optimum asphalt content.

Several conclusions were drawn from the dynamic modulus results and master curves for
these specimens. Mainly, it was observed that |E*| tends to increase as RAP % increases (up to
30%) due to the added stiffness provided by the recycled materials. It was also seen that
|[E*| increases as binder grade increases. This held true for all temperatures and frequencies. The
observations were verified through statistical analyses and the RAP % and binder grade were

considered significant influencers on asphalt dynamic modulus (Kim et al., 2016).

10



Table 2.5. RP 14-12 COAC Summary (Kim et al., 2016)

Mixture %RAP Binder | OAC(%)| RAP AC(%) | COAC(%)
PG64-22 5.30 N/A 5.30
0% PG67-22 5.30 N/A 5.30
PG76-22 5.30 N/A 5.30
PG64-22 5.10 5.05 5.30
15% PG67-22 510 5.05 530
PG76-22 510 5.05 530
Superpave PGG64-22 4.96 5.05 5.52
25% PG67-22 4.96 5.05 5.52
PG76-22 4.92 5.05 5.52
PG64-22 5.03 5.09 5.41
30% PG67-22 5.03 5.00 5.41
PG76-22 5.03 5.09 5.41
SMA 0% PG76-22 6.20 N/A 6.20
15% PG76-22 6.45 5.28 6.65
PG64-22 5.10 N/A 5.10
0% PG67-22 5.10 N/A 5.10
PG76-22 5.27 N/A 5.27
PG64-22 484 4.46 5.20
Superpave 15% PG67-22 4.84 4.46 5.20
PG76-22 5.30 4.46 5.47
PG64-22 5.00 4.80 5.30
25% PG67-22 5.00 480 5.30
PG76-22 5.07 4.98 5.38
SMA 10% PG76-22 6.35 4.46 6.46

The RP 14-12 research group also conducted fatigue performance and performance
evaluation procedures to determine the effect of RAP on pavement durability. The results indicate
that the addition of RAP up to 25% using GDOT’s COAC method significantly improve the fatigue
resistance (Kim et al., 2016). No difference in fatigue resistance was seen across PG 64-22 and PG
67-22 binder grades but improvements over both were seen with PG 76-22. Using PMED, the

distress predictions across PG 64-22 and PG 67-22 designs remained largely unchanged with the

exception of rut depth (Kim et al., 2016).
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More recently, Kim et al. (2019) broadened the dynamic modulus database for Georgia
MEPDG through RP 16-19. This project looked to enhance the work established in RP 12-07 and
RP 14-12 by adding polymer-modified asphalt (PMA) mixtures and additional aggregate resources
to the dynamic modulus database. Table 2.6 provides a list of the studied asphalt mixtures and
their physical properties. This report also included an examination of material characteristics
effects on dynamic modulus and fatigue cracking. Three fatigue test methods were performed for
comparison—the cyclic direct tension test based on the simplified-viscoelastic continuum damage
(S-VECD) model, the semicircular bend (SCB) test, and the modified overlay test (OT) (Kim, et
al., 2019).

Consistent with the results achieved by Kim et al. (2016), the dynamic modulus increased
as the RAP % increased for the mixtures found in Table 2.6. And once again, |E*| gathered from
PG 76-22 mixtures was greater than those gathered from PG 64-22 and PG 67-22, but no difference
was seen between the latter. New conclusions showed dynamic modulus was not significantly
different between NMAS of 9.5mm and 12.5mm or 19mm and 25mm, but variation was evident
between 12.5mm and both 19mm and 25mm (Kim et al., 2019). Per the fatigue cracking analysis,
the SCB and S-VECD methods are both recommended over the modified overlay test. Though
they show conflicting results on the effect of PMA binders—SCB suggesting it lowers fatigue
resistance and S-VECD suggesting it increases. One would expect to see PMA improve fatigue
resistance, thus, the cyclic direct tension test with S-VECD model is preferred for future pavement
performance evaluation.

The work developed under RP 14-12 and RP 16-19 have yet to be integrated into 7he
GDOT Pavement ME Design User Input Guide. Efforts to adopt these results are currently

ongoing.
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Table 2.6. RP 16-19 Plant Produced Mixture Properties (Kim et al., 2019)

Air Effective
NMAS Binder RAP Binder Gum Void VMA VFA Binder Test
Specimen ID  (mm) Grade (%) (%) (%) (%) (%) (%) Performed
A19 64 N1 19 PG 64-22 25 4.6 2.545 55 14.7 68.8 10.1 [E|
A25 64 N1 25 PG 64-22 25 43 2542 55 15.0 65.1 98 [E|
A125 67 N 125  PG67-22 30 552 2466 6.3 18.0 65.3 11.8 [E’, OT
[E*|, SVECD,
A125 76 N
- 125  PG76-22 30 541 2.549 5.7 184 68.7 12.6 SCB
A19 64 N2 19 PG 64-22 30 525 2.501 55 17.1 68.0 11.6 [E’l, SVECD
A25 64 N2 25 PG 64-22 30 520 2513 55 16.7 673 112 [E|
B9.5 64 Ml 9.5 PG 64-22 30 590 2447 6.5 193 65.2 12.6 [E’, OT
B9.5 64 M2 95 PG 64-22 30 5.60 2.498 6.4 18.1 64.3 11.6 [E’l, SVECD
[E’|, SCB,
C95 67 M
- 9.5 PG 67-22 30 563 2494 55 17.8 729 12.9 oT
[E’|, SVECD,
Al12564 M2 125  PGG64-22 30 540 2468 56 17.7 68.7 122 SCB, OT
[E’|, SVECD,
A125 64 Ml
- 125 PG64-22 30 550 2459 5.5 17.7 70.7 125 SCB
B125 64 M 125  PG64-22 30 550 2463 56 18.0 69.2 125 [E|
[E*|, SVECD,
C125 67 M
- 125  PG67-22 30 568 2526 58 173 66.3 115 oT
C125 76 M 125  PG76-22 15 510 2477 55 16.8 68.6 115 [E’, OT
B19 64 M 19 PG 64-22 30 4.70 2.529 55 15.8 66.3 10.5 [E’|, SVECD
B25 64 M 25 PG 64-22 30 440 2554 59 153 61.4 94 [E|
[E’], SCB,
B95 67 S
9.5 PG 67-22 25 584 2454 56 184 69.4 12.8 oT
[E’|, SVECD,
B12.5 67 S
- 125 PG67-22 25 540 2468 6.0 18.1 66.8 12.1 SCB
[E’|. SVECD,
D125 76 S 125  PG76-22 25 537 2483 56 175 68.1 11.9 SCB OT

Note: Specimen ID labeled as X ## ## X denotes Plant Source, NMAS, Binder Type, and Location.
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3.0 LITERATURE REVIEW

3.1  History of AASHTO Pavement Design Guides

The American Association of State Highway Officials (AASHO) was founded in 1914 with the
goal of shaping highway legislation, policy, and standards for the growing U.S. transportation
network. In 1958, under the administration of the Highway Research Board (HRB), AASHO began
what would become the largest road experiment of its time, the AASHO Road Test. The objective
of this study was to evaluate the performance of pavement and bridge structures of known
characteristics under moving loads of known magnitude and frequency (HRB, 1961). Located in
Ottawa, Illinois, the test facility housed 6 two-lane loops that experienced more than 1,114,000
axle loads over the course of the two-year experiment. The results of the test provided AASHO
with a catalog of design materials, pavement thicknesses, load applications, traffic rates,
construction techniques, and climatic conditions, along with a new unit of measurement for vehicle
loads, the equivalent single axle load (ESAL) (HRB, 1961).

Following the events of the AASHO Road Test, a subcommittee of the AASHO Operating
Committee on Design used the experiment’s findings to develop the AASHO Interim Guide for the
Design of Flexible Pavement Structures in 1961 and the AASHO Interim Guide for the Design of
Rigid Pavement Structures in 1962. These guides, issued as separate documents, were to be tested
alongside existing state procedures for a 1-year trial. Following this period, the documents did not
experience major revisions until a decade later when they were published together as the A4SHO

Interim Guide for the Design of Pavements (1972). Although the pavement design methods for
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this document did not change from 1962 to 1972, additional material was added to facilitate
implementation (TRB, 2007).

In 1973, AASHO changed its name to the American Association of State Highway and
Transportation Officials (AASHTO), reflecting its desire to represent all modes of U.S.
transportation. The design guide experienced minor revisions to the rigid pavement design sections
in 1981 and major revisions to both rigid and flexible designs in 1986. These additions
implemented or improved upon the topics of pavement reliability, resilient modulus testing
procedures, function of environmental factors, subbase erosion, load equivalency values,
pavement rehabilitation, traffic data, pavement management, and more (AASHTO, 2015b).
Subsequent revisions were made to the overlay design procedure and were incorporated in the
development of the AASHTO Guide for the Design of Pavements (1993). This guide features a new
set of pavement design equations that reflect the inclusion of subgrade resilient modulus and
reliability as design criteria. Equation 3.1 and represents the 1993 design equation for asphalt

concrete pavements.

log(Wig) = Zg X Sp + 9.3610g(SN + 1) — 0.20 + % +2.32log(Mg) — 8.07 (3.1)
HUT SN+1)5 19
where:
Wig = predicted number of 18-kip equivalent single axle load applications
Zr = standard normal deviate
So = combined standard error of the traffic prediction and performance
prediction
APSI = difference between the initial design serviceability index, po, and the design

terminal serviceability index, py

Mr = resilient modulus (psi)
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ai = i" layer coefficient

D; = ih layer thickness (in.)
mj = i" layer drainage coefficient
k = modulus of subgrade reaction (pci)

Since 1993, the design guide has remained relatively unchanged with the exception of the
1998 Supplement to the AASHTO Guide for Design of Pavement Structures. The 1998 supplement
was developed using data gathered from the National Cooperative Highway Research Program
(NCHRP) Project 1-30 and the long-term pavement performance (LTPP) program to improve the
rigid pavement design process (AASHTO, 2015b). Table 3.1 presents a summary of the AASHTO
pavement design publications between 1961 and 1998. After 1998, efforts to improve the
pavement design guide have largely focused on the utilization of a mechanistic-empirical
approach. Although the idea of a mechanistic-empirical based approach existed much earlier,
technology, data collection, data analysis, and pavement testing has limited its feasibility. For these
reasons, many state DOTs continue to practice under the 1993 AASHTO Design Guide.

Table 3.1. Summary of AASHTO Publications (GDOT Pavement Design Guide, 2005)

Date Publication Major Advancement

Interim Guide for the Design of

1961 Rigid and Flexible Pavement Established a modern, consistent pavement

design system

Structures
1972 AASHTO Interim Guide for Design | Added information based on subsequent

of Pavement Structures research and experience

AASHTO Interim Guide for Design | Revision of the Portland Cement Concrete
1981 )

of Pavement Structures Pavement Design

AASHTO Guide for Design of Guide Officially Adopted by AASHTO
1986 . : : e

Pavement Structures including a new section on rehabilitation
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Date Publication Major Advancement

AASHTO Guide for Design of Changes to the Overlay Design Procedure

1993 Pavement Structures and t.he adfiltlon of 14 new design
considerations
1998 Supplement to the AASHTO Guide | Improvement to the Rigid Pavement Design

for Design of Pavement Structures performance models

3.2 Mechanistic-Empirical Pavement Design Guide

While the 1958 AASHO Road Test and subsequent Pavement Design Guides were a significant
breakthrough for pavement design within the U.S., they are not without their limitations. The
effectiveness of these guides is called into question when considering their deficiencies in areas
such as traffic loading, rehabilitation, climatic effects, subgrade variability, material database,
drainage effects, design life, and reliability (NCHRP, 2004). To improve these practices, the
AASHTO Joint Technical Committee on Pavements introduced a mechanistic-empirical based
approach to pavement design in 1998 under NCHRP Project 1-37A. The result was the
development of the Guide for the Design of New and Rehabilitated Pavement Structures (1998-
2004) and related software. In an effort to facilitate implementation, AASHTO published an
interim version of the design guide entitled, AA4SHTO Mechanistic-Empirical Pavement Design
Guide (MEPDG), A Manual of Practice (2008) a few years later.

The MEPDG and related software provide a new, theoretically more grounded
methodology for the analysis and performance prediction of different types of pavements. The
design process includes a more robust system of input parameters that define the pavement
materials, layers, and design features as well as traffic loads and climate conditions. Pavement
performance is evaluated based on outputs such as terminal IRI, deformation, cracking, rutting,

and other distresses predicted by the MEPDG. Advancements also include procedures for
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evaluating existing pavements and recommendations for rehabilitation treatments, drainage, and
foundation improvements (Li, et al. 2007).

The most recent product of NCHRP Project 1-37A and MEPDG development was the
introduction of AASHTOWare® Pavement ME Design™ software in 2011. The purpose of this
software is to provide pavement engineers with a design platform that incorporates the
mechanistic-empirical approach. This is accomplished by using a hierarchical series of detailed
traffic, environmental, and material inputs in conjunction with nationally or locally calibrated
models to assess the predicted performance of the pavement over the desired lifetime (AASHTO,
2015b). To highlight some of the most important input parameters, the following sections contain

a brief overview of relevant design considerations for a flexible pavement within PMED.

3.2.1 PMED Input Level Hierarchy
The MEPDG and PMED software provide a fundamental input hierarchy that is not utilized in the
previous AASHTO design guides (NCHRP, 2004). Inputs are structured on a basis of three levels
(1, 2, and 3) that provide the engineer with flexibility over the accuracy and conservatism of their
design. A brief outline of the input levels is depicted in Table 3.2. Inputs considered under this
hierarchy include traffic, materials, and environmental factors.

Level 1 inputs represent values gathered from site-specific or laboratory conducted tests.
This may include procedures such as resilient modulus, dynamic modulus, elastic modulus,
compressive strength, falling weight deflectometer (FWD), etc. The values used in Level 1 designs
are directly indicative of the in-situ conditions and, thus, contain the highest level of accuracy and
the lowest level of uncertainty. However, Level 1 inputs also require the most time and resources

to collect.
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Level 2 inputs represent values determined through limited testing, correlation, or data-
base selection. Examples of a Level 2 input may include the use of estimated values (e.g. modulus
or strength properties) using predictive equations or using locally accumulated traffic volume data
in conjunction with agency-specific axle load spectra. The values used in Level 2 designs are
considered less accurate than Level 1, but generally require less time and resources to obtain.

Level 3 inputs represent values determined by typical averages for a region or nationally
accepted values. This may include quantities such as the default unbound materials resilient
modulus or typical void ratio values for a specific binder-grade. Level 3 inputs provide the lowest
level of design accuracy and the highest level of uncertainty but are the most efficient inputs to
determine.

Although a design consisting of all Level 1 inputs theoretically provides the most accurate
and effective estimation of pavement performance, it is often not feasible to do so. Therefore, it is
possible for an MEPDG pavement design to include inputs from across different levels.

Table 3.2. MEPDG Input Hierarchy

Input Accuracy Requirements
Level 1 High Site Specific Laboratory/Field Tested Values
) Relevant Local Database
Level 2 Intermediate Correlated/Predicted Values
Level 3 Low Regional or National Default Values

3.2.2 Flexible Pavement Structure
Flexible pavements are pavements that experience flex under the actions of traffic and rebound
when traffic loads are removed (GDOT, 2019). Most often, flexible pavements are defined by the

presence of hot-mix asphalt (HMA) material on the surface layer. A typical GDOT flexible
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pavement consists of the following structure: an infinite or bedrock layer, subbase or subgrade
material layer, base course layer, and HMA layers. A visual of this pavement profile is depicted in
Figure 3.1. Common base course materials include graded aggregate base (GAB), cement
stabilized base, or soil cement depending on the level of traffic loading. Cement stabilized base
or soil cement are commonly used in areas that lack quality aggregate sources or experience heavy
load applications (Mohammad, Raghavandra, & Huang, 2000). The HMA surface of a flexible
pavement generally contains a series of different HMA mixtures—base, binder, and surface. The
discrepancy between mixtures is mostly attributed to the NMAS, in which the base mixture

contains the largest NMAS and the surface mix contains the smallest.

HMA Surface Layer

HMA Binder Layer

HMA Base Layer

- GranularAggregate Base (GAB) -

Figure 3.1. Typical GDOT Flexible Pavement Profile

As all pavement layers are considered infinite in the lateral direction, vertical thickness is
the primary structural input for pavement designs. In fact, a study conducted by the LTPP program

suggests that pavement thickness is the most influential design feature when evaluating the overall
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performance of rehabilitated flexible pavements when considering other factors such as mixture

types and virgin vs. recycled materials (Carvalho et al., 2011).

3.2.3 Mixture Volumetrics

Mixture volume characteristics, or volumetrics, for MEPDG flexible pavement design include air
void percentage, effective binder content, Poisson’s ratio, and unit weight. Air voids are pockets
of air that exist as part of the homogeny of an HMA mixture. The percentage of air voids plays a
key role in HMA durability. Properly designed mixtures must contain a high enough air void
percentage to prevent permanent deformation due to plastic flow, but not too high so as to prevent

permeability (Brown, 2000). Equation 3.2 is used to determine air voids of a compacted HMA

specimen.
Air Voids (V) = (1 — G‘;ﬁ) x 100 (3.2)
where:

Gmb = bulk specific gravity

Gum = theoretical maximum specific gravity’

Effective binder content refers to the percentage of bituminous material present in an HMA
sample. It is often determined using the ignition method (AASHTO T 308) in which the binder
content is calculated as the difference between the initial mass of HMA and the mass of the residual
aggregate, moisture content, and a correction factor. Similar to air voids, binder content effects the
long-term performance and permanent deformation experience by flexible pavements. An increase
in binder content has shown to decrease HMA cracking, while reducing the dynamic modulus and

rutting resistance (Sreedhar & Coleri, 2018).
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Poisson’s ratio is defined as the ratio of transverse to longitudinal strains of a loaded
specimen (PI, 2011). This elastic material constant is one of two material properties required to
determine the stress, strain, and displacement response of the pavement system within MEPDG

(Maher & Bennert, 2008). The equation for Poisson’s ratio is presented below.

Poisson’s Ratio (u) = — ‘Z—D (3.3)
L
where:
€D = strain along the diametrical (horizontal) axis

€L strain along the longitudinal (vertical) axis

Unit Weight is a measure of specific weight for HMA, usually in units of Ibs/ft>. The unit
weight of an asphalt sample is a product of its aggregate, binder, air voids, and compaction level.
It can be seen with some variability that an increase in asphalt unit weight improves the dynamic
modulus and fatigue potential of flexible pavements (del Pilar Vivar & Haddock, 2006; Sreedhar

& Coleri, 2018).

3.2.4 Mechanical Properties

The primary mechanical properties inputs for MEPDG flexible pavement design are creep
compliance and dynamic modulus. Creep compliance is a measure of asphalt durability defined as
the rate of strain increase for a constant applied stress over a given time. For Level 3 designs, creep
compliance is predicted using a linear regression equation developed by the NCHRP. This model
generates creep compliance as a function of coefficients, D; and m, based on the asphalt
temperature and volumetric properties. The model is represented below using Equations 3.4

through 3.6. (AASHTO, 2015a).
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D(t) = D;t™ (3.4)

log(D;)r = —8.5241 + 0.01306T + 0.7957 log(V,) + 2.0103 log(VFA) — 1.923 10g(Agrro) (3.5)
m = 1.1628 — 0.00185T — 0.04596V, — 0.01126VFA + 0.00247Pen,, + 0.001683Pen’:°°>T. (3.6)
where:

t = time (months)

T = test temperature (°C) (i.e., -20°C, -10°C, and 0°C)

Va = air voids (%)

VFA = void filled with asphalt (%)

Artro = intercept of binder viscosity-temperature relationship for RTFO condition

Pen;; = asphalt penetration at 77°F (mm/10)

Recent evaluations of this model imply that it tends to inaccurately predict localized D(t)
values without regional calibration efforts. A study conducted by Yin et al. (2010) found that the
Level 3 creep compliance estimates using MEPDG were overpredicted when compared to both
laboratory measured and LVE interconverted creep compliance values. Esfandiapour and Shalaby
(2017) developed similar conclusions when conducting creep compliance calibration, adding that
the model is particularly less reliable when predicting D(t) at low temperatures. Inconsistencies
with the model resulted in bias of the thermal cracking performance and IRI predictions. As a
result, relying on Level 3 creep compliance may result in variable service life and life cycle cost
estimates.

Dynamic modulus (|E*)) is a stiffness metric represented by the stress/strain response under
dynamic loading. Current versions of the PMED software include two models for |E*| prediction,

the NCHRP 1-37A viscosity-based model and the NCHRP 1-40D binder shear modulus-based
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model (AASHTO, 2015a). These models are useful when Level 1 data in unavailable for design.
Also referred as the original Witczak equation, the NCHRP 1-37A model has been nationally
calibrated for use in the MEPDG and is primarily a function of asphalt aggregate gradation,
volumetric properties, loading frequency, and binder viscosity. A more in-depth overview of these
models and their performance is discussed in a later section.

As the primary stiffness property for the characterization of HMA in MEPDG, the dynamic
modulus is considered the most influential variable when determining the structural response of a
flexible pavement. Specifically, |E*| is one of the key parameters used to evaluate both rutting and

fatigue cracking distress predictions within the MEPDG (NCHRP, 2004).

3.2.5 Binder Grade

New mechanical property inputs for flexible pavement in the MEPDG also include binder grade.
Asphalt binder grades effect the deformation characteristics of asphalt pavements, particularly in
the early stages of their lifetime. Specifically, higher binder grades typically decrease susceptibility
to rutting (Gogula, Hossain, Boyer, & Romanoschi, 2003). Typical binder grades used in Georgia
include PG64-22, PG67-22, and PG76-23. The PG76-23 binder is considered polymer modified.
Polymer modified binders have shown to produce greater elastic recovery, higher softening points,
greater viscosity, greater cohesive strength, and greater ductility than standard binders (Yildirim,

2007).

3.2.6 Thermal Properties
Thermal properties affect the distribution of temperature and moisture within a pavement system

by controlling the flow of heat. As a result, thermal properties influence proliferation of pavement
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distresses such as thermal cracking. Heat capacity and thermal conductivity are considered thermal
property inputs for flexible pavements in the MEPDG. Overall, flexible pavements tend to have
lower heat capacity and thermal conductivities than rigid pavements, resulting in greater

temperature variations.

3.2.7 Failure Mechanisms and Performance Criteria

Failure mechanisms are used within the MEPDG to provide long term pavement distress
predictions. Pavement response models are used to determine the structural response of the
pavement system due to traffic loads and environmental influences. Each response variable is
evaluated at the critical location within the pavement layer where the parameter is at its most
extreme value (NCHRP, 2004). The existence of a distress prediction summary is an advantage to
using the MEPDG over the 1993 AASHTO Guide for Pavement Design Structures. Descriptions
of the measurable failure mechanisms for flexible pavement in PMED are listed below.

The rut depth of a pavement is defined as the plastic or permanent deformation in PMED.
Pavement deformation or rutting is a surface depression of the wheel path that occurs due to sustain
traffic loading. Due to the flexible nature of asphalt materials, consolidation of the pavement
profile may occur overtime and across seasonal temperature changes .Within the software, rutting
is calculated as the incremental deformation within each sublayer and the plastic deformation for
a given season is found through the sum of the vertical deformations within each layer
(AAASHTO, 2015a). The associated equations for permanent deformation prediction are

highlighted below.
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Apmay= EpEmayhuma = ﬂ1rkz5r(HMA)10k”nk232er3TB3T (3.7

k, = [(=0.1039(Hypa)? + 2.4868Hy 14 — 17.342) + (0.0172(Hyp)? — 1.733Hypa + 27.428)] x 0.3281967 (3.8)
where:
Apma) = accumulated permanent vertical deformation in the HMA layer (in.)
Ep(HMA) = accumulated permanent axial strain in the HMA layer (in.)
Er(HMA) = resilient or elastic strain calculated by the structural response model

at the mid-depth of each HMA sublayer (in./in.)

hama = thickness of the HMA layer (in.)

n = number of axle-load repetitions

T = mix or pavement temperature (°F)

ke, = depth confinement factor

kirr3r = global field calibration parameters; k1= -3.35412, k1= 0.4791,
k3= 1.5606

Bir, Bar, Bar = local or mixture field calibration constants

D = depth below the surface (in.)

Huwma = total HMA thickness (in.)

Both alligator and longitudinal cracking are model in PMED as load-related or fatigue
cracks. Fatigue cracking is a traditional form of pavement cracking that develops as a series of
interconnected cracks caused by fatigue failure of the HMA surface under repeated traffic loading.
PMED includes both top-down and bottom-up fatigue cracking distress predictions, however, top-
down cracking is a largely unstudied form of fatigue cracking that is not considered an accurate

indicator of pavement performance by GDOT (ARA, 2015). In thin pavements, cracking initiates
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at the bottom of the HMA layer where the tensile stress is the highest then propagates to the surface
as one or more longitudinal cracks. It is more common for fatigue cracking to be modeled in this
way. There are two models available for bottom-up fatigue cracking prediction in the MEPDG,
the Shell Oil Model and the Asphalt Institute (MS-1) Model. The MS-1 Model is expressed in the
same mathematical form as the Shell Oil Model but contains fewer coefficients. The mathematical
form for estimating the number of repetitions to fatigue cracking (Ny) using these models is

expressed in Equations 3.9 and 3.10 (AASHTO, 2015a).

Np = ke (O)(Ci)Brr () “12F72 (Byma) 1372 (3.9)
C = 104'84<Vb‘:;;£f"a_0'69> (3.10)
where:

&t = tensile strain at the critical location (in./in.)

Enma = dynamic modulus of the HMA measured in compression (psi)

ke, ki, ke = global field calibration coefficients (ks = 0.007566, ki = 3.9492,

ke =1.281)

Bir, Bar, Bar = local or mixture specific field calibration constants

C = laboratory to field adjustment factor

Va = air voids (%)

Voett = effective asphalt content (%)

Non-load related cracks are considered transverse or thermal cracks within the PMED
software. Although not all transverse cracking is a result of thermal cracking, current distress
outputs do not differentiate the two as both are considered cracking that propagates perpendicular
to the traffic lane. These distresses are generally caused by low temperatures and contraction of
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asphalt binders leading to stresses in the pavement surface. The preferred model for AC thermal

cracking in PMED is highlighted in Equations 3.11 through 3.13. Currently, transverse cracking

caused by low temperature events is considered not prevalent for Georgia roadways (ARA, 2015).

As seen from below equations, the distress model for AC thermal cracking is correlated to fracture

parameters, 4 and n, which are affected by the asphalt mechanical properties. As a result, it is a

primary performance output for investigation within this study.

AC = A(AK)™

A= ktlgt 10[4.389—2.52 log(Egmaomn)

K = 0,[0.45 + 1.99(C) °%6

where:
AC

AK

ki

Euma

Om

Bt
Gtip

Co

change in crack depth due to a cooling cycle

change in the stress intensity factor due to a cooling cycle
fracture parameters

coefficient determine through global calibration (level 1 = 1.5;
level 2 =0.5; level 3 =1.5)

indirect tensile modulus (psi)

mixture tensile strength (psi)

the m-value derived from the IDT creep compliance curve

local or mixture calibration factor

(3.11)
(3.12)

(3.13)

far-field stress from pavement response model at depth of crack tip (psi)

current crack length (ft)
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Evaluation of a pavement’s smoothness in PMED is determined via terminal IRI. The
International Roughness Index (IRI) is used to define a characteristic of the roadway profile and
constitutes a standardized roughness measurement. Pavement roughness is generally defined as an
expression of irregularities in the pavement surface that adversely affect the ride quality of a
vehicle. The terminal IRI is the point at which the pavement is considered too rough and requires
some type of rehabilitation. The prediction model for terminal IRI of new flexible pavements in
PMED is presented in Equations 3.14 and 3.15 (AASHTO, 2015a). It can be seen that IRI is a
product of transverse cracking and fatigue cracking, among other factors, making it a principal

output for this investigation.

IRl = IRIy + C;(RD) + C5(FCrotar) + Co(TC) + C4(SF) (3.14)
SF = Age'>{In[(Precip + 1)(FI + 1)py,]} + {In[(Precip + 1)(PI + 1)p,00]} (3.15)
where:

IRIp = initial IRT after construction (in./mi)

FCrotal = area of fatigue cracking (% of total lane area)

TC = length of transverse cracking (ft/mi)

RD = average rut depth (in.)

Cin34 = calibration factors; Ci= 40.0, C>= 0.400, C3= 0.008, C4=0.015

Age = pavement age (years)

PI = percent plasticity index of the soil

FI = average annual freezing index (°F days)

Precip = average annual precipitation or rainfall (in.)

po2 = percent passing the 0.02 mm sieve

P200 = percent passing the 0.075 mm sieve

29



3.2.8 Sensitivity Studies on Flexible Pavement

Sensitivity analysis of MEPDG flexible pavement input parameters has been a topic of research as
early as the release of MEPDG in 2004 and is a valuable practice for developing regional PMED
design strategies (Masad & Litte, 2004). While the results of individual sensitivity studies may
vary based on factors such as climate, traffic, pavement structure, material types, and calibration
factors, it is still advantageous to review the conclusions drawn through these investigations. As a
complete sensitivity analysis is beyond the scope of this study, the following discussion is limited
to the mechanical property inputs of interest in this report.

Several studies noted that HMA dynamic modulus values significantly affect the MEPDG
performance predictions for rutting and fatigue cracking (longitudinal and alligator cracking) (Li
et al., 2009; El-Badawy et al., 2011; El-Badawy et al., 2012). Further, an investigation of the
impact of asphalt binder input level on pavement performance found that rutting predictions
increased significantly at higher design levels (El-Badawy et al., 2012). Due to the relationship
between binder input levels and dynamic modulus input levels, an influence on PMED rutting
predictions may also be expected when varying |E*| input levels.

While varying creep compliance input strategies, Yin et al. (2010) and Esfandiapour and
Shalaby (2017) found that Level 3 default D(t) values significantly underpredict the intensity of
thermal cracking predictions when compared to Level 1 or 2 inputs. These conclusions suggest a
sensitive relationship exists between the creep compliance and non-fatigue related distress
predictions.

A comprehensive global sensitivity analysis of flexible pavement predictions was

conducted by Schwartz et al. (2013) in which material properties, among other inputs, were
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evaluated under five climatic conditions and three traffic levels. Using a combination of
multivariate linear regression and artificial neural network analysis, the study found that HMA |E*|
parameters were among the most highly sensitive inputs. Consequently, the variability of distress
predictions associated with fatigue cracking and pavement rutting were substantially greater than
the values for IRI and thermal cracking (Schwartz et al., 2013). However, creep compliance
parameters were still found to be very sensitive, maintaining the largest influence on thermal
cracking performance. Table 3.3 includes their input sensitivity ranking using a normalized
sensitivity index (NSI) approach. Supported by the conclusions drawn by previous researchers,
these discoveries become the motivation for the mechanical property sensitivity analysis

performed within this thesis.
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Table 3.3. HMA Design Inputs by Maximum NSI.2c Values (Schwartz et al., 2013)

Maximum NSIL,,, Values (ANN RSMs)*

Long. Alligator Thermal AC Rut Total Rut

Design Input Crack Crack Crack Depth Depth IRI Max.
Hypersensitive (NSI,..; > 5)

HMA E* alpha parameter” -29.52 —-15.94 —0.58 -24.40 -8.98 -3.58 -29.52
HMA E* delta parameter” -23.87 -13.18 241 -2443 -8.99 -2.80 -24.43
HMA thickness -10.31 746 -0.86 —4.21 -1.58 -1.11 -10.31
Very Sensitive (1 < NSz, < 5)

HMA creep compliance m exponent na na —4.85 na na na —4.85
Base resilient modulus —4.72 -2.13 -0.17 0.14 -0.15 -0.36 —4.72
Surface shortwave absorptivity 432 1.28 -0.20 4.65 1.67 0.67 4.65
HMA air voids 447 339 1.33 -0.05 0.03 0.29 447
HMA Poisson’s ratio -2.38 -1.01 0.23 —433 -1.46 -043 —4.33
Traffic volume (AADTT) 372 3.94 0.02 1.87 0.66 051 3.94
HMA effective binder volume -3.88 -2.93 -0.17 0.05 0.06 -0.24 -3.88
Subgrade resilient modulus -2.07 -3.41 0.15 0.08 -0.28 -0.44 -3.41
Base thickness -2.40 -1.02 -0.03 0.22 0.04 -0.09 -2.40
Subgrade percent passing No. 200 -1.71 —0.68 0.08 -0.10 -0.10 -0.12 -1.71
HMA tensile strength at 14°F na na -159 na na na -1.59
Operational speed -1.26 -0.83 -0.04 -1.06 -0.39 -0.15 -1.26
HMA creep compliance D parameter na na -1.03 na na na -1.03
Sensitive (0.1 < NSIz,< 1)

HMA unit weight -0.88 0.97 -0.76 -0.88 -0.30 -0.08 0.97
Base Poisson’s ratio 0.91 0.90 0.18 -0.19 -0.05 0.09 0.91
HMA heat capacity -0.76 -0.55 -0.77 -0.81 -0.28 -0.14 -0.81
Subgrade liquid limit -0.67 -0.79 -0.10 -0.10 0.07 0.03 -0.79
Binder low-temperature PG 0.56 0.09 -0.74 0.25 0.09 0.02 -0.74
HMA thermal conductivity -0.53 -0.40 -0.67 0.20 0.04 0.02 -0.67
Binder high-temperature PG -0.60 048 0.00 -0.66 -0.25 -0.09 —0.66
Subgrade Poisson’s ratio 0.44 -0.59 0.16 0.08 0.07 0.04 -0.59
Groundwater depth 0.20 -0.16 0.08 0.01 -0.02 -0.02 0.20
Subgrade plasticity index -0.15 0.11 0.03 0.01 0.02 0.00 -0.15

Insensitive (NSI.z; < 0.1)

Aggregate coefficient thermal contraction na na -0.07 na na na -0.07

Norte: long. = longitudinal; max. = maximum.
“Maximum sensitivity (in absolute value sense) over all baseline cases and distresses.
"See Equation 1.

33 Dynamic Modulus Prediction Methods
Level 1 inputs in PMED require the entry of discrete, laboratory-measured |[E*| quantities at a
range of temperature and frequency values. As a result, pavement design agencies often rely on

the usage of dynamic modulus prediction models to complete their designs under ME practices.
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The following sections outline the most relevant |[E*| prediction models and justification for the
Georgia HMA regression analysis generated within this report.

3.3.1 Witczak Models

Currently, the Witczak model is considered the most widely used and accepted method for
predicting dynamic modulus of asphalt materials. Two forms of the model exist today, the original
1999 model (Witczak 1-37A), found in older versions of the MEPDG, and the revised 2006 model
(Witczak 1-40D), utilized in the modern MEPDG (Andrei et al., 1999; Bari & Witczak, 2006).
Both Witczak equations were obtained using linear multivariate regression analysis and are
represented by Equations 3.16 and 3.17. The 1999 Witczak |[E*| prediction model was developed
using a large database of 205 HMA mixtures containing 2,750 data points where the primary inputs
include binder viscosity, loading frequency, aggregate gradation, and mixture volumetric
properties (Andrei et al., 1999). Revisions made for the 2006 Witczak model began with a more
robust database of 346 HMA mixtures and 7,400 measured data values. However, the primary
improvement of the 2006 model is the recharacterization of asphalt binder using dynamic shear
modulus and phase angle inputs (Bari & Witczak, 2006).

log,o E* = —1.249937 + 0.02923p500 — 0.001767(p400)% — 0.002841p, — 0.058097V, —

0.82208 - Vbeff 3.871977—-0.0021p,+0.003958p35—0.000017(p35)%+0.00547 p34 (3.16)
Vbeff+Va 1+e(—0.603313-0.3133511log f—0.393532log 7
where:
E* = dynamic modulus (10° psi)
p20 = percent passing #200 sieve
P4 = percent passing #4 sieve
P38 = percent retained on 3/8 in. sieve
P34 = percent retained on % in. sieve
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Va = air voids (%)

Voett = effective asphalt content (%)
f = loading frequency (Hz)
n = binder viscosity at temperature of interest (10 poise)

10g10 E')‘< = _0.34’9 + 0.754’(|Gg|_0'0050) X (6.65 - 0.032p200 + 0.0027(p200)2 + 0.011p4 -

0.0001(p,)? + 0.006p55 — 0.00014(ps)? — 0.08V, — 1.06 (M» +

Vbeff+Va

\4
2.56+0.03Va+0.71<Lﬁ>+0.012p38—0.0001(p38)2—0.01p34
Vbeff+Va

(3.17)

1+e(—0.7814-—0.578510g G}, |+0.883410g &)
where:
E* = dynamic modulus (psi)
p20 = percent passing #200 sieve
P4 = percent passing #4 sieve
P38 = percent retained on 3/8 in. sieve
P34 = percent retained on % in. sieve
Va = air voids (%)
Voett = effective asphalt content (%)
|Gy = dynamic shear modulus of binder (psi)
Sb = phase angle of binder associated with |G| (degree)

Although these models have proven successful for universal applications, such as the

MEPDG and associated software, deficiencies may exist under localized or project-specific
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conditions. Noticeable bias in the Witczak model at the lower and upper |[E*| extremes has been

well documented (Bari & Witczak, 2006; Schwartz, 2005; Ceylan et al., 2009).

3.3.2 Machine Learning Models

More recently, as alternatives to the linear multivariable approach of the Witczak model,
machine learning techniques such as artificial neural networks or kernel methods have been
developed for |[E*| prediction in localized regions. Ceylan et al. (2007) are credited with developing
an advanced ANN model using the same input parameters as the Witczak equations. A four-
layered feed forward error-back propagation architecture (Figure 3.2) was used to develop the
model using the same dataset as Bari and Witczak (2006). The 7,400 measured values were
randomly divided into two subsets—a training subset comprised of 6,900 data points and a testing
subset containing the other 500 data points (Ceylan et al., 2007). The results of the study suggest
the ANN model is not only more accurate than the Witczak models using the same dataset, but do
a more balanced job of capturing temperature and other mixture influences (Ceylan et al. 2007;

Ceylan et al., 2009)
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Input Layer | | Hidden Layer | I Output Layer

VMA
Predicted Observed
VFA G015 BRI
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*
[Gy*| Error
P

Backpropagation of error to
update weights and biases

Figure 3.2. Four-layered Neural Network Architecture employed by Ceylan et al. 2007

A subsequent study performed by Gopalakrishnan et al. (2009) explored the feasibility of
employing another machine learning technique for |E*| prediction using support vector regression
(SVR). The SVR model architecture applied to this study is referenced in Figure 3.3. Once again,
the Bari and Witczak (2006) data set was used and divided into training and testing subsets of the
same proportions. However, the inputs for the SVR model developed by Gopalakrishnan et al.
(2009) only included the eight original inputs from the 1999 Witczak model. The Gaussian
function was selected as the SVR Kernel function and the model was evaluated. Similar to the
previous study, a comparison of the models found that the SVR model exhibited smaller bias than

that of the Witczak models.
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Figure 3.3. Support Vector Regression Architecture of Gopalakrishnan et al. (2009)

Conversely, tree-based or model tree (MT) approaches to regression analysis are rarely
conducted for asphalt moduli. A variety of sources may be found on the subject of MT analysis of
concrete strength properties, for example, in which researchers found it a useful and accurate
prediction tool (Deepa et al., 2010; Deshpande et al., 2014; Gholampour et al., 2018). However,
none such resources are available for flexible pavement materials and their associate mechanical
properties. Though often not considered as accurate as ANN models, tree-based methods provide
advantages in their simple geometric structure and the ability to efficiently handle a large number
of datasets with different attributes. Based on the existing literature, it is found that tree regression
is among the superior regression methods that exhibit greater prediction accuracy than that of
generic models. As a result, it is may be a valuable approach for predicting HMA dynamic

modulus under project-specific conditions in Georgia.
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3.4  Viscoelastic Theory and Interconversion Methods

Known as a linear viscoelastic (LVE) material, asphalt can be characterized by a series of response
functions. Among the most fundamental response functions used for HMA characterization are
creep compliance, relaxation modulus, and complex modulus (Kim, 2009). It is well documented
that all LVE material functions are considered mathematically equivalent and contain the same
information on the mechanical properties of a material. This is true for both shear and uniaxial
loading (Park & Schapery, 1999). As a result, it is possible to obtain an unknown response function
using a known response function for an LVE material through a series mathematical
interconversion techniques. Extensive literature on this subject has been developed in detail by
Ferry (1980), Tschoegl (1989), and others. Therefore, the following sections provide a brief

overview of the relevant viscoelastic theory and its application in the interconversion process.

3.4.1 Creep Compliance
As previously mentioned, the creep compliance, D(t), is the ratio of strain response to a constant
stress input for an LVE material. In equation form, the creep compliance response function is

represented by the following.

D(t) = % (3.18)

0

where:

e(t)

strain at given time, t

Go = constant stress

Using the Boltzmann convolution integral, the stress-strain relationship for creep

compliance can be represented by Equation 3.19 for uniaxial loading and nonaging conditions.
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ssztD(t—T)Z—adr (3.19)

T

where:

T = integration variable

3.4.2 Relaxation Modulus
Conversely, the relaxation modulus, E(t), is the ratio of stress response to a constant strain input

as depicted by Equation 3.20.

E(t)= 22 (3.20)

€o

where:

o(t)

stress at given time, t

€0 constant strain

The stress-strain relationship for relaxation modulus using the Boltzmann convolution

integral under uniaxial loading and nonaging conditions in depicted in the equation below.
o= [ E(t—1)dr (3.21)
where:

T = integration variable
In the Laplace transform domain, the creep compliance and relaxation modulus can be

evaluated as reciprocals. In the time domain, the material must exhibit perfectly elastic behavior

for D(t) and E(t) to be characterized in this way. Instead, the exact relationship between E(t) and
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D(t) in the time domain is determined using convolution integrals. The convolution integral in

Equation 3.22 relates the functions by substituting Equation 3.19 for € in Equation 3.21.

1=[E(t- T)d’;—f)dr (3.22)

3.4.3 Complex Modulus
The complex modulus, E*, is a response function of LVE materials defined by the stress-strain
ratio under sinusoidal loading. This function is characterized by the dynamic modulus (|JE*|) and

phase angle (¢) represented by the following equations.

|E*| = G—ZS (3.23)
@ = 2nfAt (3.24)
where:

Camp = stress amplitude

€amp = strain amplitude

f = loading frequency

At = time lag between stress and strain response

The phase angle acts as an indicator of the material’s viscosity and elastic behavior. As the
viscosity of a material increases, so does the phase angle. Therefore, a material is considered
perfectly elastic when the phase angle is equal to 0 and perfectly viscous when the phase angle is
equal to 1.

As a complex function, E* can be represented by real and imaginary components as shown

in Equation 3.25. These components are referred to as the storage modulus (E’) and loss modulus
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(E”), respectively. Figure 3.4 depicts the complex plane in which E’ is plotted to the real axis and

E” is plotted to the imaginary axis.

E*=E' +iE" (3.25)
where:
E = |[E*|cos(d)
E» = |E*[sin(¢)
i = V-1
=
= E*
E

n

R

E, Real

Figure 3.4. Complex Plane (Kim, 2009)

3.4.4 Interconversion between Relaxation Modulus and Creep Compliance

There are several approaches to LVE response function interconversion that have been refined by
researchers in recent years. In most instances, an approximate interconversion using numerical
methods is recommended when experimental data is available for the source, or known, function.
This is because experimental data does not typically cover the complete range of time or frequency.

For this reason, exact analytical interconversions can be challenging and time consuming. Among
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the first to document LVE interconversion processes, Ferry (1980) introduced an exact relationship
between E(t) and D(t) seen in Equation 3.26. To perform the interconversion near-exactly, a

numerical integration technique is applied to the convolution integral.

[JEt—DD@dr=t,  fort>0 (3.26)
where:

Et) = relaxation modulus

D) = creep compliance

t = time

T = integration variable

A number of approximate interrelationship methods have been developed and validated by
other researchers as well (Denby, E.F., 1975; Christensen, 1982; and Jeong, 2005). Specifically,
Park and Kim (1999) developed a technique that modifies the exact relationships from the Pure
Power Law (PPL) method and applies a logarithmic time shift to approximately convert between
relaxation modulus and creep compliance. In this study, the new technique outperformed
previously developed approximate methods and was shown to match the accuracy of exact
techniques. By the PPL, Park and Kim (1999) represent the relaxation modulus and creep

compliance using the below power law fits.

E(t) = E;jt™™ (3.27)
D(t) = Dit" (3.28)
where:

E: = positive relaxation modulus constant

D, positive creep compliance constant
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n = magnitude of the slope of the response function, Ry, on the log scale

_|d1og1o(Ru (D))
_‘ dlogo(t)

From Equations 3.27 and 3.28, the following power law interrelationship between

relaxation modulus and creep compliance was obtained.

E(t)-D(t) = =282 (3.29)

A new expression for creep compliance was then be determined by substituting Equation

3.27 into Equation 3.29, yielding the relationship below.

D(t) = 22 4n (3.30)

Einm

A new expression for the interrelationship is then proposed as the following.
E(t*)-D(t)=1 (3.31)
where:

t = “equivalent time” of t

Whereby substituting Equations 3.27 and 3.30 into Equation 3.31, the subsequent

expression for equivalent time was defined.

1
g = SO, (3.32)

nm
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Finally, the response functions were approximately related by the below equations.

1

E(t) = o5 (3.33)
_ 1

D(t) = o (3.34)

where:

[uny

sinnm\n
XX=
nm

44



4.0 PROBLEM STATEMENT

The MEPDG marks a measurable improvement over the current standard design methodologies
employed by the Georgia Department of Transportation. However, a greater quantity of complex
inputs is required for design. In order to achieve full implementation of the MEPDG, GDOT must
develop a comprehensive library of empirical data related to Georgia traffic, climate, materials,
pavement performance, and more. The contents of this report look to enhance this library in two
significant ways.

First, a dynamic modulus prediction model is to be developed utilizing the library of asphalt
material properties acquired by Kim et al. (2019). Using a tree-based method, this model will
provide insight into which asphalt mixture characteristics have significant impact on the dynamic
modulus of the material. If validated, this model will prove a useful resource for dynamic modulus
estimation in favor of laboratory testing. Second, the effects of creep compliance as a flexible
pavement mechanical input in the PMED software are to be investigated. Specifically, this paper
examines the use of converted creep compliance values from the existing dynamic modulus library
developed for Georgia MEPDG. Due to the required time, expense, and expertise necessary for
creep compliance laboratory testing, it may be advantageous for agencies to use interconverted
values in place of experimental data. This approach is possible due to the linear viscoelastic
behavior of asphalt.

Therefore, the primary objectives of this research are to: (1) Develop a regression tree model

for predicting dynamic modulus (|E*|) provided basic asphalt material properties; (2) Formulate
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an effective method for |[E*| to creep compliance (D(t)) interconversion; (3) Successfully generate
a D(t) library using the existing |[E*| library produced by Kim et al. (2019); (4) Evaluate the effects
|[E*| and D(t) at differing inputs levels in the PMED software through analysis of the pavement
performance output; and (5) Update existing GDOT MEPDG resources to reflect the findings of
this study and provide recommendations for future flexible pavement design. Ultimately, these
efforts look to accelerate the implementation of MEPDG in Georgia. Furthermore, the associated
conclusions may provide pavement engineers with a more accurate and efficient approach to

modern pavement design.
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5.0 TREE ANALYSIS OF ASPHALT PROPERTIES ON DYNAMIC MODULUS

5.1 Preparation of Model Database

To effectively evaluate the use of tree regression as an alternative method for dynamic modulus
prediction, the input parameters must contain only readily available properties for all current and
future GDOT asphalt mixtures. The library of asphalt material properties utilized for this study
were drawn from the results of Kim et al. (2019). The testing conducted therein resulted in the
laboratory-acquired |E*| for a variety of asphalt mixtures, but standard material property inputs
were only recorded for 11 of the 18 mixtures. Consequently, the database utilized for the following
tree analysis includes 198 discrete |E*| datapoints at varying combinations of temperatures and
frequencies. The complete predictor space available for the model includes 17 mixture-defining
properties and the temperature and frequency of testing for each |[E*| output. The naming
convention used to reference these mixtures is defined by Kim et al. (2019) and described in Table
2.6.

The Witczak 1-37A model (Andrei et al., 1999) requires the input of binder viscosity (1)
for dynamic modulus prediction. Since modern models rely on the use of dynamic shear modulus
(Gv") and phase angle (8) measurements as a replacement, | was not explicitly recorded under the
direction of Kim et al. (2019). The binder viscosity is instead derived from existing laboratory
measurements using the ASTM A;-VTS; relationship defined in Equation 5.1 (ASTM, 1998) and
the “Witczak-Sybilski n—Gv* Model” in Equation 5.2 (Bari & Witczak, 2006). Regression

parameters, 4 and VTS, represent the intercept and slope of the linear line of Equation 5.1,
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respectively. Figure 5.1 provides an example of this relationship by plotting the binder properties

of mixture A _12.5 64 M2 from the dataset.

loglogn = A+ VTS logTg (5.1
where:
n = viscosity of binder (centipoise)
A, VTS = regression parameters
Tr = temperature (°Rankine)
=0 s) 62
where
Gp* = dynamic shear modulus of binder (psi)
Sb = phase angle of Gp* (degrees)
A 12,5 64 Ml
0.55
0.50 y=-7.1208x +20.294
0.45

loglog(m)
()
N
()

e
w2
oy

0.30

0.25
2.78 2.79 2.79 2.80 2.80

logT (R®)

Figure 5.1. Asphalt Binder Relationship using ASTM A-VTS
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The resulting list of input parameters available for model development is summarized in
Table 5.1. Although the number of available inputs is substantially greater than the Witczak model,
each parameter is readily available through the Georgia HMA library established for GDOT and
thus a justifiable benefit to the localized prediction. The numerical values of every parameter listed

is recorded in Appendix A for each of the 11 HMA mixtures.

Table 5.1. Dynamic Modulus Prediction Model Input Parameters

Model Integration

Parameter ID Description V\;i_t;;zk GDOT
north v
region middle Regional loc?tion of binder plant source delineated v

by North, Middle, and South Georgia

south v
pg64 v
i o [ ppr | il e S e G
pg76 v
nmas Nominal maximum aggregate size (in.) v
rap Recycled asphalt pavement content (%) v
binder Binder content (%) v
gmm Maximum theoretical specific gravity (%) v
av Air voids in asphalt mixture (%) v v
vma Voids in mineral aggregate (%) v
vfa Effective asphalt content (%) v v
eff binder Effective binder content (%) v
pp200 Percent passing No. 200 sieve (%) v v
pp4 Percent passing No. 4 sieve (%) v v
pr38 Percent retained on 3/8" sieve (%) v v
pr34 Percent retained on 3/4" sieve (%) v v
eta Loading Frequency (Hz) v v
temp_f Loading Temperature (oF) v
freq Loading Frequency (Hz) v v
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5.2  Model Development

Tree-based methods for regression involve the segmenting of the predictor space into distinct, non-
overlapping regions. Predictions are then made for each observation within a region using the
mean or mode of the training observations in that region. As a result of this segmentation, the final
predictor space may be represented as a tree. Tree-based methods are generally regarded for their
simplicity and efficient interpretation of large datasets and are not considered competitive with
more advanced machine learning techniques. Thus, the use of bagging, random forests, and
boosting techniques are utilized to improve the regression model.

Bagging, random forests, and boosting are sophisticated algorithms within tree-regression
that each involve the production of multiple trees which are combined to yield a single consensus
prediction. The expected outcome is a dramatic increase in prediction accuracy at the expense of
some loss in interpretation. The unique methodology of the three approaches is best summarized
in Table 5.2.

Table 5.2. Tree-Based Algorithms

Algorithm Generalized Approach Relevant Equations

Take many training sets from the population.

B

. Build a separate prediction model for each 2 1 2eb

Bagging training set. Jrag(x) = B 2 f70)
b=1

Average the resulting predictions.

Type of bagging where a random sample of m
Random Forest | predictors is chosen as split candidates instead of m
the complete training set.

Q
B

Fit a regression tree using a modified version of
the original dataset.

Grow a set of sequential trees using information
from previously grown trees.

Boosting

B
fo) =) 270
b=1
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To perform a direct comparison to the nationally calibrated |E*| prediction model employed
by the MEPDG, the first set of tree regression models were generated using only the predictors
found in the Witczak 1-37A equation. When combined, the available variables include aggregate
gradation, mixture volumetric properties, binder viscosity, and loading frequency. The data was
partitioned into 80% training set and 20% testing set and the tree in Figure 5.2 was generated. To
determine which of the three techniques described in Table 5.2 enhance this model the most, each
algorithm was used to predict |[E*| one at a time using the same dataset. The results of this
comparison are highlighted in Figure 5.3, where it is found that the boosted regression tree
produced the most accurate prediction model with the lowest mean-square error (MSE) and an R?

=0.982.

i1

693e+3
100%
ves ;eta < 792e+3

368e+3 1e+6
51% 49%
eta>=49— freq<3
] 738e+3
L 24% 25%
reta < 125e+3 ta < 114e+91 eta < 114e+9
423e+3 615e+3 1 1e+6
22% 17% 18%

pr3g >=11 pr3g >=12 pr34<3
901e+3
13%
pp200 <6
5 [15] [24] 25 13 _ }
794e+3 904e+3 421e+3)(824e+3 1e+6 ) (1
9% 8% 9% 8% 7% 6% 8% 4% ) \_8% _

Figure 5.2. Model Tree Using 1-37A Witczak Predictors
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Figure 5.3. Method Comparison Using Witczak Predictors

Knowing that a model tree approach is capable of producing highly accurate |E*| estimates,
the same methods were performed to develop a regression tree using the complete list of inputs
found in the GDOT materials library. The predictor space for these models expand to include
binder source location, binger grade, additional volumetric properties, and loading temperature.
As seen in Figure 5.4, the inclusion of these variables altered the original model, reducing the total
number of branches and leaves. Bagging, random forest, and boosting algorithms were used once
again to determine the most suitable approach for improving the model. The results, found in

Figure 5.5, suggest the boosted tree remains the preferred method.
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Figure 5.4. Model Tree Using GDOT Predictors
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Figure 5.5. Method Comparison Using GDOT Predictors
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5.3  Results and Discussion
Two highly accurate boosted regression tree models were developed as a result of the above |E*|
prediction methods. The model generated using all applicable variables in the GDOT HMA
materials library is considered slightly more accurate than the model generated using only the
variables found in the original Witczak equation with R2-values of 0.999 and 0.983, respectively.
To determine which additional variables attributed to the increased accuracy of the second model,
the relative influence of each input parameter was plotted for both model trees in Figure 5.6.
Relative influence is the measure of a variable’s contribution to the output of the model.
To simplify the comparison, only the 8 most influential variables among the 17 GDOT predictors
are included in the plot. By a substantial margin, the loading temperature (temp_f) is considered
the most important variable in the second model, accounting for over 75% of the total influence.
Whereas binder viscosity (eta) drops to the fourth most valuable input, behind loading frequency
(freq) and binder content (binder). Therefore, the inclusion of loading temperature as a predictor
has a noticeable impact on model accuracy and should remain a primary variable of interest when

considering future applications of the model.

eta ‘ temp_f

]
|

pp200 binder

20 40 60 80

0 w0 w0 0
Relative Influence Relative Influence
(a) Witczak 1-37A Predictors (b) GDOT Predictors

Figure 5.6. Relative Influence of Module Predictors
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To compare the first regression tree model to the nationally calibrated PMED model, the
measured versus predicted values were plotted against the output of the Witczak 1-37A equation
for the same testing set (Figure 5.7). Analyzing this figure, the performance of the boosted
regression tree far exceeds the PMED model when considering their |E*| estimation accuracy. An
R2-value of 0.392 for the original Witczak equation suggests the boosted tree model is far superior
when applied to the HMA library developed by Kim et al. (2019). Consequently, tree-based
methods are among the many other machine learning approaches to recommend as alternatives to

the current MEPDG characterization models of dynamic modulus.
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Figure 5.7. Boosted Tree Comparison to Witczak Equation
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6.0 INTERCONVERSION OF DYNAMIC MODULUS TO CREEP COMPLIANCE

6.1 Application to Prony Series

Based on the results of previous literature, a Prony series representation of the LVE properties was
selected as the basis for interconversion. The relaxation modulus of an LVE material can be
derived from the generalized Maxwell (Wiechert) model, consisting of a spring and m Maxwell
elements connected in parallel. Therefore, the relaxation modulus is represented using the Prony

series as the following.

t

E(t) = Ew+ X Eie Pi (6.1)
where:

E. = equilibrium modulus (Prony coefficient)

Ei = relaxation strengths (Prony coefficient)

pi = relaxation times

Similarly, using the generalized Voigt (Kelvin) model, a spring and n Voigt element
connected in series can be used to express the creep compliance of LVE materials. The Prony

series representation for creep compliance is shown below.

t
D(t) = Dy + Xi=, Di(1 —e ™) (6.2)
where:

Do

equilibrium (glassy) compliance (Prony coefficient)

Di

retardation strengths (Prony coefficient)
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Ti = relaxation times

Applying the interrelationship defined by Park and Kim (1999) from Equation 3.33 to

Equation 6.2, the Prony series parameters for relaxation modulus are derived as follows.

1

E, = Do) (6.3a)
E(py) = ﬁ (6.3b)
p; =2 (6.3c)

a

Correspondingly, the Prony series parameters for creep compliance as expressed by the

following.

0 = om0 (6.42)
Di(t) = 5 (6.4b)
T = ap, (6.4¢)

6.2  Time-Temperature Superposition Shift

With known Prony series coefficients, it is possible to characterize the master curve for LVE unit
response functions. The master curve is used to express asphalt moduli as a function of temperature
and loading rate. Asphalt’s thermorheological behavior suggests that changes in its material
properties due to variations in temperature and rate of loading are equivalent (Kim, 2009).
Therefore, the principles of time-Temperature super position (t-Ts) can be applied. This principle
permits the shift of modulus values relative to the time of loading or frequency, to an equivalent

value along a single master curve (Figure 6.1).
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Figure 6.1. Sample Master Curve Development (Kim, et al., 2019)

The shift factor, a(7), defines the required shift for a given temperature and is a constant

by which the reduced loading time, ¢, can be acquired.

r = (6.5)
where:
tr = reduced time of loading
t = actual time of loading
a(T) = shift factor as function of temperature, T
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A common method for determining the shift factor is to use the following quadratic fit.

logyo(a(T)) = aT? + bT + ¢ (6.5)
where:

T = desired temperature

a,b,c = regression coefficients

6.3  Interconversion Procedure

Using the principles outlined in the previous sections, the dynamic modulus library established for
GDOT through the efforts of Kim, et al. (2019) was utilized to perform relaxation modulus to
creep compliance interconversion. The following sections outline the steps required to achieve

conversion and produce the results necessary for the PMED sensitivity analysis.

6.3.1 Model Inputs

In addition to the available dynamic modulus test results, the Prony coefficients, E. and E;, and
relaxation times, p;, for each of the 17 asphalt mixtures were generated prior to this investigation.
These asphalt mixture characterizations are summarized for the first six mixtures in Table 6.1 and
represent the inputs required for the conversion model. The coefficients and relaxation times for

the remaining mixtures are located in Appendix B.
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Table 6.1. Asphalt Mixture Prony Coefficients

A 12.5 64 M1 A 12.5 64 M2 A 125 67 N

Eoo 11,571.97 Eoo 832.27 Eoo 17,393.04

pi(s) Ei pi(s) Ei pi(s) Ei
2.00E+08 5,323.92 2.00E+08 2,217.82 | 2.00E+08 11,772.59
2.00E+07 2,495.92 2.00E+07 1,462.60 | 2.00E+07 4,825.86
2.00E+06 6,710.90 2.00E+06 4,391.64 | 2.00E+06 13,256.04
2.00E+05 13,317.46 2.00E+05 11,358.37 | 2.00E+05 25,095.61
2.00E+04 30,287.13 2.00E+04 32,944.28 | 2.00E+04 53,679.75
2.00E+03 75,254.30 2.00E+03 98,773.77 | 2.00E+03 121,211.84
2.00E+02 198,804.11 2.00E+02 282,271.63 | 2.00E+02 280,528.92
2.00E+01 516,708.24 2.00E+01 702,517.22 | 2.00E+01 624,516.38
2.00E+00 1,189,381.06 2.00E+00 1,424,581.16 | 2.00E+00 1,242,534.43
2.00E-01 2,214,042.21 2.00E-01 2,292,146.06 2.00E-01 2,082,133.54
2.00E-02 3,199,098.01 2.00E-02 2,958,297.49 2.00E-02 2,861,620.54
2.00E-03 3,632,703.62 2.00E-03 3,168,805.07 2.00E-03 3,250,004.09
2.00E-04 3,392,167.02 2.00E-04 2,937,233.67 2.00E-04 3,142,419.52
2.00E-05 2,747,167.40 2.00E-05 2,448,991.43 2.00E-05 2,684,865.25
2.00E-06 2,019,458.53 2.00E-06 1,894,947.42 2.00E-06 2,097,940.84
2.00E-07 1,392,055.31 2.00E-07 1,391,153.19 2.00E-07 1,539,115.61
2.00E-08 953,374.33 2.00E-08 1,023,034.58 2.00E-08 1,122,623.96

A 125 76 N A 19 64 N A 19 64 N2

Eoo 23,717.09 Eoo 16,794.19 Eoo 36,886.99

pi(s) Ei pi(s) Ei pi(s) Ei
2.00E+08 11,522.40 2.00E+08 13,493.79 | 2.00E+08 20,101.30
2.00E+07 4,704.30 2.00E+07 5,995.55 | 2.00E+07 9,920.00
2.00E+06 12,718.37 2.00E+06 16,499.57 | 2.00E+06 26,614.17
2.00E+05 23,530.23 2.00E+05 32,604.90 | 2.00E+05 53,479.79
2.00E+04 49,205.28 2.00E+04 72,499.49 | 2.00E+04 120,439.22
2.00E+03 109,329.75 2.00E+03 168,857.88 | 2.00E+03 283,598.58
2.00E+02 252,766.12 2.00E+02 394,311.82 | 2.00E+02 659,272.38
2.00E+01 572,880.63 2.00E+01 857,331.56 | 2.00E+01 1,378,983.00
2.00E+00 1,177,160.53 2.00E+00 1,611,499.33 | 2.00E+00 2,382,344.04
2.00E-01 2,043,812.26 2.00E-01 2,494,210.61 2.00E-01 3,255,499.90
2.00E-02 2,888,365.35 2.00E-02 3,144,208.62 2.00E-02 3,545,591.39
2.00E-03 3,329,276.96 2.00E-03 3,295,816.17 2.00E-03 3,206,859.04
2.00E-04 3,225,211.05 2.00E-04 2,980,377.89 2.00E-04 2,533,034.01
2.00E-05 2,734,416.93 2.00E-05 2,416,421.46 2.00E-05 1,825,071.64
2.00E-06 2,107,591.33 2.00E-06 1,814,681.17 2.00E-06 1,238,619.05
2.00E-07 1,520,329.26 2.00E-07 1,292,272.61 2.00E-07 808,540.02
2.00E-08 1,088,007.54 2.00E-08 920,991.42 2.00E-08 532,708.73

*Mixture IDs signify: Binder Plant ID_ NMAS PG ##-22 Region
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Though not required for E(t) to D(t) interconversion, the loading temperature and shift
factor coefficients are also considered inputs for the conversion model. The associated variables
for each asphalt mixture are found in Table 6.2. These variables are necessary for determining
creep compliance values at any combination of loading temperature and frequency as defined by
the master curve. This is a crucial function of the model when considering the required Level 2
creep compliance inputs in PMED are specific to loading times of 1, 2, 5, 10, 20, 50, and 100
seconds at a mid-range temperature of 14°F (AASHTO, 2015a).

Table 6.2. Asphalt Mixture Shift Factors

Mixture ID Tret a; a, az
A 12,5 64 M1 21.1 0.0010 -0.1637 3.0061
A 12,5 64 M2 21.1 0.0016 -0.1906 3.3311
A 12,5 67 N 21.1 0.0010 -0.1675 3.1055
A 125 76 N 21.1 0.0012 -0.1814 3.3000
A 19 64 N 21.1 0.0013 -0.1878 3.3923
A 19 64 N2 21.1 0.0018 -0.2138 3.7192
A 25 64 N2 21.1 0.0012 -0.1920 3.5038
B 9.5 64 M1 21.1 0.0013 -0.1791 3.2211
B 9.5 64 M2 21.1 0.0011 -0.1671 3.0454
B 95 67 S 21.1 0.0014 -0.1872 3.3239
B 12,5 64 M 21.1 0.0009 -0.1572 2.9034
B 125 67 S 21.1 0.0015 -0.1843 3.2201
B 19 64 M 21.1 0.0005 -0.1711 3.3876
B 25 64 M 21.1 0.0010 -0.1649 3.0177
C95 67T M 21.1 0.0011 -0.1820 3.3618
C 125 67 M 21.1 0.0012 -0.1755 3.1886
C 125 76 M 21.1 0.0007 -0.1488 2.8172

*Mixture IDs signify: Binder Plant ID_ NMAS PG ##-22 Region
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6.3.2 Model Conversion

Using the inputs from Table 6.1, Equation 6.1 was evaluated to model the relaxation modulus for
all times 1.0x107® < ¢ < 1.0x107. Next, the creep compliance was estimated by applying the
relationship in Equation 3.26 utilizing the principle of equivalent time, where ¢ is adjusted by a

factor of o, defined below.

1

o= (S22E) (6.6)

nm

At this point, the relaxation curve and estimated creep compliance curve may be generated
for comparison. The output for each of the 17 mixtures are highlighted in Figure 6.2. It is seen that
each mixture follows the conventional decrease in relaxation modulus and increase in creep

compliance as loading time increases, highlighting their nearly reciprocal relationship in the time

domain.
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Figure 6.2.a. Relaxation Modulus and Creep Compliance Curves
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6.4  Results and Discussion

As the primary utilization of the interconversion model is to analyze the effects of creep
compliance in PMED, the most important output is the D(t) values at discrete loading times and
temperatures. As previously stated, the model relies on the usage of three shift factors and a
reference loading temperature to develop the creep compliance master curve for each mixture.
Once generated, D(t) values may be extracted within a quantifiable range of temperatures and
frequencies. As a result, the preferred output for this investigation is consistent with the inputs
required for Level 2 creep compliance in PMED. These inputs are defined as 1/psi D(t) values at
a temperature of 14°F and loading times of 1, 2, 5, 10, 20, 50, and 100 seconds. Using the model
to extract the appropriate values, the results are summarized in Table 6.3. Supported by their
representation in Figure 6.2, the values tend to increase as loading time increases. It can also be

seen that mixtures with the largest NMAS contain the lowest creep compliance values.
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Table 6.3. Creep Compliance Interconversion Model Outputs

Mixture ID Loading Time (s)
1 2 5 10 20 50 100

A 125 64 M1 | 1.67E-04 | 1.97E-04 | 2.27E-04 | 2.62E-04 | 2.92E-04 | 3.24E-04 | 3.56E-04

A 125 64 M2 | 4.68E-04 | 6.07E-04 | 9.12E-04 | 1.06E-03 | 1.33E-03 | 1.69E-03 | 1.69E-03

A 125 67 N 9.99E-05 | 1.13E-04 | 1.33E-04 | 1.54E-04 | 1.69E-04 | 1.91E-04 | 2.11E-04

A 125 76 N 1.08E-04 | 1.20E-04 | 1.40E-04 | 1.50E-04 | 1.63E-04 | 1.80E-04 | 1.82E-04

A 19 64 N 1.06E-04 | 1.25E-04 | 1.49E-04 | 1.64E-04 | 1.86E-04 | 2.04E-04 | 2.04E-04

A 19 64 N2 8.19E-05 | 8.92E-05 | 1.03E-04 | 1.10E-04 | 1.10E-04 | 1.10E-04 | 1.10E-04

A 25 64 N2 4.77E-05 | 5.24E-05 | 5.66E-05 | 6.01E-05 | 6.34E-05 | 6.46E-05 | 6.46E-05

DO (I/psi) | B 9.5 64 M1 1.56E-04 | 1.72E-04 | 2.00E-04 | 2.16E-04 | 2.31E-04 | 2.55E-04 | 2.62E-04
Mid B 9.5 64 M2 1.17E-04 | 1.30E-04 | 1.47E-04 | 1.64E-04 | 1.75E-04 | 1.91E-04 | 2.04E-04

Temperature

(14F) B 9.5 67 S 3.31E-04 | 4.01E-04 | 535E-04 | 6.04E-04 | 7.07E-04 | 8.51E-04 | 8.51E-04
B_12.5 64 M 1.14E-04 | 1.31E-04 | 1.45E-04 | 1.58E-04 | 1.71E-04 | 1.83E-04 | 1.93E-04

B 12.5 678 1.24E-04 | 1.39E-04 | 1.67E-04 | 1.81E-04 | 1.98E-04 | 2.23E-04 | 2.27E-04

B 19 64 M 1.70E-04 | 1.94E-04 | 2.49E-04 | 2.81E-04 | 3.11E-04 | 3.66E-04 | 3.81E-04

B 25 64 M 4.87E-05 | 5.51E-05 | 6.22E-05 | 6.96E-05 | 7.53E-05 | 8.20E-05 | 8.80E-05

C 9.5 67 M 8.26E-05 | 9.40E-05 | 1.12E-04 | 1.21E-04 | 1.33E-04 | 1.49E-04 | 1.49E-04

C 125 67 M 1.43E-04 | 1.60E-04 | 1.95E-04 | 2.18E-04 | 2.38E-04 | 2.73E-04 | 2.89E-04

C 12576 M 8.37E-05 | 9.68E-05 | 1.13E-04 | 1.23E-04 | 1.36E-04 | 1.51E-04 | 1.61E-04

*Mixture IDs signify: Binder Plant ID

' NMAS_PG ##-22
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7.0 PMED EVALUATION

71 Introduction

Developing a comprehensive library of material inputs for the MEPDG is a time-consuming and
costly process that requires material acquisition, specimen fabrication, laboratory testing, result
validation, and more. Therefore, the objective of this section is to evaluate the necessity of
laboratory-quantified creep compliance values for typical Georgia asphalt mixtures. Without a D(t)
library, GDOT currently relies on the creep compliance prediction model within the PMED
software associated with Level 3 inputs. As of version 2.5 of the software, this model relies only
on the binder properties of the asphalt mixture to determine a creep compliance estimate. By using
the interconversion model presented in Section 6, more accurate estimates of D(t) may be used to
evaluate the impact of creep compliance on the PMED performance indicators.

To effectively evaluate the impact of higher-level D(t) inputs in PMED, a testing matrix
was developed for 7 asphalt surface mixtures gathered from experiments conducted by Kim et al.
(2019). The matrix accounts for four scenarios of differing input levels for both dynamic modulus
and creep compliance, as these are the primary mechanical properties for asphalt materials. A
summary of this approach is found in Table 7.1.

In this scenario, Level 3 inputs represent the recommended global default values for each
property provided by the GDOT Pavement ME Design User Guide and developed by National
Cooperative Highway Research Program (NCHRP) projects 1-37A and 1-40D (ARA, 2015). Level
1 inputs are the dynamic modulus values determined by uniaxial compression testing under

standard procedure AASHTO TP 79 performed by Kim et al. (2019). These values take the form
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of discrete [E*| measurements at differing temperatures and frequencies. Level 2 D(t) inputs are
considered the converted creep compliance values produced from the dynamic modulus library
using the interconversion method discussed in Section 6. Inputs at this level require D(t) values at
14°F for loading times of 1, 2, 5, 10, 20, 50, and 100 seconds. A comprehensive summary of the
remaining design inputs is provided in the next section.

Table 7.1. PMED Sensitivity Analysis Matrix

Sc;‘iﬁo Input Types Mi;;::.lre Mixture ID
1 A 12.5 64 MI
2 A 125 67 N
1 Level 3 |E*| j g_;zs.sgzéii
(Control) Level 3 D(t) S B:12.§_6Z_M
6 B 12.5 67 S
7 C 9567 M
1 A 12.5 64 MI
2 A 125 67 N
Level 1 [E¥| 3 A 12576 N
2 4 B 9.5 64 Ml
Level 3 D(1) 5 |B12564M
6 B 12.5 67 S
7 C 9.5 67 M
1 A _12.5 64 MI
2 A 125 67 N
Level 1 |E¥| 3 A_12.5 76 N
3 4 B 9.5 64 Ml
Level 2 D) 5 B 125 64 M
6 B 12.5 67 S
7 C 9567 M
1 A 12.5 64 MI
2 A 125 67 N
Level 3 [E*| 3 A 12576 N
4 4 B 9.5 64 Ml
Level 2 D(1) 5  |B12564M
6 B 12.5 67 S
7 C 9567 M

*Mixture IDs signify: Binder Plant ID_ NMAS PG ##-22 Region
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7.2 PMED Pavement Design

To reduce the impact of extraneous variables, the pavement structure as well as the traffic and
climate inputs remained constant across each trial for all four scenarios. Consequently, a
representative flexible pavement design was developed for the PMED evaluation. Using GDOT’s
Traffic Analysis and Data Application (TADA) tool, a roadway section of I-85 was selected in the
north-eastern region of Georgia (Figure 7.1). The section is a 6-lane divided highway that is
considered both an interstate route and freight route with a posted speed limit of 65 mph. For the
purpose of this analysis, all design inputs are selected using recommended values for new flexible

pavements derived from The GDOT Pavement ME Design User Input Guide (ARA, 2015).

Figure 7.1. PMED Analysis Roadway Section Location
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7.2.1 Pavement Structure

The pavement structure used in this design was selected based on typical GDOT flexible pavement
profiles and the thickness recommendations found in the aforementioned user guide. The layers
and associated thicknesses are displayed in Figure 7.2. An adjusted thickness of 2.75 inches for
the surface HMA mixture was used to satisfy the PMED restriction of three asphalt layers. The
adjusted thickness is a combined value representative of the surface HMA layer and an open-grade

friction coarse (OGFC) layer.

HMA Surface Mix T 2750

HMA Intermediate Mix T 2.00in.

HMA Base Mix 12.00 in.

. CompactedGAB || 1200in.

 Compacted SubgradeSoil | | 12.00in.
 Subgrade Embankment = | | semi-Infinite

Figure 7.2. PMED Analysis Pavement Profile

While only 7 surface asphalt mixtures are included in the analysis, HMA base and binder
mixtures from the GDOT library were selected to model the base and intermediate layers of the
pavement. The mixtures used for the base and binder layers were A 19 64 N and B 25 64 M,
respectively. This selection remained constant throughout each trial; however, the material inputs

were adjusted appropriately for each scenario based on the design level.
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7.2.2 Design Inputs

This section serves to identify all primary inputs required to run the flexible pavement analysis in
PMED to achieve the performance output. These inputs may be categorized by calibration factors,
traffic, climate, and pavement layer inputs. Each category is discussed in the order in which they
were defined in the software.

The use of Georgia-specific calibration factors is necessary to achieve an accurate and
indicative performance prediction in PMED. These factors have a direct effect on the empirical
part of the distress prediction model that relate the critical pavement response to the pavement
distress, known as the transfer function (AASHTO, 2015a). The most updated Georgia calibration
factors and transfer functions in PMED version 2.5 were used for the analysis conducted herein
and are referenced in Table 7.2. The pavement performance predicted using these factors is
noticeably different than that generated using global calibration coefficients in that the localized

factors predict greater bottom-up fatigue cracking and lesser IRI, rutting, and thermal cracking.

Table 7.2. PMED Calibration Factors for New Flexible Pavements

Transfer Function

Performance Indicator Coefficient GDOT Value
Cl 2.2
C2 2.2
AC Cracking- Bottom Up C3 6000

1.0+10/(1+exp(7.57-

Standard Deviation 6.5*LOG10(BOTTOM+0.0001)))

Cl 7.0

c2 35
AC Cracking- Top Down a3 0.0

C4 1000

200+2300/(1+exp(1.072-

Standard Deviation 2.1654*LOG10(TOP+0.001)))
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Performance Indicator Tragif:;ﬁlz;lel:lcttlon GDOT Value
BF1 1.0
BF2 1.0
AC Fatigue BF3 L0
K1 0.00151
K2 3.9492
K3 1.281
BR1 1.0
BR2 1.0
BR3 1.0
AC Rutting K1 -2.45
K2 1.5606
K3 0.30
Standard Deviation 0.2*Pow(RUT,0.500)+0.001
Cl 40
IRI C2 0.40
C3 0.008
C4 0.015
All Levels K 0.35
Thermal Level 1 Standard Deviation 0.1468*THERMAL+65.027
Fraction Level 2 Standard Deviation 0.2841*THERMAL+55.462
Level 3 Standard Deviation 0.3972*THERMAL+20.422
BS1 0.50
Subgrade K1 1.35
Subgrade Standard Deviation 0.1235*Pow(BASERUT,0.6711)+0.001
Rutting BS2 0.50
Granular Base K1 2.03
Standard Deviation 0.2841*Pow(BASERUT,0.6711)+0.001

Basic traffic inputs, such as AADTT, were selected using the information provided via

GDOT’s TADA tool from the I-85 roadway section. The truck volume distribution factors and

axle load distribution factors were provided through GDOT’s traffic library. Monthly seasonal

independent distributions are recommended for freight routes and the GDOT Heavy 2 distributions

are preferred for roadway ADTs greater than 2,000. The remaining inputs are default values

provided by the software and recommended by GDOT’s user guide. The complete list of traffic

input parameters is shown in Table 7.3.
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Table 7.3. PMED Traffic Inputs

Type Name Value
Truck Volume o G bty
Distribution Factors Truck Volume Distribution Factors Seasonal
Independent
Two-way AADTT 14000
Number of lanes 3
AADTT Percent trucks in design direction 50
Percent trucks in design lane 80
Operational speed (mph) 65
Traffic Capacity Traffic Capacity Not Enforced
Average axle width (ft) 8.5
Tandem axle spacing (in) 51.6
Axle Configuration Dual tire spacin.g (in.) 12
Quad axle spacing (in) 49.2
Tire pressure (psi) 120
Tridem axle spacing (in) 49.2
Design lane width (ft) 12
Lateral Wander Mean wheel location (in) 18
Traffic wander standard deviation (in) 10
Average spacing of long axle (ft) 18
Average spacing of medium axle (ft) 15
Percent trucks with long axle (%) 61
Wheelbase Percent trucks with medium axle (%) 22
Percent trucks with short axle (%) 17
Average spacing of short axles (ft) 12
Load Default Distribution TTC-2
. Growth Rate 1.5
Axle Load Configuration Growth Function Linear
Axle Load Distribution Factors GDOT H2

The climate inputs in version 2.5 of PMED are defined by selecting a MERRA-2 climate
station in close proximity to the roadway section. Custom Georgia climate stations were generated
for GDOT as part of an ongoing climate study conducted by the University of Georgia and

Michigan State University. A singular custom station, US GA 137243, was integrated into PMED

at the time of this study and was selected for all analysis.
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The subgrade and GAB layer inputs remained constant throughout the analysis to reduce
their impact on the performance predictions. The inputs selected for these layers are presented in
Table 7.4 and were defined by following the steps outline in the GDOT user guide for unbound
materials in the northeast regions of Georgia.

The HMA layer properties varied for each mixture at each design level. Seven surface
mixtures were investigated along with one base mixture and one binder mixture that remained
constant for each trial under the four scenarios outlined in Table 7.1. Table 7.5 depicts the input
properties associated with the three layers of HMA. Due to the variation in input parameters across
design levels for asphalt binder, dynamic modulus, and creep compliance inputs, Appendix C is
referenced for specific values. To illustrate the difference between Level 1, 2, and 3 asphalt
mechanical property inputs, the input values at each level for mixture A _12.5 64 M1 are found

in Table 7.6.
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Table 7.4. PMED Unbound Material Inputs

Pavement Input
Material Input Type Input Name Value
Identifiers | Display Identifier A-6
Coefficient of lateral earth pressure
(k0) 0.5
Unbound Thickness (in) Semi-Infinite
Poisson's ratio 0.45
Subgrade Modulus Resilient Modulus 8000
Embankment Gradation A-6
Liquid Limit 39
. Plasticity Index 13
Sieve . . .
Maximum dry unit weight (pcf) 100
Water content (%) 19.1
Is Layer Compacted? FALSE
Identifiers | Display Identifier A-6
Coefficient of lateral earth pressure
0.5
(k0)
Unbound - Frpyjepness (in) 12
Poisson's ratio 0.45
Compacted Modulus Resilient Modulus 8000
Subgrade Gradation A-6
Liquid Limit 39
. Plasticity Index 13
Sieve . . .
Maximum dry unit weight (pcf) 100
Water content (%) 19.1
Is Layer Compacted? TRUE
Identifiers | Display Identifier A-l-a
Coefficient of lateral earth pressure
0.5
(k0)
Unbound  Frpyjepness (in) 12
Poisson's ratio 0.3
Compacted Modulus Resilient Modulus 23000
GAB Gradation A-1-a
Liquid Limit 6.0
. Plasticity Index 1.0
Sieve . . .
Maximum dry unit weight (pcf) 136.5
Water content (%) 6.0
Is Layer Compacted? TRUE
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Table 7.5. PMED AC Pavement Material Inputs

Pavement

Material Input Type Input Name Input Value
Identifiers Display Identifier Defe(ljult_Asphalt
oncrete
Asphalt Layer Thickness (in) 12
Air voids (%) 5.9
. . Effective binder content (%) 9.4
Mixture Volumetrics Poisson's ratio Calculated
Unit weight (pcf) 145
HMA Base Asphalt binder SEE APPENDIX C
Layer Creep compliance (1/psi) SEE APPENDIX C
Mechanical Properties | Dynamic modulus SEE APPENDIX C
Select HMA Estar predictive model Viscosity Based Model
Reference temperature (deg F) 70
Heat capacity (BTU/Ib-deg F) 0.23
Thermal Thermal conductivity (BTU/hr-ft-deg F) 0.67
Thermal contraction Calculated
Identifiers Display Identifier Defe(ljult_Asp halt
oncrete
Asphalt Layer Thickness (in) 2
Air voids (%) 5.5
. . Effective binder content (%) 11.6
Mixture Volumetrics Poisson's ratio Calculated
HMA Unit weight (pcf) 145
Binder Asphalt binder SEE APPENDIX C
Layer Creep compliance (1/psi) SEE APPENDIX C
Mechanical Properties | Dynamic modulus SEE APPENDIX C
Select HMA Estar predictive model Viscosity Based Model
Reference temperature (deg F) 70
Heat capacity (BTU/Ib-deg F) 0.23
Thermal Thermal conductivity (BTU/hr-ft-deg F) 0.67
Thermal contraction Calculated
Identifiers Display Identifier Defe(ljult_Asphalt
oncrete
Asphalt Layer Thickness (in) 2.75
Air voids (%) SEE APPENDIX C
. . Effective binder content (%) SEE APPENDIX C
Mixture Volumetrics - ; -
Poisson's ratio Calculated
HMA Unit weight (pcf) SEE APPENDIX C
Asphalt binder SEE APPENDIX C
Surface Creep compliance (1/psi) SEE APPENDIX C
Layer . .| Dynamic modulus SEE APPENDIX C
Mechanical Properties Select HMA Estar predictive model Viscosity Based Model
Reference temperature (deg F) 70
Indirect Tensile Strength at 14 deg F (psi) Calculated
Heat capacity (BTU/Ib-deg F) 0.23
Thermal Thermal conductivity (BTU/hr-ft-deg F) 0.67
Thermal contraction Calculated
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Table 7.6.a. Mechanical Property Inputs for Mixture A_12.5 64 M1

Input Design
Name Level Input Value
Gradation Percent Passing
3/4-inch-sieve 100
3 3/8-inch-sieve 86
No. 4 sieve 74
No. 200 sieve 5.8
Gradation Percent Passing
3/4-inch-sieve 100
Dynamic 2 3/8-inch-sieve 86
Modulus No. 4 sieve 74
No. 200 sieve 5.8
Frequency (Hz)
Temperature
(deg F) 0.1 0.5 1.0 5.0 10 25
1 39.2 740802 | 1082794 | 1202705 | 1586888 | 1706096 | 1924615
68 150334 | 278518 | 336268 | 564559 | 658669 | 818440
104 24296 46335 58625 113719 | 142644 | 198566
130 11119 19491 24290 46322 58611 83996
Table 7.6.b. Mechanical Property Inputs for Mixture A_12.5_64_M1
Input Design
Name Level Input Value
3 SuperPave: 64-22
Temperature (deg F) Binder Gstar (Pa) Phase angle (deg)
Asphalt ) 147.2 8850 79.1
Binder 158 4220 82
168.8 2070 84.1
Temperature (deg F) Binder Gstar (Pa) Phase angle (deg)
1 147.2 8850 79.1
158 4220 82
168.8 2070 84.1
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Table 7.6.c. Mechanical Property Inputs for Mixture A_12.5_64_M1

3 Calculated
Load(lsnegc)Tlme Mid Temp (14 deg F)
1 0.000167
2 0.000197
2 5 0.000227
10 0.000262
20 0.000292
Creep 50 0.000324
Compliance 100 0.000356
Loading Time Low Temp Mid Temp High Temp
(sec) (-4 deg F) (14 deg F) (32 degF)
1 NA NA NA
2 NA NA NA
1 5 NA NA NA
10 NA NA NA
20 NA NA NA
50 NA NA NA
100 NA NA NA

7.2.3 Performance Output

The output report published by PMED includes the prediction values for terminal IRI, permanent

deformation of the total pavement, bottom-up fatigue cracking, thermal cracking, top-down fatigue

cracking, and permanent deformation of the asphalt layers for a 20-year design life. Currently, the

output generated for the top-down fatigue cracking and permanent deformation of the asphalt

layers is considered inconsequential and should be ignored as of version 2.5 of the software. As a

result, all subsequent analysis will only consider the four remaining distress types. A summary of

the PMED performance output is shown in Table 7.7.
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Table 7.7. PMED Pavement Performance Predictions

Perm. AC Bot- AC
. AC Top- Perm.
. Terminal Def.- Up
Scenario . . Thermal Down Def.-
Input Types | Mixture ID IRI Total Fatigue .
No. s Cracking Fat. AC only
(in/mile) | Pavement | Crack. . .
(in.) (%) (ft/mile) | Crack. (in)
. 0 (ft/mile)
A_12.5 64 M1 | 177.58 0.44 1.70 1330.56 | 1599.04 0.48
A_12.5 67 N 185.68 0.45 1.70 1235.52 | 14710.80 0.48
A_12.5 76 N 172.64 0.38 1.70 119328 | 1330.78 0.40
Level 3 |E*|
1 B 9.5 64 Ml 183.69 0.48 1.71 126720 | 9910.72 0.52
Level 3 D(t
evel 3 DO 15 155 64 M 177.46 0.4 170 1330.56 | 1537.06 0.47
B 125 67 S 184.51 0.45 1.70 126720 | 12695.65 0.48
C 9567 M 185.71 0.46 1.71 1393.92 | 11551.11 0.50
A_12.5 64 M1 | 18441 0.58 1.70 1288.32 | 2045.84 0.65
A_12.5 67 N 183.35 0.56 1.71 1288.32 | 3683.32 0.62
A_12.5 76 N 168.13 0.50 1.68 1.00 6753.98 0.55
Level 1 |E*| ——
2 B 9.5 64 Ml 176.89 0.58 1.70 629.38 2749.27 0.64
Level 3 DO 57155 64 ™ 171.54 0.59 1.69 3.63 4159.44 0.67
B 125 67 S 190.34 0.49 1.70 1457.28 | 14712.08 0.53
C 9567 M 183.22 0.51 1.70 1499.52 | 1310.40 0.57
A_12.5 64 M1 | 192.09 0.58 1.70 200640 | 2045.84 0.65
A_12.5 67 N 192.20 0.56 1.71 2112.00 | 3683.32 0.62
A_12.5 76 N 168.13 0.50 1.68 1.00 6753.98 0.55
Level 1 |E¥|
3 B 9.5 64 Ml 193.04 0.58 1.70 2112.00 | 2749.28 0.64
Level2 D(t) B 125 64 M 194.47 0.59 1.69 2112.00 | 4159.44 0.67
B 125 67 S 197.25 0.49 1.70 2112.00 | 14712.08 0.53
C 9567 M 189.73 0.51 1.70 2112.00 | 1310.40 0.57
A_12.5 64 M1 | 184.86 0.44 1.70 200640 | 1599.04 0.48
A 125 67 N 195.09 0.45 1.70 2112.00 | 14710.80 0.48
A_12.5 76 N 159.32 0.38 1.70 1.00 1330.78 0.40
Level 3 |E*|
4 B 9.5 64 Ml 192.77 0.48 1.71 2112.00 | 9910.72 0.52
Level2 DO 57155 64 ™ 185.92 0.44 1.70 2112.00 | 1537.06 0.47
B 125 67 S 193.58 0.45 1.70 2112.00 | 12695.65 0.48
C 9567 M 193.36 0.46 1.71 2112.00 | 11551.11 0.50

82




7.3  Analysis of Pavement Performance

To determine if these responses show any significant variance across differing input levels, the
results of Table 7.7 were analyzed both graphically and statistically. Figure 7.3 depicts the distress
predictions one at a time for each asphalt mixture across the four different scenarios. The
conglomerate output of each scenario was then utilized to generate a set of summary statistics

located in Table 7.8.

Terminal IRI (in/mile)

A 12564 Ml A I12567TN A 12576N A9564M BI2564M B I12567S CO9567M

BLlevel 3 |E*| ®Levell [E*| CGLevell |[E¥| OLevel3 E¥|
Level 3 D(t) Level 3 D(t) Level 2 D(t) Level 2 D(t)

AC Bot-Up Fatigue Crack. (%)

A 12564 Ml A I12567TN A 12576N A9564M BI12564M BI12567S CO9567M

BLlevel 3 |[E*| mLevel 1 |[E*| BLevell|E* @Level3 |E¥|
Level 3 D(t) Level 3 D(t) Level 2 D(t) Level 2 D(t)

Figure 7.3.a. PMED Pavement Performance Predictions
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Perm. Def.- Total Pavement (in.)

A 12564 Ml A I12567TN A 12576N A9564M BI2564M BI12567S CO9567M

BLlevel 3 |E*| ®WLevell |[E*| [ELevell |E*| OLevel3 |E¥|
Level 3 D(t) Level 3 D(t) Level 2 D(t) Level 2 D(t)

AC Thermal Cracking (ft/mile)
2400

2100

1800
1500
1200
900
600
300

A 12564 Ml A I12567TN A 12576N A9564M BI2564M B I12567S CO9567M

BLlevel 3 |E*| ®Levell |[E*| BELevell |E*| OLevel3 |E*|
Level 3 D(t) Level 3 D(t) Level 2 D(t) Level 2 D(t)

Figure 7.3.b. PMED Pavement Performance Predictions
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Table 7.8. Summary Statistics and ANOVA Results

PMED Pavement Summary Scenario No.
Distress Prediction Statistic 1 2 3 4
Minimum 172.6 168.1 168.1 159.3
Median 183.7 183.2 192.2 192.8
Terminal IRI (in/mile) | Mean 181.0 179.7 189.6 186.4
Maximum 185.7 190.3 197.2 195.1
Stand. Dev. 5.13 7.85 9.73 12.60
Minimum 0.3800 0.4900 0.4900 0.3800
Median 0.4500 0.5600 0.5600 0.4500
Permanent Deformation- | \fean 0.4429 0.5443 0.5443 0.4429
otal Pavement (in.)
Maximum 0.4800 0.5900 0.5900 0.4800
Stand. Dev. 0.0309 0.0428 0.0428 0.0309
Minimum 1.700 0.168 0.168 1.700
Median 1.700 0.700 0.700 1.700
AC Bottom-Up Fatigue

Cracking (%) Mean 1.703 1.697 1.697 1.703
Maximum 1.710 1.710 1.710 1.710
Stand. Dev. 0.0049 0.0095 0.0095 0.0049

Minimum 1193.0 1.0 1.0 1.0
Median 1267.0 1288.3 2112.0 2112.0
AC Thermal Cracking | /. 1288.0 881.1 1795.0 1795.0

(ft/mile)

Maximum 1394.0 1499.5 2112.0 2112.0
Stand. Dev. 67.62 665.08 792.21 792.21

The performance predictions in Figure 7.3 and the mean values in Table 7.8 show that input
scenarios 3 and 4 tend to predict greater distress quantities for Terminal IRI and AC Thermal
Cracking as a result of the greater creep compliance values associated with the LVE
interconversion inputs. These results are consistent with the findings of Yin et al. (2010) and

Esfandiapour and Shalaby (2017) in which the Level 3 D(t) inputs underpredicted the same
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distresses. The singular exception to this trend is mixture A_12.5 76 N, which is the only PMA
mixture in the tested group. Referencing the AC Thermal Cracking performance model of
Equation 3.11, fracture parameters 4 and n are obtained from the indirect tensile, creep
compliance, and strength of the HMA mixture (AASHTO, 2015a). Because the accompanying
properties remained constant across these scenarios, it may be inferred that D(t) inputs influence
these parameters significantly enough alter the model predictions.

The above results also suggest the Level 1 dynamic modulus values used in scenarios 2
and 3 tend to show an increase in permanent deformation (rutting) and a decrease in fatigue
cracking predictions. Once again, the sensitivity of |[E*| inputs to these distress outputs are
precedented by the sensitivity studies conducted by previous researchers (Li et al., 2009; El-
Badawy et al., 2011; El-Badawy et al., 2012). However, only a marginal variance is documented
across fatigue cracking predictions compared to the significant variance documented across rutting
performance. These results contradict the global sensitivity results of Schwartz et al. (2013) in
which alligator and longitudinal cracking deformations are considered equally as sensitive as
permanent deformation. Such a discrepancy is likely attributed to other influencing factors such as

the local calibration coefficients and transfer functions.
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8.0 CONCLUSIONS

8.1 Summary of Results

Within the scope of this study, an existing library of 17 GDOT approved asphalt mixtures were
utilized to develop a dynamic modulus prediction model using tree analysis and a dynamic
modulus to creep compliance interconversion model using the principles of viscoelastic theory.
The results of these efforts were then evaluated for use in the PMED software and as resources for
MEPDG implementation.

The primary findings of this investigation suggest it is not only possible, but advantageous
to use the prediction and interconversion models for determining asphalt mechanical properties
when laboratory tested data is unavailable. Further, it was found that dynamic modulus and creep
compliance properties have significant influence on the pavement performance predictions
generated by PMED. A thorough list of conclusions regarding the processes included herein are

best summarized in the following sections.

8.2 Tree Analysis Conclusions
e The nationally calibrated dynamic modulus prediction model in PMED (Witczak 1-37A)
is not a highly accurate predictor for the HMA materials library established for GDOT
e Advanced tree regression algorithms (bagging, random forest, boosting) are effective ways

to generate more accurate |E*| estimates using the same inputs as Witczak 1-37A
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8.3

The boosted tree approach produced the most accurate |[E*| predictions for both the model
generated using only the original Witczak equation inputs and the model generated using
all readily available GDOT material properties

Loading temperature, loading frequency, and asphalt binder properties are the most

influential variables for |[E*| prediction using tree regression

PMED Analysis Conclusions

A notable difference was seen across varying design levels of dynamic modulus and creep
compliance inputs when considering terminal IRI, permanent deformation, and AC thermal
cracking performance indicators.

Significant increase in the Permanent Deformation of the Total Pavement output is
documented for scenarios using Level 1 dynamic modulus inputs as compared to Level 3.
Marginal increase in the AC Fatigue Cracking output is documented for scenarios using
Level 1 dynamic modulus inputs as compared to Level 3.

Notable increases in the Terminal IRI and AC Thermal Cracking outputs are documented
for scenarios with Level 2 (LVE interconverted) creep compliance inputs.

The polymer-modified asphalt mixture saw a decrease in Terminal IRI and AC Thermal
Cracking outputs under the same scenarios.

Terminal IRI and AC thermal cracking predictions achieved the greatest distress quantities
when using the “highest-available” inputs (Level 1 dynamic modulus and Level 2 creep

compliance).
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9.0 RECOMMENDATIONS

9.1 Recommendations Based on This Study

Based on the results of this study, a few recommendations are brought forward for the
considerations of future research endeavors. First, the successful development of a dynamic
modulus prediction model using tree regression suggests that alternative methods for determining
these values are available for GDOT engineers. Future pavement design endeavors should practice
caution when utilizing the nationally calibration PMED prediction models due to the low
correlation accuracy between the measured and predicted values. Instead, machine-learning
methods using the locally-source materials database are recommended for use externally to the
PMED software.

Second, the results of the included analysis conclude that creep compliance inputs
significantly impact the results of the PMED pavement performance output. Although the LVE
interconversion is believed to be an accurate indicator of D(t), this method is only applicable for
Level 2 design inputs. To achieve Level 1 creep compliance inputs in PMED, discrete creep
compliance measurements at the seven loading times for two additional temperatures are required.
A preliminary analysis found that extrapolating these additional temperatures from the
interconverted creep compliance master curve produced the same results as the Level 2 analysis.
Therefore, it is recommended that creep compliance laboratory testing be conducted on
standardized asphalt mixtures to expand the asphalt materials library and validate the LVE

interconversion model.
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9.2  Resource Integration in GDOT MEPDG

The overall objective of this research document was to expand the existing library of tools and
resources available for MEPDG in Georgia. To accomplish this, the results of this report must be
integrated into the flexible pavement design approach and MEPDG training documents. This phase
of the study contained herein was conducted as part of a separate, ongoing GDOT report entitled
“Research Project 17-18: Development of Innovative & Effective Training Modules and Methods
for Pavement Designers for Rapid Deployment and Continuous Operation of MEPDG.” All
subsequent interest in the incorporation of these material in the MEPDG is referred to the final RP
17-18 GDOT report on this topic and the revised GDOT Pavement ME Design User Input Guide.
For convenience, a summary of the relevant tasks found within the scope of the referenced report
is provided below. Additional details may be found in Appendix D.

e In cooperation with Applied Research Associates, Inc. (ARA), the research team
developed training materials to aid the GDOT Steering Technical and Educational
Committees in managing the MEPDG implementation effort. This project provided
detailed recommendations as to what data is needed and how best to grow the library
with a strategic plan and consideration on the topics of: the importance of specific
material properties and their effect on pavement designs, the current MEPDG materials
library and its limitations, and strategic approaches for growing the materials library.

e Incorporated the latest GDOT materials input library and resources into the proposed
training documents for PMED implementation. Existing data that was collected but not
yet integrated was included in GDOT’s user manuals and input sheets. Additionally,

training workshop materials were developed to update GDOT engineers on the
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principles and application of the most recent design approach. This involved a full
depth flexible pavement design example at all three design input levels.

Developed an innovative training program and delivery methods for new or
inexperienced pavement engineers. To successfully deliver the training modules and
hands-on training workshop, important MEPDG topics were divided into a series of
modules. Each module was organized into an informative, consumable video outlining
the step-by-step procedure for pavement design in PMED. The final module topics are
listed below and referenced in the Appendix.

*  Module 0- MEPDG Basics and Level Hierarchy

* Module 1A- MEPDG Traffic and Climate Inputs

*  Module 2A- MEPDG Inputs and Implementation for Subgrade and Base Materials
*  Module 3A- MEPDG Inputs and Implementation for AC Pavement

*  Module 4A- MEPDG Inputs and Implementation for JPCP

*  Module SA- MEPDG Inputs and Implementation for CRCP

*  Module 1B- MEPDG Calibration Factors & Baseline Files

= Module 2B- MEPDG Traffic Inputs

*  Module 3B- MEPDG Inputs and Implementation for Subgrade and Base Materials
*  Module 4B- MEPDG Inputs and Implementation for AC Pavement

*  Module 5B- MEPDG Inputs and Implementation for PCC Pavement
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9.3

Future Works

The collective work developed within this study was not completed without consideration for

future research that may expand upon the findings. The successful development of asphalt

mechanical property resources for MEPDG also highlighted some issues that should be addressed

in future pavement design practices. A set of recommendations for future works are found below:

Investigate the implications of external dynamic modulus prediction models by evaluating
PMED designs using both the default and machine learning methods to acquire unknown
|[E*| inputs

Compare the results of the boosted tree regression model to those of more advanced
machine learning techniques such as ANN or SVR using the GDOT materials library
Validate the LVE interconversion model by comparing the estimated creep compliance
values with laboratory tested values for a set of standardized Georgia asphalt mixtures. The
verification process for this model was conducted with asphalt mixtures that are not found
in the GDOT materials library. Although it is still considered highly accurate, an official
validation is recommended before application.

Investigate the results of using both the dynamic modulus prediction model and creep
compliance interconversion method to determine both mechanical properties for a single
asphalt mixture. Examining the viability of this approach will provide valuable information
toward the application of these methods as GDOT expands its material library.

Perform a global sensitivity analysis for all flexible pavement design inputs in PMED. A
foundational piece for MEPDG implementation, global sensitivity analysis will provide
pavement designers will critical information regarding the enhancement of modern

pavement design practices.
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Development of a Level 1 creep compliance library for Georgia MEPDG. As discussed in
a previous section, the accumulation of creep compliance data and expansion of the asphalt
material database will improve the MEPDG implementation efforts and enhance the
capabilities of the model included in this study.

Investigate the transverse (thermal) cracking prediction model with consideration of the
mean annual air temperature (MAAT)-dependent calibration coefficients and creep

compliance of asphalt mixtures.
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Appendix A

APPENDICES

Table A.1.A

mix_id A 12.5_64 M1
north 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
middle 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
south 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
pe64 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
pg67 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
pg76 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
nmas 12.5 12.5 12.5 12.5 12.5 12.5 12.5 12.5 12.5 12.5 12.5 12.5 12.5 12.5 12.5 12.5 12.5 12.5
rap 30 30 30 30 30 30 30 30 30 30 30 30 30 30 30 30 30 30
binder 5.46 5.46 5.46 5.46 5.46 5.46 5.46 5.46 5.46 5.46 5.46 5.46 5.46 5.46 5.46 5.46 5.46 5.46
gmm 2.459 2.459 2.459 2.459 2459 2.459 2.459 2.459 2.459 2459 2.459 2.459 2.459 2459 2.459 2.459 2.459 2.459
av 5.5 5.5 5.5 5.5 5.5 5.5 5.5 5.5 5.5 5.5 5.5 5.5 5.5 5.5 5.5 5.5 5.5 5.5
vma 17.69 17.69 17.69 17.69 17.69 17.69 17.69 17.69 17.69 17.69 17.69 17.69 17.69 17.69 17.69 17.69 17.69 17.69
via 70.68 70.68 70.68 70.68 70.68 70.68 70.68 70.68 70.68 70.68 70.68 70.68 70.68 70.68 70.68 70.68 70.68 70.68
eff_binder 12.5 12.5 12.5 12.5 12.5 12.5 12.5 12.5 12.5 12.5 12.5 12.5 12.5 12.5 12.5 12.5 12.5 12.5
dr 0.48 0.48 0.48 0.48 0.48 0.48 0.48 0.48 0.48 0.48 0.48 0.48 0.48 0.48 0.48 0.48 0.48 0.48
sapp 9.37 9.37 9.37 9.37 9.37 9.37 9.37 9.37 9.37 9.37 9.37 9.37 9.37 9.37 9.37 9.37 9.37 9.37
pp200 5.80 5.80 5.80 5.80 5.80 5.80 5.80 5.80 5.80 5.80 5.80 5.80 5.80 5.80 5.80 5.80 5.80 5.80
pp4 74.00 74.00 74.00 74.00 74.00 74.00 74.00 74.00 74.00 74.00 74.00 74.00 74.00 74.00 74.00 74.00 74.00 74.00
pr38 14.00 14.00 14.00 14.00 14.00 14.00 14.00 14.00 14.00 14.00 14.00 14.00 14.00 14.00 14.00 14.00 14.00 14.00
pr34 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
A 20.29 20.29 20.29 20.29 20.29 20.29 20.29 20.29 20.29 20.29 20.29 20.29 20.29 20.29 20.29 20.29 20.29 20.29
VTS -7.12 7.12 712 712 -7.12 -7.12 7.12 712 712 712 -7.12 7.12 712 712 7.12 -7.12 7.12 712
cta 1.210E+12 [ 1.210E+12 | 1.210E+12 | 1.210E+12 [ 1.210E+12 | 1.210E+12] 1.265E+08 | 1.265E+08 | 1.265E+08 | 1.265E+08 | 1.265E+08 | 1.265E+08 | 1.159E+05 | 1.159E+05 | 1.159E+05 [ 1.159E+05 | 1.159E+05 | 1.159E+05
temp_f 39.2 39.2 39.2 39.2 39.2 39.2 68 68 68 68 68 68 104 104 104 104 104 104
freq 0.1 0.50 1.00 5.00 10.00 25.00 0.1 0.50 1.00 5.00 10.00 25.00 0.1 0.50 1.00 5.00 10.00 25.00
estar 740801.8 | 1082794.3 | 1202705.2 | 1586888.5 | 1706095.6 | 1924615.0 | 150334.3 | 278518.0 | 336267.5 | 564559.2 | 658668.9 | 818439.5 | 242057 | 46335.0 | 58625.2 | 113718.8 | 142644.5 | 198566.5
mix_id A12.5_64 M2
north 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
middle 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
south 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
pg64 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
pg67 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
pg76 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
nmas 12.5 12.5 12.5 12.5 12.5 12.5 12.5 12.5 12.5 12.5 12.5 12.5 12.5 12.5 12.5 12.5 12.5 12.5
rap 30 30 30 30 30 30 30 30 30 30 30 30 30 30 30 30 30 30
binder 5.42 5.42 5.42 5.42 5.42 5.42 5.42 5.42 5.42 5.42 5.42 5.42 5.42 5.42 5.42 5.42 5.42 5.42
gmm 2.468 2.468 2.468 2.468 2.468 2.468 2.468 2.468 2.468 2.468 2.468 2.468 2.468 2.468 2.468 2.468 2.468 2.468
av 5.5 5.5 5.5 5.5 5.5 5.5 5.5 5.5 5.5 5.5 5.5 5.5 5.5 5.5 5.5 5.5 5.5 5.5
vma 17.69 17.69 17.69 17.69 17.69 17.69 17.69 17.69 17.69 17.69 17.69 17.69 17.69 17.69 17.69 17.69 17.69 17.69
via 68.73 68.73 68.73 68.73 68.73 68.73 68.73 68.73 68.73 68.73 68.73 68.73 68.73 68.73 68.73 68.73 68.73 68.73
off_binder 12.2 12.2 12.2 12.2 12.2 12.2 12.2 12.2 12.2 12.2 12.2 12.2 12.2 12.2 12.2 12.2 12.2 12.2
dr 0.49 0.49 0.49 0.49 0.49 0.49 0.49 0.49 0.49 0.49 0.49 0.49 0.49 0.49 0.49 0.49 0.49 0.49
sapp 8.90 8.90 8.90 8.90 8.90 8.90 8.90 8.90 8.90 8.90 8.90 8.90 8.90 8.90 8.90 8.90 8.90 8.90
pp200 5.90 5.90 5.90 5.90 5.90 5.90 5.90 5.90 5.90 5.90 5.90 5.90 5.90 5.90 5.90 5.90 5.90 5.90
pp4 73.00 73.00 73.00 73.00 73.00 73.00 73.00 73.00 73.00 73.00 73.00 73.00 73.00 73.00 73.00 73.00 73.00 73.00
pr38 12.00 12.00 12.00 12.00 12.00 12.00 12.00 12.00 12.00 12.00 12.00 12.00 12.00 12.00 12.00 12.00 12.00 12.00
pr34 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
A 17.29 17.29 17.29 17.29 17.29 17.29 17.29 17.29 17.29 17.29 17.29 17.29 17.29 17.29 17.29 17.29 17.29 17.29
VTS 6.02 6.02 6.02 6.02 6.02 6.02 6.02 6.02 6.02 6.02 6.02 6.02 6.02 6.02 6.02 6.02 6.02 6.02
cta 2.268E+11[2.268E+11[2.268E+11]2.268E+11[2.268E+11 [ 2.268E+11 | 1.262E+08 | 1.262E+08 | 1.262E+08 | 1.262E+08 | 1.262E+08 | 1.262E+08 [ 2.793E+05 | 2.793E+05 | 2.793E+05 [ 2.793E+05 | 2.793E+05 | 2.793E+05
temp_f 39.2 39.2 39.2 39.2 39.2 39.2 68 68 68 68 68 68 104 104 104 104 104 104
fieq 0.1 0.50 1.00 5.00 10.00 25.00 0.1 0.50 1.00 5.00 10.00 25.00 0.1 0.50 1.00 5.00 10.00 25.00
estar 913266.0 | 1203332.0 | 1342315.0 | 1646168.0 | 1775603.0 | 1961809.0 | 196746.1 | 348622.4 | 411795.8 | 649273.9 | 741029.7 | 894447.9 | 33990.5 | 70120.2 | 899323 | 173205.4 | 212727.3 | 301364.0
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Table A.1.B

mix_id A 12,567 N
north 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
middle 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
south 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
pg64 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
pe67 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
pe76 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
nmas 12.5 12.5 12.5 12.5 125 12.5 12.5 12.5 12.5 125 125 12.5 12.5 12.5 125 125 12.5 12.5
rap 30 30 30 30 30 30 30 30 30 30 30 30 30 30 30 30 30 30
binder 5.52 5.52 5.52 5.52 5.52 5.52 5.52 5.52 5.52 5.52 5.52 5.52 5.52 5.52 5.52 5.52 5.52 5.52
gmm 2.466 2.466 2.466 2.466 2.466 2.466 2.466 2.466 2.466 2.466 2.466 2.466 2.466 2.466 2.466 2.466 2.466 2.466
av 6.3 6.3 63 6.3 6.3 6.3 6.3 63 6.3 6.3 6.3 6.3 63 6.3 6.3 6.3 6.3 63
vma 18.04 18.04 18.04 18.04 18.04 18.04 18.04 18.04 18.04 18.04 18.04 18.04 18.04 18.04 18.04 18.04 18.04 18.04
via 65.35 65.35 65.35 65.35 65.35 65.35 65.35 65.35 65.35 65.35 65.35 65.35 65.35 65.35 65.35 65.35 65.35 65.35
eff binder 11.8 11.8 11.8 11.8 11.8 11.8 11.8 11.8 11.8 11.8 11.8 11.8 11.8 11.8 11.8 11.8 11.8 11.8
dr 0.54 0.54 0.54 0.54 0.54 0.54 0.54 0.54 0.54 0.54 0.54 0.54 0.54 0.54 0.54 0.54 0.54 0.54
sapp 13.34 13.34 13.34 13.34 13.34 13.34 13.34 13.34 13.34 13.34 13.34 13.34 13.34 13.34 13.34 13.34 13.34 13.34
pp200 6.30 6.30 6.30 6.30 6.30 6.30 6.30 6.30 6.30 6.30 6.30 6.30 6.30 6.30 6.30 6.30 6.30 6.30
pp4 75.00 75.00 75.00 75.00 75.00 75.00 75.00 75.00 75.00 75.00 75.00 75.00 75.00 75.00 75.00 75.00 75.00 75.00
pr38 13.00 13.00 13.00 13.00 13.00 13.00 13.00 13.00 13.00 13.00 13.00 13.00 13.00 13.00 13.00 13.00 13.00 13.00
pr34 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
A 18.84 18.84 18.84 18.84 18.84 18.84 18.84 18.84 18.84 18.84 18.84 18.84 18.84 18.84 18.84 18.84 18.84 18.84
VTS 6.57 6.57 6.57 6.57 6.57 6.57 6.57 6.57 6.57 6.57 6.57 .57 6.57 6.57 6.57 6.57 6.57 6.57
cta 6.580E+12 [ 6.580E+12 | 6.580E+12 ] 6.580E+12 [ 6.580E+12 | 6.580E+12 | 7.313E+08 | 7.313E+08 [ 7.313E+08 | 7.313E+08 | 7.313E+08 | 7.313E+08 | 5.555E+05 | 5.555E+05 | 5.555E+05 [ 5.555E+05 | 5.555E+05 | 5.555E+05
temp_f 39.2 39.2 39.2 39.2 39.2 39.2 68 68 68 68 68 68 104 104 104 104 104 104
freq 0.1 0.50 1.00 5.00 10.00 25.00 0.1 0.50 1.00 5.00 10.00 25.00 0.1 0.50 1.00 5.00 10.00 25.00
estar 787225.4 | 1089504.8 | 1207066.6 | 1545324.6 | 1661797.7 | 1870709.2 | 192088.2 | 325597.5 | 382568.4 | 599750.1 | 686072.6 | 833911.8 [ 38301.2 | 66256.1 | 82045.6 | 142791.1 | 175826.7 | 228559.3
mix_id A 12,576 N
north 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
middle 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
south 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
pe64 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
pg67 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
pg76 1 1 1 1 1 | 1 1 1 1 [ 1 1 1 1 1 1 1
nmas 12.5 12.5 12.5 12.5 12.5 12.5 12.5 12.5 12.5 12.5 12.5 12.5 12.5 12.5 12.5 12.5 12.5 12.5
rap 30 30 30 30 30 30 30 30 30 30 30 30 30 30 30 30 30 30
binder 5.41 5.41 5.41 5.41 5.41 5.41 5.41 5.41 5.41 5.41 5.41 5.41 5.41 5.41 5.41 5.41 5.41 5.41
gmm 2.549 2.549 2.549 2.549 2.549 2.549 2.549 2.549 2.549 2.549 2.549 2.549 2.549 2.549 2.549 2.549 2.549 2.549
av 5.7 5.7 5.7 5.7 57 5.7 5.7 5.7 5.7 5.7 5.7 5.7 5.7 5.7 57 57 5.7 5.7
vma 18.36 18.36 18.36 18.36 18.36 18.36 18.36 18.36 18.36 18.36 18.36 18.36 18.36 18.36 18.36 18.36 18.36 18.36
via 68.71 68.71 68.71 68.71 68.71 68.71 68.71 68.71 68.71 68.71 68.71 68.71 68.71 68.71 68.71 68.71 68.71 68.71
eff_binder 12.6 12.6 12.6 12.6 12.6 12.6 12.6 12.6 12.6 12.6 12.6 12.6 12.6 12.6 12.6 12.6 12.6 12.6
dr 0.52 0.52 0.52 0.52 0.52 0.52 0.52 0.52 0.52 0.52 0.52 0.52 0.52 0.52 0.52 0.52 0.52 0.52
sapp 11.81 11.81 11.81 11.81 11.81 11.81 11.81 11.81 11.81 11.81 11.81 11.81 11.81 11.81 11.81 11.81 11.81 11.81
pp200 6.30 6.30 6.30 6.30 6.30 6.30 6.30 6.30 6.30 6.30 6.30 6.30 6.30 6.30 6.30 6.30 6.30 6.30
pp4 73.00 73.00 73.00 73.00 73.00 73.00 73.00 73.00 73.00 73.00 73.00 73.00 73.00 73.00 73.00 73.00 73.00 73.00
pr38 10.00 10.00 10.00 10.00 10.00 10.00 10.00 10.00 10.00 10.00 10.00 10.00 10.00 10.00 10.00 10.00 10.00 10.00
pr34 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
A 7.39 7.39 7.39 7.39 7.39 7.39 7.39 7.39 7.39 7.39 7.39 7.39 7.39 7.39 7.39 7.39 7.39 7.39
VTS 2.46 -2.46 -2.46 -2.46 2.46 2.46 -2.46 -2.46 -2.46 2.46 2.46 -2.46 -2.46 -2.46 246 246 -2.46 -2.46
cta 3.434E+05 | 3.434E+05 | 3.434E+05 | 3.434E+05 [ 3.434E+05 | 3.434E+05 | 6.625E+04 | 6.625E+04 [ 6.625E+04 | 6.625E+04 | 6.625E+04 | 6.625E+04 | 1.253E+04 | 1.253E+04 | 1.253E+04 [ 1.253E+04 | 1.253E+04] 1.253E+04
temp_f 39.2 39.2 39.2 39.2 39.2 39.2 68 68 68 68 68 68 104 104 104 104 104 104
freg 0.1 0.50 1.00 5.00 10.00 25.00 0.1 0.50 1.00 5.00 10.00 25.00 0.1 0.50 1.00 5.00 10.00 25.00
estar 829118.7 [ 1118110.8 | 1264046.4 | 1585167.4 | 1726851.3 [ 1930604.8 | 177586.6 | 304657.1 | 359764.1 | 573195.2 | 658991.2 | 807522.4 | 35227.3 | 59261.2 | 73823.6 | 127259.9 | 158583.4 | 2057135
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Table A.1.C

mix_id A19 64 N
north 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
middle 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
south 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
pg64 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
pe67 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
pe76 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
nmas 19 1 19 19 19 19 19 19 19 19 19 19 19 19 19 19 19 19
rap 30 30 30 30 30 30 30 30 30 30 30 30 30 30 30 30 30 30
binder 5.25 5.25 5.25 5.25 5.5 5.25 5.25 5.25 5.25 525 5.25 5.25 5.25 5.25 525 5.25 5.25 5.25
gmm 2.501 2.501 2.501 2501 2.501 2.501 2.501 2.501 2.501 2.501 2.501 2.501 2.501 2.501 2.501 2.501 2.501 2.501
av 5.5 5.5 5.5 5.5 5.5 5.5 5.5 5.5 5.5 5.5 5.5 5.5 5.5 5.5 5.5 5.5 5.5 5.5
vma 17.06 17.06 17.06 17.06 17.06 17.06 17.06 17.06 17.06 17.06 17.06 17.06 17.06 17.06 17.06 17.06 17.06 17.06
via 67.96 67.96 67.96 67.96 67.96 67.96 67.96 67.96 67.96 67.96 67.96 67.96 67.96 67.96 67.96 67.96 67.96 67.96
off_binder 11.6 11.6 11.6 11.6 11.6 11.6 11.6 11.6 11.6 11.6 11.6 1.6 11.6 11.6 11.6 11.6 11.6 11.6
dr 0.41 0.41 0.41 0.41 0.41 0.41 0.41 0.41 0.41 0.41 0.41 0.41 0.41 0.41 0.41 0.41 0.41 0.41
sapp 8.72 8.72 8.72 8.72 8.72 8.72 8.72 8.72 8.72 8.72 8.72 8.72 8.72 8.72 8.72 8.72 8.72 8.72
pp200 5.80 5.80 5.80 5.80 5.80 5.80 5.80 5.80 5.80 5.80 5.80 5.80 5.80 5.80 5.80 5.80 5.80 5.80
pp4 73.00 73.00 73.00 73.00 73.00 73.00 73.00 73.00 73.00 73.00 73.00 73.00 73.00 73.00 73.00 73.00 73.00 73.00
pr38 11.00 11.00 11.00 11.00 11.00 11.00 11.00 11.00 11.00 11.00 11.00 11.00 11.00 11.00 11.00 11.00 11.00 11.00
pr34 5.00 5.00 5.00 5.00 5.00 5.00 5.00 5.00 5.00 5.00 5.00 5.00 5.00 5.00 5.00 5.00 5.00 5.00
A 12.24 12.24 12.24 12.24 12.24 12.24 12.24 12.24 12.24 12.24 12.24 12.24 12.24 12.24 12.24 12.24 12.24 12.24
VTS 418 4.18 4.18 4.18 418 418 4.18 4.18 4.18 4.18 418 4.18 4.18 4.18 4.18 418 4.18 4.18
cta 1.253E+09 | 1.253E+09 [ 1.253E+09 | 1.253E+09 | 1.253E+09 | 1.253E+09 | 1.564E+07 | 1.564E+07 | 1.564E+07 [ 1.564E+07 | 1.564E+07 | 1.564E+07 | 2.877E+05 | 2.877E+05 | 2.877E+05 | 2.877E+05 | 2.877E+05 | 2.877E+05
temp_f 39.2 39.2 39.2 39.2 39.2 39.2 68 68 68 68 68 68 104 104 104 104 104 104
freq 0.1 0.50 1.00 5.00 10.00 25.00 0.1 0.50 1.00 5.00 10.00 25.00 0.1 0.50 1.00 5.00 10.00 25.00
estar 1080201.5 | 1378093.3 | 1534187.9 | 1835809.5 | 1977396.4 [ 2154776.1 | 259963.5 | 430810.6 | 501396.3 | 759377.8 | 859191.5 | 1021609.0 | 49659.7 | 86728.1 | 108869.6 | 187265.7 | 232492.1 | 296429.7
mix_id B 9.5 64 Ml
north 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
middle 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
south 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
pe64 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
pg67 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
pg76 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
nmas 9.5 9.5 9.5 9.5 9.5 9.5 9.5 9.5 9.5 9.5 9.5 9.5 9.5 9.5 9.5 9.5 9.5 9.5
rap 30 30 30 30 30 30 30 30 30 30 30 30 30 30 30 30 30 30
binder 5.90 5.90 5.90 5.90 5.90 5.90 5.90 5.90 5.90 5.90 5.90 5.90 5.90 5.90 5.90 5.90 5.90 5.90
gmm 2.447 2.447 2.447 2.447 2.447 2.447 2.447 2.447 2.447 2.447 2.447 2.447 2.447 2.447 2.447 2.447 2.447 2.447
av 6.5 6.5 6.5 6.5 6.5 6.5 6.5 6.5 6.5 6.5 6.5 6.5 6.5 6.5 6.5 6.5 6.5 6.5
vma 19.32 19.32 19.32 19.32 19.32 19.32 19.32 19.32 19.32 19.32 19.32 19.32 19.32 19.32 19.32 19.32 19.32 19.32
via 65.20 65.20 65.20 65.20 65.20 65.20 65.20 65.20 65.20 65.20 65.20 65.20 65.20 65.20 65.20 65.20 65.20 65.20
eff_binder 12.6 12.6 12.6 12.6 12.6 12.6 12.6 12.6 12.6 12.6 12.6 12.6 12.6 12.6 12.6 12.6 12.6 12.6
dr 0.49 0.49 0.49 0.49 0.49 0.49 0.49 0.49 0.49 0.49 0.49 0.49 0.49 0.49 0.49 0.49 0.49 0.49
sapp 9.21 9.21 9.21 9.21 9.21 9.21 9.21 9.21 9.21 9.21 9.21 9.21 9.21 9.21 9.21 9.21 9.21 9.21
pp200 6.00 6.00 6.00 6.00 6.00 6.00 6.00 6.00 6.00 6.00 6.00 6.00 6.00 6.00 6.00 6.00 6.00 6.00
pp4 72.00 72.00 72.00 72.00 72.00 72.00 72.00 72.00 72.00 72.00 72.00 72.00 72.00 72.00 72.00 72.00 72.00 72.00
pr38 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00
pr34 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
A 15.84 15.84 15.84 15.84 15.84 15.84 15.84 15.84 15.84 15.84 15.84 15.84 15.84 15.84 15.84 15.84 15.84 15.84
VTS 5.52 5.52 5.52 5.52 5.52 5.52 5.52 5.52 5.52 5.52 5.52 5.52 5.52 5.52 5.52 5.52 5.52 5.52
cta 9.582E+08 | 9.582E+08 | 9.582E+08 | 9.582E+08 [ 9.582E+08 [ 9.582E+08 | 3.882E+06 | 3.882E+06 | 3.882E+06 | 3.882E+06 | 3.882E+06 | 3.882E+06 | 3.781E+04 | 3.781E+04 | 3.78 1E+04 [ 3.781E+04 | 3.781E+04 ] 3.781E+04
temp_f 39.2 39.2 39.2 39.2 39.2 39.2 68 68 68 68 68 68 104 104 104 104 104 104
freg 0.1 0.50 1.00 5.00 10.00 25.00 0.1 0.50 1.00 5.00 10.00 25.00 0.1 0.50 1.00 5.00 10.00 25.00
estar 707903.0 [ 1004841.9 | 1143468.6 | 1491895.8 [ 1631092.8 | 1857805.3 | 135248.6 | 244566.9 | 293578.9 | 492605.7 | 573873.5 | 723054.2 | 26469.7 | 47500.6 | s58461.9 | 108497.1 | 133204.8 | 186317.6
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Table A.1.D

mix_id B 9.5_64_M2
north 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
middle 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
south 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
pg64 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
pgo7 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
pg76 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
nmas 9.5 9.5 9.5 9.5 9.5 9.5 9.5 9.5 9.5 9.5 9.5 9.5 9.5 9.5 9.5 9.5 9.5 9.5
rap 30 30 30 30 30 30 30 30 30 30 30 30 30 30 30 30 30 30
binder 5.60 5.60 5.60 5.60 5.60 5.60 5.60 5.60 5.60 5.60 5.60 5.60 5.60 5.60 5.60 5.60 5.60 5.60
gmm 2.498 2.498 2.498 2.498 2.498 2.498 2.498 2.498 2.498 2.498 2.498 2.498 2.498 2.498 2.498 2.498 2.498 2.498
av 6.5 6.5 6.5 6.5 6.5 6.5 6.5 6.5 6.5 6.5 6.5 6.5 6.5 6.5 6.5 6.5 6.5 6.5
vma 18.09 18.09 18.09 18.09 18.09 18.09 18.09 18.09 18.09 18.09 18.09 18.09 18.09 18.09 18.09 18.09 18.09 18.09
vfa 64.30 64.30 64.30 64.30 64.30 64.30 64.30 64.30 64.30 64.30 64.30 64.30 64.30 64.30 64.30 64.30 64.30 64.30
eff_binder 11.6 11.6 11.6 11.6 11.6 11.6 11.6 11.6 11.6 11.6 11.6 11.6 11.6 11.6 11.6 11.6 11.6 11.6
dr 0.48 0.48 0.48 0.48 0.48 0.48 0.48 0.48 0.48 0.48 0.48 0.48 0.48 0.48 0.48 0.48 0.48 0.48
sapp 10.36 10.36 10.36 10.36 10.36 10.36 10.36 10.36 10.36 10.36 10.36 10.36 10.36 10.36 10.36 10.36 10.36 10.36
pp200 6.50 6.50 6.50 6.50 6.50 6.50 6.50 6.50 6.50 6.50 6.50 6.50 6.50 6.50 6.50 6.50 6.50 6.50
pp4 73.00 73.00 73.00 73.00 73.00 73.00 73.00 73.00 73.00 73.00 73.00 73.00 73.00 73.00 73.00 73.00 73.00 73.00
pr38 6.00 6.00 6.00 6.00 6.00 6.00 6.00 6.00 6.00 6.00 6.00 6.00 6.00 6.00 6.00 6.00 6.00 6.00
pr34 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
A -14.41 -14.41 -14.41 -14.41 -14.41 -14.41 -14.41 -14.41 -14.41 -14.41 -14.41 -14.41 -14.41 -14.41 -14.41 -14.41 -14.41 -14.41
VTS 5.34 5.34 5.34 5.34 5.34 5.34 5.34 5.34 5.34 5.34 5.34 5.34 5.34 5.34 5.34 5.34 5.34 534
ca 9.581E+00[9.581E+00]9.581E+00[9.581E+00 [9.581E+00[9.581E+00 2. 110E+01 [2.110E+01 [ 2.110E+01 [ 2.110E+01 [ 2.110E+01 [2.110E+01 | 7.648E+01 [ 7.648E+01 [ 7.648E+01 | 7.648E+01] 7.648E+01 [ 7.648E+01
temp_f 39.2 39.2 39.2 39.2 39.2 39.2 68 68 68 68 68 68 104 104 104 104 104 104
freq 0.1 0.50 1.00 5.00 10.00 25.00 0.1 0.50 1.00 5.00 10.00 25.00 0.1 0.50 1.00 5.00 10.00 25.00
estar 726462.8 | 1059151.3 | 1180868.2 | 1560876.4 | 1682118.0 | 1905370.7 | 151093.0 | 273424.5 | 328404.9 | 548293.3 | 638449.9 | 796579.6 [ 29618.9 52882.3 65149.4 121002.6 | 148834.2 | 207462.1
mix_id B9.5 67 S
north 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
middle 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
south 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
pgod 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
pg67 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
pe76 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
nmas 9.5 9.5 9.5 9.5 9.5 9.5 9.5 9.5 9.5 9.5 9.5 9.5 9.5 9.5 9.5 9.5 9.5 9.5
rap 25 25 25 25 25 25 25 25 25 25 25 25 25 25 25 25 25 25
binder 5.84 5.84 5.84 5.84 5.84 5.84 5.84 5.84 5.84 5.84 5.84 5.84 5.84 5.84 5.84 5.84 5.84 5.84
gmm 2.454 2.454 2.454 2.454 2.454 2.454 2.454 2.454 2.454 2.454 2.454 2.454 2.454 2.454 2.454 2.454 2.454 2.454
av 5.5 5.5 55 55 5.5 5.5 5.5 55 55 5.5 5.5 5.5 55 55 5.5 5.5 5.5 55
vma 18.21 18.21 18.21 18.21 18.21 18.21 18.21 18.21 18.21 18.21 18.21 18.21 18.21 18.21 18.21 18.21 18.21 18.21
via 70.28 70.28 70.28 70.28 70.28 70.28 70.28 70.28 70.28 70.28 70.28 70.28 70.28 70.28 70.28 70.28 70.28 70.28
off_binder 12.8 12.8 12.8 12.8 12.8 12.8 12.8 12.8 12.8 12.8 12.8 12.8 12.8 12.8 12.8 12.8 12.8 12.8
dr 0.50 0.50 0.50 0.50 0.50 0.50 0.50 0.50 0.50 0.50 0.50 0.50 0.50 0.50 0.50 0.50 0.50 0.50
sapp 9.80 9.80 9.80 9.80 9.80 9.80 9.80 9.80 9.80 9.80 9.80 9.80 9.80 9.80 9.80 9.80 9.80 9.80
pp200 5.30 5.30 5.30 5.30 5.30 5.30 5.30 5.30 5.30 5.30 5.30 5.30 5.30 5.30 5.30 5.30 5.30 5.30
pp4 72.00 72.00 72.00 72.00 72.00 72.00 72.00 72.00 72.00 72.00 72.00 72.00 72.00 72.00 72.00 72.00 72.00 72.00
pr38 3.00 3.00 3.00 3.00 3.00 3.00 3.00 3.00 3.00 3.00 3.00 3.00 3.00 3.00 3.00 3.00 3.00 3.00
p3d 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
A 19.68 19.68 19.68 19.68 19.68 19.68 19.68 19.68 19.68 19.68 19.68 19.68 19.68 19.68 19.68 19.68 19.68 19.68
VIS 6.8 -6.88 6.8 -6.88 -6.88 -6.88 -6.88 6.8 6.8 -6.88 -6.88 -6.88 6.8 -6.88 -6.88 -6.88 -6.88 6.8
eta 2.455E+13 | 2.455E+13 | 2.455E+13 [ 2.455E+13 | 2.455E+13 | 2.455E+13 | 1.265E+09 [ 1.265E+09 | 1.265E+09 | 1.265E+09 | 1.265E+09 | 1.265E+09 | 6.039E+05 | 6.039E+05 | 6.039E+05 | 6.039E+05 | 6.039E+05 [ 6.039E+05
temp_f 39.2 39.2 39.2 39.2 39.2 39.2 68 68 68 68 68 68 104 104 104 104 104 104
freq 0.1 0.50 1.00 5.00 10.00 25.00 0.1 0.50 1.00 5.00 10.00 25.00 0.1 0.50 1.00 5.00 10.00 25.00
estar 778385.7 | 1050892.3 | 1189408.6 | 1493083.7 | 1629393.3 | 1824385.8 | 154454.7 | 275616.6 | 328314.9 | 530523.2 | 612483.9 | 750601.3 24939.2 49369.8 62358.9 119532.0 | 148018.5 | 202299.2
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Table A.1.E

mix_id B 12.5_64 M
north 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
middle 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
south 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
pg64 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
pgo7 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
pg76 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
nmas 12.5 12.5 12.5 12.5 12.5 12.5 12.5 12.5 12.5 12.5 12.5 12.5 12.5 12.5 12.5 12.5 12.5 12.5
rap 30 30 30 30 30 30 30 30 30 30 30 30 30 30 30 30 30 30
binder 5.50 5.50 5.50 5.50 5.50 5.50 5.50 5.50 5.50 5.50 5.50 5.50 5.50 5.50 5.50 5.50 5.50 5.50
gmm 2.463 2.463 2.463 2.463 2.463 2.463 2.463 2.463 2.463 2.463 2.463 2.463 2.463 2.463 2.463 2.463 2.463 2.463
av 5.6 5.6 5.6 5.6 5.6 5.6 5.6 5.6 5.6 5.6 5.6 5.6 5.6 5.6 5.6 5.6 5.6 5.6
vma 18.01 18.01 18.01 18.01 18.01 18.01 18.01 18.01 18.01 18.01 18.01 18.01 18.01 18.01 18.01 18.01 18.01 18.01
vfa 69.16 69.16 69.16 69.16 69.16 69.16 69.16 69.16 69.16 69.16 69.16 69.16 69.16 69.16 69.16 69.16 69.16 69.16
eff_binder 12.5 12.5 12.5 12.5 12.5 12.5 12.5 12.5 12.5 12.5 12.5 12.5 12.5 12.5 12.5 12.5 12.5 12.5
dr 0.49 0.49 0.49 0.49 0.49 0.49 0.49 0.49 0.49 0.49 0.49 0.49 0.49 0.49 0.49 0.49 0.49 0.49
sapp 8.30 8.30 8.30 8.30 8.30 8.30 8.30 8.30 8.30 8.30 8.30 8.30 8.30 8.30 8.30 8.30 8.30 8.30
ppl92 6.00 6.00 6.00 6.00 6.00 6.00 6.00 6.00 6.00 6.00 6.00 6.00 6.00 6.00 6.00 6.00 6.00 6.00
pp388 75.00 75.00 75.00 75.00 75.00 75.00 75.00 75.00 75.00 75.00 75.00 75.00 75.00 75.00 75.00 75.00 75.00 75.00
pr30 13.00 13.00 13.00 13.00 13.00 13.00 13.00 13.00 13.00 13.00 13.00 13.00 13.00 13.00 13.00 13.00 13.00 13.00
pr26 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
A 13.32 13.32 13.32 13.32 13.32 13.32 13.32 13.32 13.32 13.32 13.32 13.32 13.32 13.32 13.32 13.32 13.32 13.32
VTS 4.60 4.60 4.60 4.60 4.60 4.60 4.60 4.60 4.60 4.60 4.60 4.60 4.60 4.60 4.60 4.60 -4.60 4.60
ca 9.125E+07[9.125E+07 [ 9.125E+07 [ 9.125E+07 [ 9.125E+07 [ 9.125E+07 | 1.404E+06 [ 1.404E+06 | 1.404E+06 | 1.404E+06 [ 1.404E+06 | 1.404E+06 | 3.440E+04 ] 3.440E+04 [ 3.440E+04 | 3.440E+04] 3.440E+04 [ 3.440E +04
temp_f 39.2 39.2 39.2 39.2 39.2 39.2 68 68 68 68 68 68 104 104 104 104 104 104
freq 0.1 0.50 1.00 5.00 10.00 25.00 0.1 0.50 1.00 5.00 10.00 25.00 0.1 0.50 1.00 5.00 10.00 25.00
estar 713383.3 | 1077654.1 | 1200054.4 | 1606245.4 | 1729371.3 | 1937672.3 | 139056.0 [ 263347.9 | 321364.5 | 555823.0 | 654698.4 | 822028.1 24366.0 43769.0 54863.6 105352.5 | 132700.9 | 187019.7
mix_id B 125 67 S
north 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
middle 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
south 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
pgod 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
pg67 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
pe76 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
nmas 12.5 12.5 12.5 12.5 12.5 12.5 12.5 12.5 12.5 12.5 12.5 12.5 12.5 12.5 12.5 12.5 12.5 12.5
rap 25 25 25 25 25 25 25 25 25 25 25 25 25 25 25 25 25 25
binder 5.41 5.41 5.41 5.41 5.41 5.41 5.41 5.41 5.41 5.41 5.41 5.41 5.41 5.41 5.41 5.41 5.41 5.41
gmm 2.468 2.468 2.468 2.468 2.468 2.468 2.468 2.468 2.468 2.468 2.468 2.468 2.468 2.468 2.468 2.468 2.468 2.468
av 6.0 6.0 6.0 6.0 6.0 6.0 6.0 6.0 6.0 6.0 6.0 6.0 6.0 6.0 6.0 6.0 6.0 6.0
vma 18.06 18.06 18.06 18.06 18.06 18.06 18.06 18.06 18.06 18.06 18.06 18.06 18.06 18.06 18.06 18.06 18.06 18.06
via 66.76 66.76 66.76 66.76 66.76 66.76 66.76 66.76 66.76 66.76 66.76 66.76 66.76 66.76 66.76 66.76 66.76 66.76
off_binder 12.1 12.1 12.1 12.1 12.1 12.1 12.1 12.1 12.1 12.1 12.1 12.1 12.1 12.1 12.1 12.1 12.1 12.1
dr 0.47 0.47 0.47 0.47 0.47 0.47 0.47 0.47 0.47 0.47 0.47 0.47 0.47 0.47 0.47 0.47 0.47 0.47
sapp 9.02 9.02 9.02 9.02 9.02 9.02 9.02 9.02 9.02 9.02 9.02 9.02 9.02 9.02 9.02 9.02 9.02 9.02
pp584 5.00 5.00 5.00 5.00 5.00 5.00 5.00 5.00 5.00 5.00 5.00 5.00 5.00 5.00 5.00 5.00 5.00 5.00
pp780 75.00 75.00 75.00 75.00 75.00 75.00 75.00 75.00 75.00 75.00 75.00 75.00 75.00 75.00 75.00 75.00 75.00 75.00
pr22 14.00 14.00 14.00 14.00 14.00 14.00 14.00 14.00 14.00 14.00 14.00 14.00 14.00 14.00 14.00 14.00 14.00 14.00
pri8 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
A 19.99 19.99 19.99 19.99 19.99 19.99 19.99 19.99 19.99 19.99 19.99 19.99 19.99 19.99 19.99 19.99 19.99 19.99
VIS 6.99 -6.99 6.99 -6.99 -6.99 6.99 -6.99 6.99 -6.99 -6.99 6.99 -6.99 6.99 -6.99 -6.99 6.99 -6.99 6.99
eta 5.809E+13 | 5.809E+13 [ 5.809E+13 | 5.809E+13 | 5.809E+13 | 5.809E+13 | 1.995E+09 [ 1.995E+09 | 1.995E+09 [ 1.995E+09 | 1.995E+09 | 1.995E+09 | 7.328E+05 | 7.328E+05 | 7.328E+05 | 7.328E+05 | 7.328E+05 | 7.328E+05
temp_f 39.2 39.2 39.2 39.2 39.2 39.2 68 68 68 68 68 68 104 104 104 104 104 104
freq 0.1 0.50 1.00 5.00 10.00 25.00 0.1 0.50 1.00 5.00 10.00 25.00 0.1 0.50 1.00 5.00 10.00 25.00
estar 713383.3 | 1077654.1 | 1200054.4 | 1606245.4 | 1729371.3 | 1937672.3 | 139056.0 | 263347.9 | 321364.5 | 555823.0 | 654698.4 | 822028.1 24366.0 43769.0 54863.6 105352.5 | 132700.9 | 187019.7
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Table A.1.F

mix_id B 25_64_ M
north 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
middle 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
south 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
pg64 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
pgo7 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
pg76 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
nmas 25 25 25 25 25 25 25 25 25 25 25 25 25 25 25 25 25 25
rap 30 30 30 30 30 30 30 30 30 30 30 30 30 30 30 30 30 30
binder 4.40 4.40 4.40 4.40 4.40 4.40 4.40 4.40 4.40 4.40 4.40 4.40 4.40 4.40 4.40 4.40 4.40 4.40
gmm 2.554 2.554 2.554 2.554 2.554 2.554 2.554 2.554 2.554 2.554 2.554 2.554 2.554 2.554 2.554 2.554 2.554 2.554
av 5.9 59 59 59 5.9 5.9 59 59 59 5.9 5.9 59 59 59 5.9 5.9 59 59
vma 15.33 15.33 15.33 15.33 15.33 15.33 15.33 15.33 15.33 15.33 15.33 15.33 15.33 15.33 15.33 15.33 15.33 15.33
vfa 61.42 61.42 61.42 61.42 61.42 61.42 61.42 61.42 61.42 61.42 61.42 61.42 61.42 61.42 61.42 61.42 61.42 61.42
eff_binder 9.4 9.4 9.4 9.4 9.4 9.4 9.4 9.4 9.4 9.4 9.4 9.4 9.4 9.4 9.4 9.4 9.4 9.4
dr 0.42 0.42 0.42 0.42 0.42 0.42 0.42 0.42 0.42 0.42 0.42 0.42 0.42 0.42 0.42 0.42 0.42 0.42
sapp 8.57 8.57 8.57 8.57 8.57 8.57 8.57 8.57 8.57 8.57 8.57 8.57 8.57 8.57 8.57 8.57 8.57 8.57
pp976 5.00 5.00 5.00 5.00 5.00 5.00 5.00 5.00 5.00 5.00 5.00 5.00 5.00 5.00 5.00 5.00 5.00 5.00
ppl172 83.00 83.00 83.00 83.00 83.00 83.00 83.00 83.00 83.00 83.00 83.00 83.00 83.00 83.00 83.00 83.00 83.00 83.00
pri4 10.00 10.00 10.00 10.00 10.00 10.00 10.00 10.00 10.00 10.00 10.00 10.00 10.00 10.00 10.00 10.00 10.00 10.00
pri0 8.00 8.00 8.00 8.00 8.00 8.00 8.00 8.00 8.00 8.00 8.00 8.00 8.00 8.00 8.00 8.00 8.00 8.00
A 7.71 7.77 7.77 7.77 7.77 7.77 7.71 7.71 7.77 7.77 7.77 7.77 7.71 7.77 7.77 7.77 7.77 7.71
VTS 2.59 2.59 2.59 2,59 2.59 2.59 2.59 2.59 2,59 2.59 2.59 2.59 2.59 2,59 2.59 2.59 2.59 2.59
cla 8.515E+05 [ 8.515E+05 | 8.515E+05 [8.515E+05 [ 8.515E+05 [ 8.515E+05 [ 1.340E+05 [ 1.340E+05 | 1.340E+05 | 1.340E+05 [ 1.340E+05 [ 1.340E+05 [ 2.093E+04]2.093E+04 [ 2.093E+04 [ 2.093E+04] 2.093E+04 [ 2.093E +04
temp_f 39.2 39.2 39.2 39.2 39.2 39.2 68 68 68 68 68 68 104 104 104 104 104 104
freq 0.1 0.50 1.00 5.00 10.00 25.00 0.1 0.50 1.00 5.00 10.00 25.00 0.1 0.50 1.00 5.00 10.00 25.00
estar 1155864.7 | 1551696.6 | 1677457.0 | 2059317.7 | 2169614.9 | 2361790.6 | 312971.6 | 521710.4 | 611118.8 | 924418.2 | 1050408.2 | 1234732.3 | 65956.8 113106.7 | 139265.9 | 241926.6 | 295963.7 | 383008.7
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Appendix B

Table B.1.A
A 12.5 64 M1 A 12.5 64 M2 A 125 67 N

Eoo 11,571.97 Eoo 832.27 Eoo 17,393.04

pi(s) Ei pi(s) Ei pi(s) Ei
2.00E+08 5,323.92 2.00E+08 2,217.82 | 2.00E+08 11,772.59
2.00E+07 2,495.92 2.00E+07 1,462.60 | 2.00E+07 4,825.86
2.00E+06 6,710.90 2.00E+06 4,391.64 | 2.00E+06 13,256.04
2.00E+05 13,317.46 2.00E+05 11,358.37 | 2.00E+05 25,095.61
2.00E+04 30,287.13 2.00E+04 32,944.28 | 2.00E+04 53,679.75
2.00E+03 75,254.30 2.00E+03 98,773.77 | 2.00E+03 121,211.84
2.00E+02 198,804.11 2.00E+02 282,271.63 | 2.00E+02 280,528.92
2.00E+01 516,708.24 2.00E+01 702,517.22 | 2.00E+01 624,516.38
2.00E+00 1,189,381.06 2.00E+00 1,424,581.16 | 2.00E+00 1,242,534.43
2.00E-01 2,214,042.21 2.00E-01 2,292,146.06 2.00E-01 2,082,133.54
2.00E-02 3,199,098.01 2.00E-02 2,958,297.49 2.00E-02 2,861,620.54
2.00E-03 3,632,703.62 2.00E-03 3,168,805.07 2.00E-03 3,250,004.09
2.00E-04 3,392,167.02 2.00E-04 2,937,233.67 2.00E-04 3,142,419.52
2.00E-05 2,747,167.40 2.00E-05 2,448,991.43 2.00E-05 2,684,865.25
2.00E-06 2,019,458.53 2.00E-06 1,894,947.42 2.00E-06 2,097,940.84
2.00E-07 1,392,055.31 2.00E-07 1,391,153.19 2.00E-07 1,539,115.61
2.00E-08 953,374.33 2.00E-08 1,023,034.58 2.00E-08 1,122,623.96

A 125 76 N A 19 64 N A 19 64 N2

Eoo 23,717.09 Eoo 16,794.19 Eoo 36,886.99

pi(s) Ei pi(s) Ei pi(s) Ei
2.00E+08 11,522.40 2.00E+08 13,493.79 | 2.00E+08 20,101.30
2.00E+07 4,704.30 2.00E+07 5,995.55 | 2.00E+07 9,920.00
2.00E+06 12,718.37 2.00E+06 16,499.57 | 2.00E+06 26,614.17
2.00E+05 23,530.23 2.00E+05 32,604.90 | 2.00E+05 53,479.79
2.00E+04 49,205.28 2.00E+04 72,499.49 | 2.00E+04 120,439.22
2.00E+03 109,329.75 2.00E+03 168,857.88 | 2.00E+03 283,598.58
2.00E+02 252,766.12 2.00E+02 394,311.82 | 2.00E+02 659,272.38
2.00E+01 572,880.63 2.00E+01 857,331.56 | 2.00E+01 1,378,983.00
2.00E+00 1,177,160.53 2.00E+00 1,611,499.33 | 2.00E+00 2,382,344.04
2.00E-01 2,043,812.26 2.00E-01 2,494,210.61 2.00E-01 3,255,499.90
2.00E-02 2,888,365.35 2.00E-02 3,144,208.62 2.00E-02 3,545,591.39
2.00E-03 3,329,276.96 2.00E-03 3,295,816.17 2.00E-03 3,206,859.04
2.00E-04 3,225,211.05 2.00E-04 2,980,377.89 2.00E-04 2,533,034.01
2.00E-05 2,734,416.93 2.00E-05 2,416,421.46 2.00E-05 1,825,071.64
2.00E-06 2,107,591.33 2.00E-06 1,814,681.17 2.00E-06 1,238,619.05
2.00E-07 1,520,329.26 2.00E-07 1,292,272.61 2.00E-07 808,540.02
2.00E-08 1,088,007.54 2.00E-08 920,991.42 2.00E-08 532,708.73
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Table B.1.B

A 25 64 N2 B 9.5 64 M1 B 9.5 64 M2

Ecx 82,349.34 Ex 17,501.43 Eoo 23,596.74

pi(s) Ei pi(s) Ei pi(s) Ei
2.00E+08 18,783.00 2.00E+08 7,121.30 | 2.00E+08 7,547.00
2.00E+07 9,782.64 2.00E+07 3,021.45 | 2.00E+07 3,384.88
2.00E+06 25,089.97 2.00E+06 8,094.32 | 2.00E+06 8,916.81
2.00E+05 48,363.15 2.00E+05 15,134.59 | 2.00E+05 16,741.68
2.00E+04 103,846.03 2.00E+04 32,155.64 | 2.00E+04 35,591.36
2.00E+03 237,595.77 2.00E+03 73,688.70 | 2.00E+03 81,833.28
2.00E+02 561,417.67 2.00E+02 179,580.34 | 2.00E+02 201,010.79
2.00E+01 1,254,610.64 2.00E+01 439,287.77 | 2.00E+01 496,676.67
2.00E+00 2,366,928.29 2.00E+00 989,187.83 | 2.00E+00 1,122,516.71
2.00E-01 3,470,158.43 2.00E-01 1,880,367.54 2.00E-01 2,108,329.26
2.00E-02 3,892,448.55 2.00E-02 2,863,335.16 2.00E-02 3,113,453.31
2.00E-03 3,482,377.10 2.00E-03 3,473,978.09 2.00E-03 3,611,951.08
2.00E-04 2,647,991.00 2.00E-04 3,462,793.73 2.00E-04 3,421,674.83
2.00E-05 1,811,058.87 2.00E-05 2,968,497.06 2.00E-05 2,789,426.21
2.00E-06 1,160,011.26 2.00E-06 2,286,836.93 2.00E-06 2,051,820.04
2.00E-07 713,674.72 2.00E-07 1,637,351.54 2.00E-07 1,409,760.54
2.00E-08 442,481.12 2.00E-08 1,157,873.29 2.00E-08 959,877.84

B9.5 67 S B125 64 M B 125 67 S

Eoo 2,759.60 Eoo 26,794.63 Eoo 17,656.61

pi(s) Ei pi(s) Ei pi(s) Ei
2.00E+08 4,050.99 2.00E+08 5,299.72 | 2.00E+08 10,305.02
2.00E+07 2,029.26 2.00E+07 2,696.16 | 2.00E+07 4,315.65
2.00E+06 5,790.13 2.00E+06 6,917.05 | 2.00E+06 11,759.71
2.00E+05 12,713.89 2.00E+05 13,249.32 | 2.00E+05 22,312.38
2.00E+04 31,669.46 2.00E+04 28,590.15 | 2.00E+04 47,951.23
2.00E+03 83,435.31 2.00E+03 67,571.05 | 2.00E+03 109,555.95
2.00E+02 220,373.47 2.00E+02 174,721.30 | 2.00E+02 258,854.15
2.00E+01 539,376.38 2.00E+01 466,488.93 | 2.00E+01 592,550.99
2.00E+00 1,134,873.24 2.00E+00 1,146,898.21 | 2.00E+00 1,213,588.86
2.00E-01 1,956,260.97 2.00E-01 2,284,732.03 2.00E-01 2,080,640.74
2.00E-02 2,730,521.04 2.00E-02 3,418,405.50 2.00E-02 2,894,944.40
2.00E-03 3,143,387.89 2.00E-03 3,844,706.46 2.00E-03 3,292,482.94
2.00E-04 3,089,745.19 2.00E-04 3,433,229.65 2.00E-04 3,161,425.81
2.00E-05 2,693,002.90 2.00E-05 2,608,760.03 2.00E-05 2,668,744.66
2.00E-06 2,151,712.74 2.00E-06 1,786,824.16 2.00E-06 2,055,252.47
2.00E-07 1,615,765.63 2.00E-07 1,147,105.07 2.00E-07 1,484,831.37
2.00E-08 1,207,560.06 2.00E-08 731,491.72 2.00E-08 1,065,947.99
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Table B.1.C

B19 64 M B25 64 M C95 67 M
Eoo 10,000.00 Eoo 54,153.37 Eoo 26,059.06
pi(s) Ei pi(s) Ei pi(s) Ei
2.00E+08 6,069.75 2.00E+08 16,816.07 | 2.00E+08 16,184.32
2.00E+07 3,314.49 2.00E+07 8,090.87 | 2.00E+07 6,814.04
2.00E+06 9,091.97 2.00E+06 21,110.07 | 2.00E+06 18,546.05
2.00E+05 19,924.23 2.00E+05 40,334.75 | 2.00E+05 35,122.13
2.00E+04 50,347.33 2.00E+04 86,425.53 | 2.00E+04 74,793.60
2.00E+03 138,475.39 2.00E+03 197,252.50 | 2.00E+03 167,128.94
2.00E+02 388,071.39 2.00E+02 464,991.14 | 2.00E+02 378,755.76
2.00E+01 986,992.06 2.00E+01 1,044,574.04 | 2.00E+01 813,379.01
2.00E+00 2,031,268.18 2.00E+00 2,020,413.75 | 2.00E+00 1,536,022.88
2.00E-01 3,177,224.84 2.00E-01 3,114,552.55 2.00E-01 2,413,571.01
2.00E-02 3,789,161.25 2.00E-02 3,744,121.00 2.00E-02 3,096,404.48
2.00E-03 3,614,865.12 2.00E-03 3,613,520.54 2.00E-03 3,292,940.89
2.00E-04 2,933,386.30 2.00E-04 2,953,043.69 2.00E-04 3,005,558.01
2.00E-05 2,135,710.00 2.00E-05 2,153,155.58 2.00E-05 2,447,644.01
2.00E-06 1,450,383.08 2.00E-06 1,458,146.16 2.00E-06 1,839,496.39
2.00E-07 942,106.01 2.00E-07 941,943.65 2.00E-07 1,307,669.11
2.00E-08 615,499.83 2.00E-08 610,869.33 2.00E-08 928,737.55
C125 67 M C125 76 M
Eoo 13,621.50 Eoo 26,322.15
pi(s) Ei pi(s) Ei
2.00E+08 8,076.26 2.00E+08 9,480.07
2.00E+07 3,668.22 2.00E+07 3,796.37
2.00E+06 9,979.73 2.00E+06 10,145.51
2.00E+05 19,753.63 2.00E+05 18,268.85
2.00E+04 44,512.99 2.00E+04 37,144.33
2.00E+03 107,608.96 2.00E+03 80,613.60
2.00E+02 269,193.35 2.00E+02 185,243.87
2.00E+01 644,811.71 2.00E+01 429,593.01
2.00E+00 1,350,084.11 2.00E+00 932,298.18
2.00E-01 2,303,656.95 2.00E-01 1,746,152.47
2.00E-02 3,122,259.68 2.00E-02 2,671,653.40
2.00E-03 3,418,437.47 2.00E-03 3,296,534.31
2.00E-04 3,150,221.56 2.00E-04 3,356,688.65
2.00E-05 2,557,995.13 2.00E-05 2,937,948.93
2.00E-06 1,903,114.91 2.00E-06 2,304,773.28
2.00E-07 1,334,303.60 2.00E-07 1,675,436.39
2.00E-08 932,393.15 2.00E-08 1,200,334.43
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Appendix C

Table C.1

Mixture Type: A 12.5 64 MI
XMLFile: LI PG64 125 A R3-LG
Level |
Asphalt Mix: Dynamic Modulus Table
Temperature Mixture [E*|, psi
(°F) 0.1 Hz 0.5 Hz 1 Hz 5 Hz 10 Hz 25 Hz
39.2 740.802 | 1,082,794 | 1202705 | 1.586.888 | 1,706,096 | 1924615
68 150,334 278,518 336,268 564,559 658,669 818,440
104 24.296 46,335 58,625 113,719 142,644 198,566
130 11,119 19.491 24.290 46,322 58,611 83.996
Asphalt Binder: Superpave Binder Test Data Asphalt General: Volumetric Properties as Built
Temperature |Angular Freq. = 10 rad/sec Effective Binder Content (%) 12.5
(°F) G* (Pa) Delta (degree) Air Voids (%) 5.5
147.2 8850 79.1 Total Unit Weight (pef) 145
158 4220 82
168.8 2070 84.1
Level 2
Asphalt Mix: Aggregate Gradation Asphalt Mix: LVE Converted Creep Compliance
: Cumulative Percent Retaine Percent Passing Loading Time (s) 'D(l)(l.’psij
3/4 Inch Sieve 0 100 - Mid Temp (14 F)
3/8 Inch Sieve] 14 86 1 1.67E-04
#4 Sieve 26 74 2 1.97E-04
#200 Sieve 94.2 5.8 5 2.27E-04
10 2.62E-04
20 2.92E-04
50 3.24E-04
100 3.56E-04
Asphalt Binder: Superpave Binder Test Data Asphalt General: Volumetric Properties as Built
Temperature [Angular Freq. = 10 rad/sec Effective Binder Content (%) 12.5
(°F) G* (Pa) Delta (degree) Air Voids (%) 5.5
147.2 8850 79.1 Total Unit Weight (pef) 145
158 4220 82
168.8 2070 84.1
Level 3
Asphalt Mix: Aggregate Gradation Asphalt General: Volumetric Properties as Built
Cumulative % Retained on 3/4 Inch Sieve 0 Effective Binder Content (%) 12.5
Cumulative % Retained on 3/8 Inch Sieve 14 Air Voids (%) 5.5
Cumulative % Retained on #4 Sieve 26 Total Unit Weight (pef) 145
% Passing #200 Sieve 5.8
Asphalt Binder: Superpave Binder Grading: PG 64-22
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Table C.2

Mixture Type: A 12.5 64 M2

XMLFile: L1 PG64 12,5 A R3-FP
Level 1

Asphalt Mix: Dynamic Modulus Table

Temperature Mixture [E*|, psi
(°F) 0.1 Hz 0.5 Hz 1 Hz 5 Hz 10 Hz 25 Hz
39.2 913,266 | 1,203,332 | 1342315 | 1,646,168 [ 1,775,603 | 1,961,809
68 196,746 348,622 411,796 649,274 741,030 894 448
104 33,991 70,120 89,932 173,205 212,727 301,364
130 19.970 39,240 55.296 102,271 139,928 188.459

Asphalt Binder: Superpave Binder Test Data

Asphalt General: Volumetric Properties as Built

Temperature |Angular Freq. = 10 rad/sec Effective Binder Content (%) 12.2
(°F) G* (Pa) Delta (degree) Air Voids (%) 5.5
147.2 27500 73.7 Total Unit Weight (pef) 145
158 10800 76.8
168.8 6600 79.2
Level 2
Asphalt Mix: Aggregate Gradation Asphalt Mix: LVE Converted Creep Compliance
: Cumulative Percent Retaine Percent Passing Loading Time (s) 'D( 1) (1/psi)
3/4 Inch Sieve 0 100 Mid Temp (14 F)
3/8 Inch Sievy 12 88 1 4.68E-04
#4 Sieve 27 73 2 6.07E-04
#200 Sieve 94.1 5.9 5 9.12E-04
10 1.06E-03
20 1.33E-03
50 1.69E-03
100 1.69E-03
Asphalt Binder: Superpave Binder Test Data Asphalt General: Volumetric Properties as Built
Temperature [Angular Freq. = 10 rad/sec Effective Binder Content (%) 12.2
(°F) G* (Pa) Delta (degree) Air Voids (%) 5.5
147.2 27500 73.7 Total Unit Weight (pcf) 145
158 10800 76.8
168.8 6600 79.2
Level 3
Asphalt Mix: Aggregate Gradation Asphalt General: Volumetric Properties as Built
Cumulative % Retained on 3/4 Inch Sieve 0 Effective Binder Content (%) 12.2
Cumulative % Retained on 3/8 Inch Sieve 12 Air Voids (%) 5.5
Cumulative % Retained on #4 Sieve 27 Total Unit Weight (pef) 145
% Passing #200 Sieve 5.9
Asphalt Binder: Superpave Binder Grading: PG 64-22
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Table C.3

Mixture Type: A 12.5 67 N

XML File: L1 PG67 125 A R2
Level 1

Asphalt Mix: Dynamic Modulus Table

Temperature Mixture [E*|, psi
(°F) 0.1 Hz 0.5 Hz 1 Hz 5 Hz 10 Hz 25 Hz
39.2 787,225 | 1,089,505 | 1,207,067 | 1,545325 | 1,661,798 | 1,870,709
68 192,088 325,597 382,568 599,750 686,073 833,912
104 38,301 66,256 82.046 142,791 175,827 228,559
130 18,543 29,902 37.036 63.196 79,242 104,091

Asphalt Binder: Superpave Binder Test Data

Asphalt General: Volumetric Properties as Built

1.8

Temperature |Angular Freq. = 10 rad/sec Effective Binder Content (%)
(°F) G* (Pa) Delta (degree) Air Voids (%) 6.3
147.2 26600 72.1 Total Unit Weight (pef) 145
158 12400 753
168.8 5780 78.5
Level 2
Asphalt Mix: Aggregate Gradation Asphalt Mix: LVE Converted Creep Compliance
: Cumulative Percent Retaine Percent Passing Loading Time (s) 'D( 1) (1/psi)
3/4 Inch Sieve 0 100 Mid Temp (14 F)
3/8 Inch Sievy 13 87 1 9.99E-05
#4 Sieve 25 75 2 1.13E-04
#200 Sieve 93.7 6.3 5 1.33E-04
10 1.54E-04
20 1.69E-04
50 1.91E-04
100 2.11E-04
Asphalt Binder: Superpave Binder Test Data Asphalt General: Volumetric Properties as Built
Temperature [Angular Freq. = 10 rad/sec Effective Binder Content (%) 11.8
(°F) G* (Pa) Delta (degree) Air Voids (%) 6.3
147 26600 72.1 Total Unit Weight (pcf) 145
158 12400 75.3
169 5780 78.5
Level 3
Asphalt Mix: Aggregate Gradation Asphalt General: Volumetric Properties as Built
Cumulative % Retained on 3/4 Inch Sieve 0 Effective Binder Content (%) 11.8
Cumulative % Retained on 3/8 Inch Sieve 13 Air Voids (%) 6.3
Cumulative % Retained on #4 Sieve 25 Total Unit Weight (pef) 145
% Passing #200 Sieve 6.3
Asphalt Binder: Superpave Binder Grading: [PGe7-22 |
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Table C.4

Mixture Type: A 12.5 76 N

XMLFile: LI PG76 12,5 A R2

Level 1

Asphalt Mix: Dynamic Modulus Table

Temperature Mixture [E*|, psi
(°F) 0.1 Hz 0.5 Hz 1 Hz 5 Hz 10 Hz 25 Hz
39.2 829,119 | L1118, 111 | 1,264,046 [ 1,585167 | 1,726,851 | 1,930,605
68 177,587 304,657 359,764 573,195 658,991 807,522
104 35,227 59.261 73.824 127,260 158,583 205,713
130 18.567 29,167 35,573 60,107 74,603 98.547

Asphalt Binder: Superpave Binder Test Data

Asphalt General: Volumetric Properties as Built

Temperature |Angular Freq. = 10 rad/sec Effective Binder Content (%) 12.6
(°F) G* (Pa) Delta (degree) Air Voids (%) 5.7
158 14100 65.8 Total Unit Weight (pef) 145
168.8 6770 67.2
179.6 8140 67.8
Level 2
Asphalt Mix: Aggregate Gradation Asphalt Mix: LVE Converted Creep Compliance
: Cumulative Percent Retaine Percent Passing Loading Time (s) 'D( 1) (1/psi)
3/4 Inch Sieve 0 100 Mid Temp (14 F)
3/8 Inch Sieve 10 90 1 1.08E-04
#4 Sieve 27 73 2 1.20E-04
#200 Sieve 93.7 6.3 5 1.40E-04
10 1.50E-04
20 1.63E-04
50 1.80E-04
100 1.82E-04
Asphalt Binder: Superpave Binder Test Data Asphalt General: Volumetric Properties as Built
Temperature [Angular Freq. = 10 rad/sec Effective Binder Content (%) 12.6
(°F) G* (Pa) Delta (degree) Air Voids (%) 5.7
158 14100 65.8 Total Unit Weight (pcf) 145
168.8 6770 67.2
179.6 8140 67.8
Level 3
Asphalt Mix: Aggregate Gradation Asphalt General: Volumetric Properties as Built
Cumulative % Retained on 3/4 Inch Sieve 0 Effective Binder Content (%) 12.6
Cumulative % Retained on 3/8 Inch Sieve 10 Air Voids (%) 5.7
Cumulative % Retained on #4 Sieve 27 Total Unit Weight (pef) 145
% Passing #200 Sieve 6.3
Asphalt Binder: Superpave Binder Grading: [PG76-22 |
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Table C.5

Mixture Type: A 19 64 N

XML File:

L1 PG64 19 A R2

Level 1

Asphalt Mix: Dynamic Modulus Table

Temperature Mixture [E*|, psi
(°F) 0.1 Hz 0.5 Hz 1 Hz 5 Hz 10 Hz 25 Hz
39.2 1,080,201 | 1,378,093 | 1,534,188 | 1.835810 | 1,977,396 | 2,154,776
68 259,963 430,811 501,396 759378 859.191 1,021,609
104 49,660 86,728 108,870 187.266 232,492 296,430
130 24,494 41,822 51,610 91,408 113,125 150,931

Asphalt Binder: Superpave

Binder Test Data

Asphalt General: Volumetric Properties as Built

>

Temperature |Angular Freq. = 10 rad/sec Effective Binder Content (%) 1
(°F) G* (Pa) Delta (degree) Air Voids (%) 55
147.2 49700 60.4 Total Unit Weight (pef) 145
158 31300 62.2
168.8 16500 63.7
Level 2
Asphalt Mix: Aggregate Gradation Asphalt Mix: LVE Converted Creep Compliance
: Cumulative Pc.rccnl Retaine Percent I-’assinu, Loading Time (s) 'D( 1) (1/psi)
3/4 Inch Sieve 5 95 Mid Temp (14 F)
3/8 Inch Sievy 11 89 1 1.06E-04
#4 Sieve 27 73 2 1.25E-04
#200 Sieve 94.2 5.8 5 1.49E-04
10 1.64E-04
20 1.86E-04
50 2.04E-04
100 2.04E-04
Asphalt Binder: Superpave Binder Test Data Asphalt General: Volumetric Properties as Built
Temperature [Angular Freq. = 10 rad/sec Effective Binder Content (%) 11.6
(°F) G* (Pa) Delta (degree) Air Voids (%) 5.5
147.2 49700 60.4 Total Unit Weight (pcf) 145
158 31300 62.2
168.8 16500 63.7
Level 3
Asphalt Mix: Aggregate Gradation Asphalt General: Volumetric Properties as Built
Cumulative % Retained on 3/4 Inch Sieve 5 Effective Binder Content (%) 11.6
Cumulative % Retained on 3/8 Inch Sieve 11 Air Voids (%) 5.5
Cumulative % Retained on #4 Sieve 27 Total Unit Weight (pef) 145
% Passing #200 Sieve 5.8
Asphalt Binder: Superpave Binder Grading: PG 64-22
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Table C.6

Mixture Type: A 19 64 N2
XMLFile: LI PG64 19 A RI
Level 1

Asphalt Mix: Dynamic Modulus Table

Temperature Mixture [E*|, psi
(°F) 0.1 Hz 0.5 Hz 1 Hz 5 Hz 10 Hz 25 Hz
39.2 1.604374 | 1.905957 | 2,067,163 | 2321134 [ 2449785 | 2,560,126
68 419,108 668,293 765,958 | 1,100,487 | 1,223,621 1,409,156
104 88,175 155,884 191,065 327445 394311 500.186
130 54,060 91,967 115,782 198,940 247,199 343,452

Asphalt Binder: Superpave Binder Test Data

Asphalt General: Volumetric Properties as Built

Temperature |Angular Freq. = 10 rad/sec Effective Binder Content (%) 10.1
(°F) G* (Pa) Delta (degree) Air Voids (%) 5
Total Unit Weight (pef) 145
Level 2
Asphalt Mix: Aggregate Gradation Asphalt Mix: LVE Converted Creep Compliance
: Cumulative Percent Retaine Percent Passing Loading Time (s) 'D(l)(l.’psij
3/4 Inch Sieve 1 99 - Mid Temp (14 F)
3/8 Inch Sievy 9 91 1 8.19E-05
#4 Sieve 19 81 2 8.92E-05
#200 Sieve 94.7 5.3 5 1.03E-04
10 1.10E-04
20 1.10E-04
50 1.10E-04
100 1.10E-04
Asphalt Binder: Superpave Binder Test Data Asphalt General: Volumetric Properties as Built
Temperature [Angular Freq. = 10 rad/sec Effective Binder Content (%) 10.1
(°F) G* (Pa) Delta (degree) Air Voids (%) 5
Total Unit Weight (pcf) 145
Level 3
Asphalt Mix: Aggregate Gradation Asphalt General: Volumetric Properties as Built
Cumulative % Retained on 3/4 Inch Sieve 1 Effective Binder Content (%) 10.1
Cumulative % Retained on 3/8 Inch Sieve 9 Air Voids (%) 5
Cumulative % Retained on #4 Sieve 19 Total Unit Weight (pef) 145
% Passing #200 Sieve 5.3
Asphalt Binder: Superpave Binder Grading: PG 64-22
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Table C.7

Mixture Type: A 25 64 N2

XMLFile: LI PG64 25 A RI

Level |

Asphalt Mix: Dynamic Modulus Table

Temperature Mixture [E*|, psi
(°F) 0.1 Hz 0.5 Hz 1 Hz 5 Hz 10 Hz 25 Hz
39.2 1,556,596 | 1.890.369 | 2,066,300 | 2351759 [ 2.486.,870 | 2.625.608
68 381,566 628,307 729,361 1,081,872 | 1,216,166 | 1414382
104 68,568 108,719 140,700 229,344 297.634 381,114
130 34913 50,039 62,015 97,443 125,624 167,944

Asphalt Binder: Superpave Binder Test Data

Asphalt General: Volumetric Properties as Built

Asphalt Binder: Superpave Binder Grading: PG 64-22

Temperature |Angular Freq. = 10 rad/sec Effective Binder Content (%) 9.8
(°F) G* (Pa) Delta (degree) Air Voids (%) 52
Total Unit Weight (pef) 145
Level 2
Asphalt Mix: Aggregate Gradation Asphalt Mix: LVE Converted Creep Compliance
: Cumulative Percent Retaine Percent Passing Loading Time (s) 'D(l)(l.’psij
3/4 Inch Sieve 7 93 - Mid Temp (14 F)
3/8 Inch Sievy 9 91 1 4.77E-05
#4 Sieve 15 85 2 5.24E-05
#200 Sieve 94.5 5.5 5 5.66E-05
10 6.01E-05
20 6.34E-05
50 6.46E-05
100 6.46E-05
Asphalt Binder: Superpave Binder Test Data Asphalt General: Volumetric Properties as Built
Temperature [Angular Freq. = 10 rad/sec Effective Binder Content (%) 9.8
(°F) G* (Pa) Delta (degree) Air Voids (%) 5.2
Total Unit Weight (pcf) 145
Level 3
Asphalt Mix: Aggregate Gradation Asphalt General: Volumetric Properties as Built
Cumulative % Retained on 3/4 Inch Sieve 9 Effective Binder Content (%) 9.8
Cumulative % Retained on 3/8 Inch Sieve 7 Air Voids (%) 5.2
Cumulative % Retained on #4 Sieve 15 Total Unit Weight (pef) 145
% Passing #200 Sieve 5.5
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Table C.8

Mixture Type: B 9.5 64 MI

XMLFile: LI PG64 9.5 B R3-A

Level 1

Asphalt Mix: Dynamic Modulus Table

Temperature Mixture [E*|, psi
(°F) 0.1 Hz 0.5 Hz 1 Hz 5 Hz 10 Hz 25 Hz
39.2 707,903 | 1,004,842 | 1,143.469 [ 1,491,896 | 1,631,093 | 1,857.805
68 135,249 244,567 293,579 492,606 573,874 723,054
104 26,470 47.501 58.462 108,497 133,205 186,318
130 14879 24,650 30,313 54,053 67,772 98,849

Asphalt Binder: Superpave Binder Test Data

Asphalt General: Volumetric Properties as Built

Temperature |Angular Freq. = 10 rad/sec Effective Binder Content (%) 12.6
(°F) G* (Pa) Delta (degree) Air Voids (%) 6.5
147.2 24300 73.6 Total Unit Weight (pef) 145
158 1170 76.6
168.8 6800 79.2
Level 2
Asphalt Mix: Aggregate Gradation Asphalt Mix: LVE Converted Creep Compliance
: Cumulative Percent Retaine Percent Passing Loading Time (s) 'D( 1) (1/psi)
3/4 Inch Sieve 0 100 Mid Temp (14 F)
3/8 Inch Sievy 1 99 1 1.56E-04
#4 Sieve 28 72 2 1.72E-04
#200 Sieve 94 6 5 2.00E-04
10 2.16E-04
20 231E-04
50 2.55E-04
100 2.62E-04
Asphalt Binder: Superpave Binder Test Data Asphalt General: Volumetric Properties as Built
Temperature [Angular Freq. = 10 rad/sec Effective Binder Content (%) 12.6
(°F) G* (Pa) Delta (degree) Air Voids (%) 6.5
147.2 24300 73.6 Total Unit Weight (pcf) 145
158 1170 76.6
168.8 6800 79.2
Level 3
Asphalt Mix: Aggregate Gradation Asphalt General: Volumetric Properties as Built
Cumulative % Retained on 3/4 Inch Sieve 0 Effective Binder Content (%) 12.6
Cumulative % Retained on 3/8 Inch Sieve 1 Air Voids (%) 6.5
Cumulative % Retained on #4 Sieve 28 Total Unit Weight (pef) 145
% Passing #200 Sieve 6
Asphalt Binder: Superpave Binder Grading: PG 64-22
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Table C.9

Mixture Type: B 9.5 64 M2

XML File:

Ll PG64 9.5 B R3-V

Level 1

Asphalt Mix: Dynamic Modulus Table

Temperature Mixture [E*|, psi
(°F) 0.1 Hz 0.5 Hz 1 Hz 5 Hz 10 Hz 25 Hz
39.2 726,463 | 1,059,151 | 1,180,868 [ 1,560,876 | 1,682,118 | 1,905,371
68 151,093 273,425 328,405 548,293 638,450 796,580
104 29,619 52,882 65,149 121,003 148,834 207.462
130 15,871 26,004 31,375 56,328 69,451 100,315

Asphalt Binder: Superpave Binder Test Data

Asphalt General: Volumetric Properties as Built

1.6

Temperature |Angular Freq. = 10 rad/sec Effective Binder Content (%)
(°F) G* (Pa) Delta (degree) Air Voids (%) 6.5
147.2 5780 80.8 Total Unit Weight (pef) 145
158 11500 78.4
168.8 19600 75.4
Level 2
Asphalt Mix: Aggregate Gradation Asphalt Mix: LVE Converted Creep Compliance
: Cumulative Percent Retaine Percent Passing Loading Time (s) 'D( 1) (1/psi)
3/4 Inch Sieve 0 100 Mid Temp (14 F)
3/8 Inch Sieve 6 94 1 1.17E-04
#4 Sieve 27 73 2 1.30E-04
#200 Sieve 93.5 6.5 5 1.47E-04
10 1.64E-04
20 1.75E-04
50 1.91E-04
100 2.04E-04
Asphalt Binder: Superpave Binder Test Data Asphalt General: Volumetric Properties as Built
Temperature [Angular Freq. = 10 rad/sec Effective Binder Content (%) 11.6
(°F) G* (Pa) Delta (degree) Air Voids (%) 6.5
147.2 5780 80.8 Total Unit Weight (pcf) 145
158 11500 78.4
168.8 19600 754
Level 3
Asphalt Mix: Aggregate Gradation Asphalt General: Volumetric Properties as Built
Cumulative % Retained on 3/4 Inch Sieve 0 Effective Binder Content (%) 11.6
Cumulative % Retained on 3/8 Inch Sieve 6 Air Voids (%) 6.5
Cumulative % Retained on #4 Sieve 27 Total Unit Weight (pef) 145
% Passing #200 Sieve 6.5
Asphalt Binder: Superpave Binder Grading: PG 64-22
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Table C.10

Mixture Type: B 9.5 67 S

XMLFile: L1 PG67 9.5 B R4

Level 1

Asphalt Mix: Dynamic Modulus Table

Temperature Mixture [E*|, psi
(°F) 0.1 Hz 0.5 Hz 1 Hz 5 Hz 10 Hz 25 Hz
39.2 778,386 | 1,050,892 | 1,189.409 [ 1493084 | 1,629,393 | 1824386
68 154,455 275,617 328,315 530,523 612,484 750,601
104 24,939 49.370 62,359 119,532 148,018 202,299
130 11,980 23,189 29,765 58,146 73,784 109,831

Asphalt Binder: Superpave Binder Test Data

Asphalt General: Volumetric Properties as Built

Asphalt Binder: Superpave Binder Grading:

[PGe7-22 |

Temperature |Angular Freq. = 10 rad/sec Effective Binder Content (%) 12.8
(°F) G* (Pa) Delta (degree) Air Voids (%) 55
147.2 23600 72.2 Total Unit Weight (pef) 145
158 10600 75.6
168.8 4910 78.6
Level 2
Asphalt Mix: Aggregate Gradation Asphalt Mix: LVE Converted Creep Compliance
: Cumulative Percent Retaine Percent Passing Loading Time (s) 'D( 1) (1/psi)
3/4 Inch Sieve 0 100 Mid Temp (14 F)
3/8 Inch Sievy 3 97 1 331E-04
#4 Sieve 28 72 2 4.01E-04
#200 Sieve 94.7 5.3 5 5.35E-04
10 6.04E-04
20 7.07E-04
50 8.51E-04
100 8.51E-04
Asphalt Binder: Superpave Binder Test Data Asphalt General: Volumetric Properties as Built
Temperature [Angular Freq. = 10 rad/sec Effective Binder Content (%) 12.8
(°F) G* (Pa) Delta (degree) Air Voids (%) 5.5
147.2 23600 72.2 Total Unit Weight (pcf) 145
158 10600 75.6
168.8 4910 78.6
Level 3
Asphalt Mix: Aggregate Gradation Asphalt General: Volumetric Properties as Built
Cumulative % Retained on 3/4 Inch Sieve 0 Effective Binder Content (%) 12.8
Cumulative % Retained on 3/8 Inch Sieve 3 Air Voids (%) 5.5
Cumulative % Retained on #4 Sieve 28 Total Unit Weight (pef) 145
% Passing #200 Sieve 5.3
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Table C.11

Mixture Type: B 12.5 64 M
XMLFile: LI PG64 125 B R3
Level |
Asphalt Mix: Dynamic Modulus Table
Temperature Mixture [E*|, psi
(°F) 0.1 Hz 0.5 Hz 1 Hz 5 Hz 10 Hz 25 Hz
39.2 713383 | 1.077.654 | 1.200.054 | 1,606,245 | 1.729.371 | 1937672
68 139.056 263,348 321,364 555.823 654,698 822,028
104 24,366 43,769 54.864 105,353 132,701 187.020
130 12,516 19.494 23,735 42,183 53.201 74.579
Asphalt Binder: Superpave Binder Test Data Asphalt General: Volumetric Properties as Built
Temperature |Angular Freq. = 10 rad/sec Effective Binder Content (%) 12.5
(°F) G* (Pa) Delta (degree) Air Voids (%) 5.6
147.2 14300 76.7 Total Unit Weight (pcf) 145
158 9440 79.6
168.8 5170 81.9
Level 2
Asphalt Mix: Aggregate Gradation Asphalt Mix: LVE Converted Creep Compliance
: Cumulative Percent Retaine Percent Passing Loading Time (s) 'D( 1) (1/psi)
3/4 Inch Sieve 0 100 Mid Temp (14 F)
3/8 Inch Sieve 13 87 1 1.14E-04
#4 Sieve 25 75 2 1.31E-04
#200 Sieve 94 6 5 1.45E-04
10 1.58E-04
20 1.71E-04
50 1.83E-04
100 1.93E-04
Asphalt Binder: Superpave Binder Test Data Asphalt General: Volumetric Properties as Built
Temperature [Angular Freq. = 10 rad/sec Effective Binder Content (%) 12.5
(°F) G* (Pa) Delta (degree) Air Voids (%) 5.6
147.2 14300 76.7 Total Unit Weight (pcf) 145
158 9440 79.6
168.8 5170 81.9
Level 3
Asphalt Mix: Aggregate Gradation Asphalt General: Volumetric Properties as Built
Cumulative % Retained on 3/4 Inch Sieve 0 Effective Binder Content (%) 12.5
Cumulative % Retained on 3/8 Inch Sieve 13 Air Voids (%) 5.6
Cumulative % Retained on #4 Sieve 25 Total Unit Weight (pef) 145
% Passing #200 Sieve 6
Asphalt Binder: Superpave Binder Grading: PG 64-22
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Table C.12

Mixture Type: B 12.5 67 S
XMLFile: LI PG67 125 B R4
Level |
Asphalt Mix: Dynamic Modulus Table
Temperature Mixture [E*|, psi
(°F) 0.1 Hz 0.5 Hz 1 Hz 5 Hz 10 Hz 25 Hz
39.2 799.436 | 1,098,798 | 1226957 | 1.560.258 | 1.685.026 | 1.894.083
68 178,701 307,743 364,226 578,586 666,209 811,324
104 40,797 72,786 89.099 159,438 192,590 267,258
130 26,760 43,528 57.073 95,217 125,372 167.782
Asphalt Binder: Superpave Binder Test Data Asphalt General: Volumetric Properties as Built
Temperature |Angular Freq. = 10 rad/sec Effective Binder Content (%) 12.1
(°F) G* (Pa) Delta (degree) Air Voids (%) 6
147.2 26800 73.8 Total Unit Weight (pcf) 145
158 10800 77.3
168.8 5270 80.3
Level 2
Asphalt Mix: Aggregate Gradation Asphalt Mix: LVE Converted Creep Compliance
: Cumulative Percent Retaine Percent Passing Loading Time (s) 'D(l)(l.’psij
3/4 Inch Sieve 0 100 - Mid Temp (14 F)
3/8 Inch Sievy 14 86 1 1.24E-04
#4 Sieve 25 75 2 1.39E-04
#200 Sieve 95 5 5 1.67E-04
10 1.81E-04
20 1.98E-04
50 2.23E-04
100 2.27E-04
Asphalt Binder: Superpave Binder Test Data Asphalt General: Volumetric Properties as Built
Temperature [Angular Freq. = 10 rad/sec Effective Binder Content (%) 12.1
(°F) G* (Pa) Delta (degree) Air Voids (%) 6
147.2 26800 73.8 Total Unit Weight (pcf) 145
158 10800 773
168.8 5270 80.3
Level 3
Asphalt Mix: Aggregate Gradation Asphalt General: Volumetric Properties as Built
Cumulative % Retained on 3/4 Inch Sieve 0 Effective Binder Content (%) 12.1
Cumulative % Retained on 3/8 Inch Sieve 14 Air Voids (%) 6
Cumulative % Retained on #4 Sieve 25 Total Unit Weight (pef) 145
% Passing #200 Sieve 5
Asphalt Binder: Superpave Binder Grading: [PGe7-22 |
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Table C.13

Mixture Type: B 19 64 M

XMLFile: L1 PG64 19 B R3

Level |

Asphalt Mix: Dynamic Modulus Table

Temperature Mixture [E*|, psi
(°F) 0.1 Hz 0.5 Hz 1 Hz 5 Hz 10 Hz 25 Hz
39.2 1328492 | 1,666,382 | 1.844.406 | 2,154,559 [ 2300147 | 2.463.630
68 280,235 496,408 584.651 912,001 [ 1.034218 | 1,232,022
104 21,279 41,131 54,178 106.296 137,938 206,862
130 5,605 8.689 11,188 19,543 26,533 38,301

Asphalt Binder: Superpave Binder Test Data

Asphalt General: Volumetric Properties as Built

Temperature |Angular Freq. = 10 rad/sec Effective Binder Content (%) 10.5
(°F) G* (Pa) Delta (degree) Air Voids (%) 55
Total Unit Weight (pef) 145
Level 2
Asphalt Mix: Aggregate Gradation Asphalt Mix: LVE Converted Creep Compliance
: Cumulative Percent Retaine Percent Passing Loading Time (s) 'D(l)(l.’psij
3/4 Inch Sieve 1 99 - Mid Temp (14 F)
3/8 Inch Sievy 14 86 1 1.70E-04
#4 Sieve 25 75 2 1.94E-04
#200 Sieve 94 6 5 2 49E-04
10 2.81E-04
20 3.11E-04
50 3.66E-04
100 3.81E-04
Asphalt Binder: Superpave Binder Test Data Asphalt General: Volumetric Properties as Built
Temperature [Angular Freq. = 10 rad/sec Effective Binder Content (%) 10.5
(°F) G* (Pa) Delta (degree) Air Voids (%) 5.5
Total Unit Weight (pcf) 145
Level 3
Asphalt Mix: Aggregate Gradation Asphalt General: Volumetric Properties as Built
Cumulative % Retained on 3/4 Inch Sieve 1 Effective Binder Content (%) 10.5
Cumulative % Retained on 3/8 Inch Sieve 14 Air Voids (%) 5.5
Cumulative % Retained on #4 Sieve 25 Total Unit Weight (pef) 145
% Passing #200 Sieve 6
Asphalt Binder: Superpave Binder Grading: PG 64-22
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Table C.14

Mixture Type: B25 64 M
XMLFile: LI PG64 25 B R3
Level |
Asphalt Mix: Dynamic Modulus Table
Temperature Mixture [E*|, psi
(°F) 0.1 Hz 0.5 Hz 1 Hz 5 Hz 10 Hz 25 Hz
39.2 1155865 | 1,551,697 | 1.677.457 | 2.,059318 [ 2.169.615 | 2.361.791
68 312,972 521,710 611,119 924418 [ 1,050408 | 1,234,732
104 65,957 113,107 139.266 241,927 295,964 383.009
130 33,987 53,689 65,279 111,491 137,751 182,596
Asphalt Binder: Superpave Binder Test Data Asphalt General: Volumetric Properties as Built
Temperature |Angular Freq. = 10 rad/sec Effective Binder Content (%) 94
(°F) G* (Pa) Delta (degree) Air Voids (%) 5.9
147.2 33500 72.6 Total Unit Weight (pcf) 145
158 17200 754
168.8 17700 76.1
Level 2
Asphalt Mix: Aggregate Gradation Asphalt Mix: LVE Converted Creep Compliance
: Cumulative Percent Retaine Percent Passing Loading Time (s) 'D( 1) (1/psi)
3/4 Inch Sieve 8 92 Mid Temp (14 F)
3/8 Inch Sieve 10 90 1 4.87E-05
#4 Sieve 17 83 2 5.51E-05
#200 Sieve 95 5 5 6.22E-05
10 6.96E-05
20 7.53E-05
50 8.20E-05
100 8.80E-05
Asphalt Binder: Superpave Binder Test Data Asphalt General: Volumetric Properties as Built
Temperature [Angular Freq. = 10 rad/sec Effective Binder Content (%) 94
(°F) G* (Pa) Delta (degree) Air Voids (%) 5.9
147.2 33500 72.6 Total Unit Weight (pcf) 145
158 17200 75.4
168.8 17700 76.1
Level 3
Asphalt Mix: Aggregate Gradation Asphalt General: Volumetric Properties as Built
Cumulative % Retained on 3/4 Inch Sieve 10 Effective Binder Content (%) 9.4
Cumulative % Retained on 3/8 Inch Sieve 8 Air Voids (%) 5.9
Cumulative % Retained on #4 Sieve 17 Total Unit Weight (pef) 145
% Passing #200 Sieve 5
Asphalt Binder: Superpave Binder Grading: PG 64-22
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Table C.15

Mixture Type: C9.5 67 M
XMLFile: LI PG67 9.5 C R3
Level |
Asphalt Mix: Dynamic Modulus Table
Temperature Mixture [E*|, psi
(°F) 0.1 Hz 0.5 Hz 1 Hz 5 Hz 10 Hz 25 Hz
39.2 1,042,729 | 1338882 | 1493116 | 1.797.075 [ 1938251 | 2.119.050
68 252,870 416,779 484,584 735,545 832,459 993,556
104 47,958 78.495 100,325 164,872 209,851 264,927
130 22,643 34,356 43,766 70,134 91,120 118,701
Asphalt Binder: Superpave Binder Test Data Asphalt General: Volumetric Properties as Built
Temperature |Angular Freq. = 10 rad/sec Effective Binder Content (%) 129
(°F) G* (Pa) Delta (degree) Air Voids (%) 5
147.2 15900 77.7 Total Unit Weight (pcf) 145
158 7850 80.2
168.8 3240 82.7
Level 2
Asphalt Mix: Aggregate Gradation Asphalt Mix: LVE Converted Creep Compliance
: Cumulative Percent Retaine Percent Passing Loading Time (s) 'D(l)(l.’psij
3/4 Inch Sieve 0 100 - Mid Temp (14 F)
3/8 Inch Sievy 5 95 1 8.26E-05
#4 Sieve 32 68 2 9.40E-05
#200 Sieve 94.5 5.5 5 1.12E-04
10 1.21E-04
20 1.33E-04
50 1.49E-04
100 1.49E-04
Asphalt Binder: Superpave Binder Test Data Asphalt General: Volumetric Properties as Built
Temperature [Angular Freq. = 10 rad/sec Effective Binder Content (%) 12.9
(°F) G* (Pa) Delta (degree) Air Voids (%) 5
147.2 15900 77.7 Total Unit Weight (pcf) 145
158 7850 80.2
168.8 3240 82.7
Level 3
Asphalt Mix: Aggregate Gradation Asphalt General: Volumetric Properties as Built
Cumulative % Retained on 3/4 Inch Sieve 0 Effective Binder Content (%) 12.9
Cumulative % Retained on 3/8 Inch Sieve 5 Air Voids (%) 5
Cumulative % Retained on #4 Sieve 32 Total Unit Weight (pef) 145
% Passing #200 Sieve 5.5
Asphalt Binder: Superpave Binder Grading: [PGe7-22 |
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Table C.16

Mixture Type: C 12.5 67 M

XMLFile: LI PG67 125 C_R3
Level |

Asphalt Mix: Dynamic Modulus Table

Temperature Mixture [E*|, psi
(°F) 0.1 Hz 0.5 Hz 1 Hz 5 Hz 10 Hz 25 Hz
39.2 869.851 | 1.189.925 | 1322964 | 1.667.244 | 1.791.974 | 2.000.302
68 192,115 337.801 400,017 639,995 734,224 895,946
104 34,875 64,822 80,557 149,572 183,594 249302
130 17.203 30,483 37.530 70,132 86,785 125,192

Asphalt Binder: Superpave

Binder Test Data

Asphalt General: Volumetric Properties as Built

Asphalt Binder: Superpave Binder Grading:

[PGe7-22 |

Temperature |Angular Freq. = 10 rad/sec Effective Binder Content (%) 115
(°F) G* (Pa) Delta (degree) Air Voids (%) 5.8
Total Unit Weight (pef) 145
Level 2
Asphalt Mix: Aggregate Gradation Asphalt Mix: LVE Converted Creep Compliance
: Cumulative Percent Retaine Percent Passing Loading Time (s) 'D(l)(l.’psij
3/4 Inch Sieve 0 100 - Mid Temp (14 F)
3/8 Inch Sievy 12 88 1 1.43E-04
#4 Sieve 27 73 2 1.60E-04
#200 Sieve 93.9 6.1 5 1.95E-04
10 2.18E-04
20 2.38E-04
50 2.73E-04
100 2.89E-04
Asphalt Binder: Superpave Binder Test Data Asphalt General: Volumetric Properties as Built
Temperature [Angular Freq. = 10 rad/sec Effective Binder Content (%) 11.5
(°F) G* (Pa) Delta (degree) Air Voids (%) 5.8
Total Unit Weight (pcf) 145
Level 3
Asphalt Mix: Aggregate Gradation Asphalt General: Volumetric Properties as Built
Cumulative % Retained on 3/4 Inch Sieve 0 Effective Binder Content (%) 11.5
Cumulative % Retained on 3/8 Inch Sieve 12 Air Voids (%) 5.8
Cumulative % Retained on #4 Sieve 27 Total Unit Weight (pef) 145
% Passing #200 Sieve 6.1
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Table C.17

Mixture Type: C 12.5 76 M
XMLFile: LI PG76 12,5 C_R3
Level 1

Asphalt Mix: Dynamic Modulus Table

Temperature Mixture [E*|, psi
(°F) 0.1 Hz 0.5 Hz 1 Hz 5 Hz 10 Hz 25 Hz
39.2 565,772 851,214 953,092 [ 1301342 | 1417104 | 1,608,734
68 133,118 233,060 278,933 459431 536,563 668,467
104 27,968 46,100 56,895 98.431 122,377 161,150
130 14,093 20,212 24,970 39117 50,048 64,680

Asphalt Bind

er: Superpave Binder Test Data

Asphalt General: Volumetric Properties as Built

Temperature |Angular Freq. = 10 rad/sec Effective Binder Content (%) 115
(°F) G* (Pa) Delta (degree) Air Voids (%) 5.8
Total Unit Weight (pef) 145
Level 2
Asphalt Mix: Aggregate Gradation Asphalt Mix: LVE Converted Creep Compliance
: Cumulative Percent Retaine Percent Passing Loading Time (s) 'D(l)(l.’psij
3/4 Inch Sieve 0 100 - Mid Temp (14 F)
3/8 Inch Sievy 12 88 1 8.37E-05
#4 Sieve 27 73 2 9.68E-05
#200 Sieve 93.9 6.1 5 1.13E-04
10 1.23E-04
20 1.36E-04
50 1.51E-04
100 1.61E-04
Asphalt Binder: Superpave Binder Test Data Asphalt General: Volumetric Properties as Built
Temperature [Angular Freq. = 10 rad/sec Effective Binder Content (%) 11.5
(°F) G* (Pa) Delta (degree) Air Voids (%) 5.8
Total Unit Weight (pcf) 145
Level 3
Asphalt Mix: Aggregate Gradation Asphalt General: Volumetric Properties as Built
Cumulative % Retained on 3/4 Inch Sieve 0 Effective Binder Content (%) 11.5
Cumulative % Retained on 3/8 Inch Sieve 12 Air Voids (%) 5.8
Cumulative % Retained on #4 Sieve 27 Total Unit Weight (pef) 145
% Passing #200 Sieve 6.1
Asphalt Binder: Superpave Binder Grading: [PG76-22 |
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Appendix D

GDOT RP 17-18: Innovative & Effective Training Modules and Methods for

Pavement Designers for Operation of MEPDG

GDOT MEPDG TRAINING WORKSHOP AGENDA

March 9-10, 2020
University of Georgia, Athens, Georgia

Coverdell Room 175, 500 D. W. Brooks Drive, Athens, GA 30602

DAY ONE- MARCH 9™, 2020

Time Topic
9:30-9:45am | Welcome & Introduction
Dr. Stephan A. Durham, UGA
Ms. Monica Flowrnoy, GDOT
Introduction and opening remarks
9:45-10:30 am | Review of Training Agenda

M. Steve Pahno, UGA

Mr. Ian Rish, GDOT

GDOT’s MEPDG Implementation Efforts

Dr. S. Sonny Kim, UGA

UGA’s MEPDG Implementation Efforts
Module 0- MEPDG Basics and Level Hierarchy
Module 1A- MEPDG Traffic and Climate Inputs

10:30-11:00 am

Design Walkthrough- Climate Inputs

Dr. Stephan A. Durham, UGA
MERRA data and climate inputs for MEPDG.

11:00-11:30 am

Design Walkthrough- Traffic Inputs

Dr. Wouter Brink, ARA

Traffic input module and importing/exporting traffic data to minimize input errors.
Topics to cover: Georgia DOT specific inputs for TTC, MAF. Axles per truck and axle
load spectra

11:30-12:15 pm

MEPDG Training Modules Screening

Hampton Worthey, UGA MS Student

Discussion and screening of AASHTO Pavement ME training modules.
MEPDG Inputs and Implementation for Level 1, 2 and 3 Designs

BREAK - Lunch

Design Walkthrough- Flexible Pavement Inputs
Hampton Worthey, UGA MS Student

Walkthrough of HMA mechanical property input for Pavement ME designs. Step-by-
step procedure for xml file import and use of GDOT HMA materials input library.

3:15-3:30 pm

BREAK

3:30-5:30 pm

Design Walkthrough- Rigid Pavement Inputs

Chandler Banks, UGA MS Student

Walkthrough of JPCP and CRCP layer property inputs for Pavement ME designs.
Step-by-step procedure for XML file import and use of GDOT concrete material
property database.

5:30-6:00 pm

Open Discussion
Comments and discussion
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DAY Two- MARCH 107, 2020

Time Topic
8:30-9:00 am | Laboratory Procedure Overview
Hampton Worthey
Discussion and screening of laboratory testing procedures conducted to collect Level 1
input database.
AASHTO Pavement ME Updates — Part 1: PMED over the years: v2.2 through
9:00 -10:30 am | 2.5.5: What changes have been made, why, and how they may affect GDOT

pavement engineers

Dr. Wouter Brink, ARA

A brief overview and reasoning behind the most recent changes and enhancements
made to the Pavement ME Design software and how it may affect GDOT pavement
engineers. Specific topics include: User interface changes, climate data updates,
recalibration of the flexible performance prediction models, and other enhancements
and improvements.

10:30-10:45 am

BREAK

10:45-12:15 pm

AASHTO Pavement ME Updates — Part 2: Overview of various available tools
include with a Pavement ME Design license and current features in development.
Dr. Wouter Brink, ARA

A detailed overview of the tools developed to assist pavement engineers. Specific tools
to be discussed include: Backcalculation tool. MapME, Calibration Assistance Tool,
and others. An overview of current and future enhancements will be discussed.

LUNCH

MEPDG Traffic Inputs from WIM Data
Seyedehnarges Tahaei Yaghoubi, UGA PhD Student

Use of FWD to Estimate Level 2 Dynamic Modulus Input
Ryan Romeo, UGA PhD Student

Estimation of Asphalt Dynamic Modulus and Creep Compliance using FWD data

Open Discussion & Closing Remarks
Dr. S. Sonny Kim

Mvr. Ian Rish, GDOT

Dr. Wouter Brink, ARA

Comments and discussion regarding all topics presented in the workshop, future
works, and closing remarks.
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Modulue 0- MEPDG Basics and Input Level Hierarchy

Time Script
00:00 This MEPDG Training series is produced by the University of Georgia for use by the
) Georgia Department of Transportation as a partial fulfillment of Research Project 17-18
This module will cover MEPDG Basics and Input Level Hierarchy in AASHTOWare
00:11 .
PavementME Design
00:18 This is an introductory video for all module series discussing MEPDG Inputs and
) Implementation
00:26 The Pavement ME Design Software Manual, User Input Guide, and Train the Trainer
) Workshop manuals should be used in tandem with the contents of this training series
00:36 Pavement ME Design is a sophisticated platform for conducting mechanistic-empirical
) based pavement designs
As stated in the Software Manual, "The concepts of ME based methods allow the pavement
00:43 design engineer to quantify the effect of changes in materials, load, climate, age, pavement
geometry, and construction practices on pavement performance”
00:56 As a result, each project requires many inputs across a variety of processes and design levels
The concept of hierarchical input levels is a fundamental consideration of MEPDG practices
01:03 . .
and Pavement ME Design, specifically
01:10 The most influential design inputs are structured in three different tiers to provide you with
) flexibility over the accuracy and conservatism of your design
Level 3 inputs represent values determined by nationally accepted averages or global
01:19 defaults. These inputs provide the lowest level of design accuracy and the highest level of
uncertainty but are the most efficient to use
Level 2 inputs represent values determined through limited testing, correlation, or data-base
01:32 selection. The values used in Level 2 designs are considered more accurate than Level 3, but
generally require more time and resources to obtain
Level | inputs are values gathered from site-specific data or laboratory evaluations. These
01:45 values are directly indicative of the in-situ conditions and, thus, contain the highest level of
) accuracy and the lowest level of uncertainty. However, these inputs require the most time
and resources to collect
The objective of this training series is to highlight the steps required for generating the most
02:02 . ) . .
accurate and advanced Georgia-specific pavement designs at each design level
02:12 Let's begin with a brief overview of the software interface
02:17 After launching the software, you will find some of the most important operational features
) and tools located in the Menu Ribbon
02:23 A summary of each feature's function can be found in the Software Manual
To begin a pavement design, select "Open" to launch an existing file from the GDOT library
02:28 , ,
or select "New" to start from scratch
02:36 Once a project is generated, you should notice several windows appear on your screen
02:40 These include the Explorer Tab, Project Information Tab, and Project Identifiers Window
02:49 We'll take a look at the Explorer Tab to highlight some of the important MEPDG features
) included in the software
02:56 Your current design project should appear under the projects folder. This folder will be used
) to access the traffic, climate, pavement structure, and calibration factors for your design
The Project Specific Calibration Factors are very important considerations that will have
03:07 significant impact on your performance output. These values will differ based on your
pavement design type
03:18 Always refer to the calibration tables located in the User Input Guide to ensure your files
) contain the appropriate calibration coefficients (Section 9.1, pg. 98)
03:27 The first step for every design is to determine general project information in the Project
) Information Tab
Here you will define the design type and pavement type. The design type selections include
03:33 New Pavement, Overlay, or Restoration Design. And the pavement types include Flexible,
JPCP, CRCP, and Semi-Rigid. For now, we will select a new, flexible pavement
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After selection, more windows become available--the Performance criteria Window,
03:52 Pavement Materials Window, and the Layer Inputs Window. You may also notice some
activity in the Error List
04:07 Before moving to those inputs, we will finish defining the project information
Section 3.3 of the User Input Guide states "the design life for all new pavement and
04:12 rehabilitation designs is 20 years" so for most designs, this should remain unchanged
(Section 3.3, pg. 14)
Construction date inputs are keyed to monthly traffic loadings and climate data and effect
04:23 all layer moduli. The Construction and Traffic Opening Dates table in the User Input Guide
suggests inputs based on your design (Table 3.1, Section 3.4.1, pg. 16)
04:35 We will input the recommended dates for a new, flexible pavement
04:41 The next step of the design process is to define the Performance Criteria
04:47 The Performance Criteria inputs are different for flexible and rigid pavements
The first input for both pavement types is the Initial IRI. Initial IRI values are based on the
04:51 type of wearing surface and may be determined from the associated table in the User Input
Guide (Table 4.1, section 4.1, pg. 17)
The Terminal IRI inputs for flexible and rigid pavements are based on route type and
05:07 number of lanes. These values are gathered from the Terminal IRI and HRI Ratings Table of
the User Input Guide (Table 4.6, Section 4.2.3, pg. 20)
05:23 The remaining Performance criteria inputs are specific to Flexible Pavement only
05:28 AC top-down fatigue cracking is not considered as a design input in version 2.5 of
) PavementME. Therefore, we will input a value above the standard threshold
AC bottom-up fatigue cracking, AC thermal cracking, and Permanent Deformation of the
05:40 Total Pavement are all based on the project's Roadway Type. These values may be found in
) the Flexible Pavement Design Criteria Table in the User Input Guide (Tables 4.2-4.5,
Section 4.2, pg. 19)
05:59 Permanent deformation of AC only is another currently unused input and may be left as the
) default value
In cases where a rigid-pavement design is selected, the remaining Performance Criteria
06:07 inputs include JPCP Transverse Cracking and Mean Joint Faulting or CRCP Punchouts,
based on your pavement type selection
06:19 These values are also determined by roadway type and are located in the Distress Criteria or
) Threshold Values Section of the User Input Guide (Tables 4.2-4.5, Section 4.2, pg. 19)
06:34 Finally, the appropriate reliability for each criterion must be determined
06:39 Reliability Levels are selected based on the type of roadway and may be found in the
) recommended table of the User Input Guide (Table 4.7, Section 4.3, pg. 22)
06:51 This concludes the topics discussed under MEPDG Basics and Input Level Hierarchy
06:57 Proceed to the first series of modules to learn about Level 3 MEPDG Inputs and
) Implementation
Modulue 1A- MEPDG Traffic and Climate Inputs
Time Script
This module will cover Level 3 MEPDG Traffic and Climate Inputs in AASHTOWare
00:00 .
PavementME Design
00:08 This is the first module in the Level 3 input series for MEPDG Inputs and Implementation
00:15 The GDOT User Input Guide and Train the Trainer Workshop manuals are considered
) necessary tools for this module
00:23 We will begin with the steps required for Traffic inputs. The input process for traffic data is
) the same for both Flexible and Rigid pavement designs.
00:31 To access the traffic inputs, double click the "Traffic" drop-down in the Explorer Tab
00:38 The first traffic inputs are located in the window on the left, beginning with the Average
) Annual Daily Truck Traffic
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Inputs highlighted in this section are considered site specific and should be obtained from

00:46 the Traffic Analysis Branch of the Office of Planning or the Office of Transportation Data
within GDOT
00:55 However, if sufficient truck volume data is unavailable, the Lane Distribution Factor table
) in the User Input Guide should be used (Table 5.1, Section 5.1, pg. 26)
01:05 Moving down, the Traffic Capacity input does not have any impact on the predictions of the
) performance indicators and may be ignored in version 2.5 of the software
01:14 The Axle Configuration inputs correspond to the following definitions from the User Input
) Guide and may be left as default values unless otherwise specified (Section 5.3, pg. 26)
01:23 The Lateral Wand@ inputs are only required for rigid pavements and may be left as default
: values for most designs
01:30 Inputs located under Wheelbase are also only required for rigid pavements but a set of
) recommended values are found in the User Input Guide (Section 5.5, pg. 27)
01:40 Vehicle Clas§ Distribution and Growth is also t.akc?n iqto account within Pan.:mentME. To
access these inputs, select the "Load Default Distribution" button at the top right
Appropriate percentages are provided by the Traffic Analysis Branch of the Office of
01:52 Planning and the Truck Traffic Classification table in the User Input Guide is recommended
only when actual truck traffic data is unavailable (Table 5.2, Section 5.6, pg. 28)
The Growth Rate and Growth Function inputs can be changed in the Vehicle Class
02:07 Distribution and Growth Window. The Growth Rate will be found alongside the data
provided by the Traffic Analysis Branch of the Office of Planning, if available
02:18 The Growth Function is selected from a drop-down where the choices include None, Linear,
and Compound
Finally, Monthly Distribution Factors may be imported into PavementME from the truck
02:26 traffic data library established for GDOT. These values are also presented in the highlighted
tables of the User Input Guide (Tables 5.3 & 5.4, Section 5.7, pg. 29-30)
02:41 To review and conﬁrm alll distribution factors, return to the Traffic drop-down in the
) Explorer Tab and right click on each of the inputs
02:57 This concludes the necessary steps for Level 3 Traffic inputs. Next, we will discuss the
: Climate Inputs
The climate input process differs slightly for Flexible and Rigid pavement designs. We will
03:04 ) . .
cover both processes, starting with a flexible pavement
03:12 To access the climate inputs, double click the "Climate" drop-down in the Explorer Tab
03:19 To begin, direct your attention to the map in the bottom right window
03:24 Use the search bar to search for your project location
03:31 Zoom in on the map until the climate stations surrounding your project are clearly visible
Climate stations with blue pins indicate inputs are available for that location. Stations with
03:37 . o .
red pins indicate data is missing or unavailable
03:45 For generic projects, one may obtain climate data files by clicking red pins and downloading
) the appropriate HCD files from the infopave website
03:54 However, custom HCD files have been generated for Georgia climate stations and inputs for
) GDOT roadway designs should be generated from this data
04:03 To access the custorr} climate data, click the "Options" drop down and select "Use custom
) HCD folder and station file"
04:12 Press the "refresh markers" button to regenerate the available climate stations
04:17 From the new set of stations, select the climate data pin most appropriate for your project
) location. Once selected, the pin will turn green
04:25 To import the data from the selected station, press the "Select Climate" button
04:31 If the import was successful, the data will appear under Project Climate
04:35 You will know the climate has been input correctly if the Climate icon in the Explorer Tab
: has turned green
04:43 Now we will discuss the same process for Rigid pavements
04:47 Beginning with a Rigid pavement design, once again double click the "Climate" drop-down

in the Explorer Tab
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Follow the same procedure as before, noticing the different locations for each climate data

04:55 pin
Similar to the flexible pavement climate inputs, generic climate files for rigid pavements
05:02 may be obtained online from the ME Design website. However, pre-generated custom
Georgia climate files should be used for all projects
05:15 These are the same custom files used for flexible designs
As before, check the "Use custom HCD option" and press the refresh markers button to
05:20 ) .
update the available stations
05:28 Select the most appropriate climate station for your project and press the "Select Climate"
) button
05:36 Finally, ensure the inputs were imported correctly by checking the Climate icon for
) confirmation
05:43 All climate inputs have now been defined for the project
05:47 This concludes the topics discussed in this module and the steps required for Level 3 Traffic
: and Climate inputs
05:54 Proceed to the next module to learn about Level 3 MEPDG Inputs and Implementation for

Subgrade and Base Materials

Modulue 2A- M

EPDG Inputs and Implementation for Subgrade and Base Materials

Time

Script

00:00

This module will cover the Level 3 Inputs and Implementation of Subgrade and Base
Materials in AASHTOWare PavementME Design

00:08

This is the second module in the Level 3 input series for MEPDG Inputs and Implementation

00:15

As before, the GDOT User Input Guide and Train the Trainer Workshop manuals are
considered necessary tools for this module

00:23

We will begin at the pavement structure process. At this point, the project information,
performance criteria, traffic, and climate inputs have already been determined. If you are
unsure how to reach this point in the design, revisit the previous modules in which the steps
are fully discussed

00:39

In this module, we will discuss the inputs for the highlighted pavement layers of the New
Pavement Structures Figure in the User Input Guide. These include the Subgrade, Granular
Aggregate Base, and Stabilized Base Layers (Fig 8.1, Section 8.1, pg. 58)

00:52

Because Section 8.9 of the User Input Guide states "Do not enter a bedrock layer for
locations where the depth to bedrock exceeds 100 inches or has more than 100 inches of soil
above it", the first layer added to the structure will be the subgrade embankment (Section
8.9, pg. 95)

01:08

To add the first layer to the pavement structure, click the "Add Layer" button above the
pavement figure or right click within in the window

01:16

In the "Material Layer Selection" Box, select the appropriate layer in the "Insert Layer
Below" drop-down. For now, we will select the only existing layer.

01:24

Next, ensure that Subgrade is selected in the "Layer Type" drop down

01:29

In addition to the default list of subgrade classifications, you should see GDOT classified
subgrade materials. These materials are imported from pre-generated files that already
include the preferred properties for a GDOT design

01:41

Some counties have available data that warrant specific material files. For projects in the
remaining counties, consult the Subgrade Classification Map in the User Input Guide to
identify an appropriate subgrade selection (Figure 8.4, Section 8.6.2, pg. 86)

01:54

For the purpose of this video, we will select a IIB4 soil for the embankment and discuss the
selection process for each material property input. After pressing "OK", the properites and
inputs for the new layer will be highlighted on the right

02:08

The first input to be defined is the coefficient of lateral earth pressure. However, version 2.5
of the software does not integrate this input, so leaving it as the default value is
recommended
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Because this is the bottom-most layer of the structure, the layer thickness is considered
Semi-Infinite. Therefore, a thickness input is not required for the embankment. If an

02:19 additional subgrade layer is included in the design, the appropriate thickness will be defined
here
The poisson's ratio for subgrade soil is an input that may be determined from the Poisson's
02:33 Ratio Table in the User Input Guide. Using this table, we see the suggested value for a [I1B4
soil is already defined appropriately (Table 8.22, Section 8.6.3, pg. 89)
02:47 Resilient modulus values for certain counties may be foupd in the Subgrade Resilient
: Modulus table in the User Input Guide (Table 8.18, Section 8.6.2, pg. 85)
However, for most counties, it is preferred to define the resilient modulus using the
02:55 suggested ranges in the Soil Classification Figure. The preferred range for a 11B4 soil is
between 6,000 and 10,000 psi (Figure 8.4, Section 8.6.2, pg. 86)
03:08 Click the drop-down arrow and type the new resilient modulus in the space provided at the
) bottom
Finally, the gradation input for GDOT materials is predefined based on Georgia soils of the
03:16 same classification. If necessary, click on the drop-down to adjust these inputs based on
availabe project data
If your resilient modulus was selected from the Resilient Modulus Table, verify the
03:29 maximum dry unit weight and water content inputs are consistent with you resilient modulus
value
03:40 All input properties have now been discussed for the embankment layer
03:43 The next base layer to discuss is the Granular Aggregate Base or GAB layer
03:49 Once again, click the "Add Layer" button and select the topmost layer in the "insert layer
) below" dropdown
03:55 For GAB layers, select the Non-Stabilized Base option in the Layer Type dropdown
04:01 As before, you may select your material from the list of default options or those custom
) generated for GDOT designs
If a specific material file is not available for your project, select the Default Values All
04:07 X .
Gneiss GAB option
04:16 Like the subgrade, the GAB coeftficient of lateral earth pressure is left as its default value
The layer thickness can be determined from the Minimum and Maximum Layer Thicknesses
04:22 Table in the User Input Guide. For GAB layers, a minimum thickness of 12-in is suggested
(Table 8.1, Section 8.1, pg 59)
04:35 The poisson's ratio for Level 3 GAB layers is found in same Poisson's Ratio table as before.
) The suggested input is 0.30 (Table 8.22, Section 8.6.3, pg. 89)
As with the subgrade, the GAB resilient modulus values are listed in the associated table in
04:46 the User Input Guide. The appropriate value should already be defined for GDOT materials
(Table 8.17, Section 8.6.2, pg. 84)
04:58 If necessary, type the value in the resilient modulus drop-down
05:03 Finally, select the gradation drop down and verify the maximum dry unit weight and water
) content values are consistent with the resilient modulus input selected from the table
Before proceeding, it is important to note that all GAB layers must be defined as a "Crushed
05:14 Stone". If designing a GAB layer from scratch, begin with a Crushed Stone material from
the Unbound Layers list
05:25 All input properties have now been discussed for the GAB
If a Stabilized Subgrade or Cement Treated Base layer is included in the design, the input
05:31 L .
process is similar to that of a subgrade soil
05:39 Once more, click the "Add Layer" button, select the appropriate layer in the "insert layer
) below" dropdown, and select the Subgrade "Layer Type"
05:49 All layer properties for a stabilized subgrade layer are default for an A-1-b soil with
) exception of Poisson's Ratio and Resilient Modulus, so an A-1-b material is recommended
06:02 As before, the coefficient of lateral earth pressure will remain as the default value
06:08 The default layer thickness for stablized base layers is defined as 10-in
06:15 The Level 3 poisson's ratio and resilient modulus values for stabilized subgrade are found in

the highlighted table in the User Input Guide (Table 8.24, Section 8.8, pg. 93)
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06:23 For this example, we will assume a cement stabilized soil is used
06:38 Gradation inputs for stabilized subgrade may be left as the default values for an A-1-b
) material
06:45 All input properties have now been discussed for the Stablized Subgrade
If your project is to include Asphalt Stabilized or Cement Treated Base layers, the inputs for
06:50 these layers are the same as the Asphalt Conrete or Portland Cement Concrete layers, which
will be discussed at a later time
07:02 This concludes the topics discussed in this module, procede to the next module to learn
) about Level 3 MEPDG Inputs and Implementation for AC Pavement
odule 3A- MEPDG Inputs and Implementation for AC Pavement
Time Script
00:00 This module will cover the Level 3 Inputs and Implementation of Asphalt Pavement Layers
) in AASHTOWare PavementME Design
00:08 This is the third module in the Level 3 input series for MEPDG Inputs and Implementation
As before, the GDOT User Input Guide and Train the Trainer Workshop manuals are
00:15 . .
considered necessary tools for this module
00:23 We will continue with the pavement structure process, focusing on the asphalt layers of a
) flexible pavement design
At this point, project information, performance criteria, traffic, climate, and subbase
00:29 material inputs have already been determined. If you are unsure how to reach this point in
the design, revisit the previous modules in which the steps are fully discussed
In this module, we will discuss the inputs for the highlighted pavement layers in the New
00:42 Pavement Structures figure in the User Input Guide. This includes asphalt surface, binder,
base, and interlayers (Fig 8.1, Section 8.1, pg. 58)
Before inputting any flexible pavement layers please review section 8.1 of the User Input
00:55 Guide. Highlights from this section include limiting your design to 3 HMA layers and how
to combine thin surface layers, if necessary (Section 8.1, pg. 57)
01:11 To begin, open the asphalt layer properties by navigating to the Explorer Window and
) selecting the "AC Layer Properties" dropdown
Verify these inputs are set as the default values as defined in Chapter 7.1 of the User Input
01:22 .
Guide (pg. 44)
This includes a surface shortwave absorptivity of 0.85, Full friction between layer interface,
01:28 . L . . S
no applied endurance limit, and no multi-layer rutting calibration
01:41 The next steps will discuss the input process for asphalt base layers
01:46 Add a flexible pavement layer by clicking the "Add Layer" button in the pavement layers
) window
In the "Layer Type" dropdown, select "Flexible," and begin with the Default asphalt
01:53 . .
concrete material for a Level 3 design
02:03 After pressing "OK", the properties and inputs for this new layer are highlighted on the right
The first input to determine is the asphalt thickness. Referencing the Minimum and
02:09 Maximum Layer Thicknesses Table in the User Input Guide, the 25mm base layer thickness
is project specific but should be no less than 3-in (Table 8.1, Section 8.1, pg. 59)
02:22 For the purpose of this example, a 4-in thickness will be assumed
02:29 The air voids, effective binder content, and unit weight inputs are all determined from the
) Volumetric Properties Table in the User Input Guide (Table 8.3, Section 8.3.2, pg. 64)
Therefore, we will input the appropriate values for the 25mm, base mixture, leaving
02:36 N .
Poisson's ratio as its default value
Continuing to the mechanical properties, asphalt binder grade for Level 3 designs is input
02:49 .
through the dropdown selection
02:56 As suggested from the highlighted table in the User Input Guide, your selection will most

often include PG 64 or PG 67-22 (Table 8.5, Section 8.3.3, pg. 66)
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Creep compliance inputs are tied to the selected asphalt binder and are not necessary for

03:10 Level 3 designs. The input process for this property will be discussed in the Level 1 and
Level 2 modules
Dynamic Modulus inputs require four percent passing values for Level 3 designs. Refer to
03:22 the Gradation for Georgia's Dense-Graded Mixtures Table in the User Input Guide and input
the appropriate values for the 25mm Base Mix (Table 8.6, Section 8.3.3, pg. 67)
03:38 Further inputs are only required for higher level designs and will be discussed in later
’ modules
03:48 The HMA Estar predictive model input should remain as the default selection, using the
) preferred viscosity-based model, NCHRP 1-37A
The reference temperature should remain at the default 70 deg-F, as all GDOT calibration
03:59 . .
factors are tied to this value
04:08 Moving to the thermal properties, the heat capacity and thermal conductivity inputs are also
) sensitive to the GDOT calibration factors and should be left as default values
04:18 Finally, the thermal contraction input is a calculated value that should not be changed
04:24 All input properties have now been discussed for the asphalt base layer
04:28 The next layer to discuss is the asphalt binder layer
Same as before, the new layer is added by selecting the default asphalt concrete material
04:33 .
under the Flexible layer type
04:49 All inputs for asphalt binder layers follow the same procedure as the asphalt base layer
04:55 A thickness range for asphalt binder layers is provided in the Minimum and Maximum
) Layer Thickness table in the User Input Guide (Table 8.1, Section 8.1, pg. 59)
The volumetric property inputs are provided in the same table as before. This time, using the
05:06 .
values recommended for the Binder layer
05:23 The binder grade is selected from the dropdown
05:30 The Dynamic Modulus inputs are selected based on the Dense Graded Mixtures Table
05:45 And the remaining inputs are self-generated or left as default values
The next layer to discuss is the asphalt surface layer. The input process for this layer is
05:51 identical to those of the base and binder layers, with the exception of asphalt thickness and
indirect tensile strength
06:01 The surface layer will be added by selecting the top-most HMA layer in the pavement figure
06:07 From the Layer Thicknesses Table in the User Input Guide, the surface thickness is
) determined from the Average Daily Traffic
06:15 Assuming a project ADT of 4,000, a thickness of 1.25 inches is recommended
06:23 In cases where an additional layer is required for design, or the surface layer is less than 1 in
) thick, an equivalent layer thickness should be calculated
06:31 This is accomplished using the highlighted Equation from Section 8.1 in the User Input
) Guide (Equation 2, Section 8.1, pg. 57)
06:36 A Layer Thickness Ratio from the below table is combinpd with the equation to develop an
) equivalent dense-graded layer thickness (Table 8.2, Section 8.1, pg. 59)
06:45 Surface layers also require an input for indirect tensile strength at 14 deg F
IDT inputs are estimated using other volumetric and mechanical properties and are not
06:51 necessary for Level 3 designs. The input process for this property will be discussed in the
Level | and Level 2 modules
07:04 The remaining inputs are selected following the same procedures as before
Finally, an asphalt interlayer may be included in rigid pavement designs by following the
07:13 . . )
same steps outlined for flexible designs
07:21 Asphalt interlayers should be inserted below the existing PCC layer
07:36 A layer thickness of 3-in is recommended from the Layer Thicknesses Table in the User
’ Input Guide
07:48 And the remaining inputs are identical to those of a standard 19mm Superpave mixture
07:53 Therefore, all input properties have already been discussed for the asphalt interlayer
07:59 This concludes the content discussed in this module and the steps required to develop a

Level 3 flexible pavement design
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08:06

Proceed to the next module to learn about Level 3 MEPDG Inputs and Implementation for
JPCP

Module 4A- MEPDG Inputs and Implementation for JPCP

Time Script
00:00 This module will cover the Level 3 Inputs and Implementation of Jointed Plane Concrete
) Pavement in AASHTOWare PavementME Design
00:08 This is the fourth module in the Level 3 input series for MEPDG Inputs and Implementation
00:15 As before, the GDOT User Input Guide and Train the Trainer Workshop manuals are
) considered necessary tools for this module
00:23 We will continue with the pavement structure process, focusing on the PCC layers of a
) JPCP design as shown in the highlighted figure
00:33 First, a brief overview of the Rigid Pavement Design Structure
Rigid pavement designs are limited to one PCC layer for new pavements and two PCC
00:39 B .
layers for rehabilitation designs
00:47 Typically, only one of the following base layer types are used for rigid pavements & no
: more than one stabilized subgrade layer should be used
The subgrade for rigid pavement designs is limited to 2 layers-- compacted embankment
00:56 and natural or undisturbed soil. If you are unfamiliar with the input processes for the
subgrade or base layers, please review Module 2 of this series
01:11 Next, we will disucss the Design Property Inputs. Navigate to the Explorer Window and
) select "JPCP Design Properties" in the project dropdown
01:25 Unlike the flexible pavement design properties, some JPCP properties may differ based on
) your project specifications
01:32 The first design input is surface shortwave absorptivity. In which the default value of 0.85
) should be used for all new and rehabilitation designs
Under the Doweled Joints drop-down, you'll find inputs for the dowel diameter and dowel
01:42 spacing. The Dowel Diameter Table in the User Input Guide provides recommended
) diameters based on slab thickness, while a dowel spacing of 12-in is suggested for most
designs (Table 7.3, Section 7.2.4, pg. 49)
The Erodibility Index for JPCP is defined by the type of base material for the project and is
02:00 classified by categories presented in the highlighted table of the User Input Guide (Table
7.4, Section 7.2.8, pg. 50)
Under the PCC-Base Contact Friction dropdown, JPCP design should always use full
02:16 friction between the slab .and base course, while the months uptil frict.ion loss is based on the
type of base course used in the design. Reference the appropriate section of the User Input
Guide for the suggested input (Section 7.2.8, pg. 50)
Under the Joint Spacing dropdown, PavementME allows for two spacing options- constant
02:34 and random. GDOT only permits the use of constant joint spacing, with recommended
values between 15-20 feet. For most JPCP designs, 15-ft is reccomended
02:51 The Permanent Curl/Warp Effective Temperature Difference input should be left as the
) default value of -10 degF for all new and rehabilitation designs
The Seleant Type input permits two available options for the transverse joint sealant--
03:01 preformed and other. Georgia currently seals joints with a silicone sealant, so selecting the
"other" option is recommended
Both the Tied Shoulders and Widened Slab inputs are design based and may change
03:14 depending on the project. If the shoulders are to be tied, a logitudinal joint load tranfer
efficieny of 40% is recommended per the User Input Guide (Section 7.2.6, pg. 50)
Widened slabs are generally only used when reducing edge stresses from wheel loads is
03:28 o . Lo e
necessary. If this is the case, a maximum of 1-ft widening is to be used.
03:44 After adjusting all design properties, you may begin defining the Level 3 JPCP layer inputs
03:52 Navigate back to the materials window by selecting the JPCP layer at the top of the figure
03:59 The first layer property input is the Poisson's ratio. This input should not be changed as all
) relavent calibration factors are tied to the default Poisson's ratio value of 0.2

138




04:11

To determine the thickness of the concrete layer, first input a trial thickness using
recommended values from the Minimum and Maximum Thicknesses Table in the User
Input Guide. Then adjust the value in subsequent designs based on the performance output
(Table 8.1, Section 8.1, pg. 59)

04:25

Unit weight inputs should be selected based on average values from construction records if
a particular PCC mixture is to be used. Otherwise, use the default value of 150 pcf

04:38

For Level 3 designs, the PCC coefficient of thermal expansion input is recommended based
on the concrete's coarse aggregate geological class. Designers must determine the coarse
aggregate type, then use the highlighted table to select the appropriate input from the User
Input Guide. If the coarse aggregate is unknown, use a CTE value of 5.1 (Table 8.11,
Section 8.4.2, pg. 73)

05:01

The PCC heat capacity and thermal conductivity inputs are tied to the GDOT calibration
factors and should remain as the default values

05:10

Under Mix Design properties the aggregate type may be determined from mixture design
sheets or by locating your project location in the highlighted figure of the User Input Guide
(Figure 8.3, Section 8.4.3, pg. 74)

05:25

Inputs for cement content and water cement ratio should be available from historial
construction records, but if data is unavailable, use the recommended values of 660 and 0.45
respectively

05:41

For most Level 3 designs, the Cement type input should remain as Type I unless otherwise
specified

05:49

Under the curing method dropdown, the choices include Wet Curing and Curing
Compound. Curing compound is recommended for most GDOT PCC designs and wet
curing is only to be used if the project specifically documents its use

06:04

The reversible shrinkage and time to develop 50% of ultimate strength inputs are tied to
calibration factors and should be left as default values

06:14

The PCC zero-stress temperature input is calculated as a function of monthly ambient
temperatures and cement content. This value may be input directly by the user, but
calculation is preferred for most designs

06:28

The same is true for the ultimate shrinkage input, in which the value is calculated internally

06:35

For Level 3 designs, the strength property inputs for PCC layers are limited to the 28-day
compressive strength or modulus of rupture and the elastic modulus. The median values
from GDOT historical construction records are suggested. These values are 6,097 psi for
compressive strength, 705 psi for MOR, and 4,500 ksi for elastic modulus

07:02

All input properties have now been discussed for a JPCP surface layer

07:08

This concludes the content discussed in this module and the steps required to develop a
Level 3 JPCP design

07:15

Proceed to the next module to learn about Level 3 MEPDG Inputs and Implementation for
CRCP

M

odule 5SA- MEPDG Inputs and Implementation for CRCP

00:00

This module will cover the Level 3 Inputs and Implementation of Continuously Reinforced
Concrete Pavement in AASHTOWare PavementME Design

00:08

This is the fifth and final module in the Level 3 input series for MEPDG Inputs and
Implementation

00:15

As before, the GDOT User Input Guide and Train the Trainer Workshop manuals are
considered necessary tools for this module

00:23

We will continue with the pavement structure process, focusing on the PCC layers of a
CRCP design as shown in the highlighted figure in the User Input Guide

00:33

Once again, the first step in the design is to input the CRCP Design Properties

00:40

Open the properties by navigating to the Explorer Tab and selecting "CRCP Design
Properties" from the project dropdown

00:49

Similar to the JPCP design properties, some CRCP properties may differ based on your
project specifications
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The first design input is surface shortwave absorptivity. As before, the default value of 0.85

00:57 should be used for all new and rehabilitation designs
01:07 The Bar Diameter input refers to the diameter of the longitudinal reinforcement and is a
) project-specific design value
The base/slab friction coefficient value represents the coefficient of friction at the interface
01:15 of the CRCP and the supporting layer. A set of recommended design values based on the
) base course type is found in the highlighted table in the User Input Guide (Table 7.5,
Section 7.3.1, pg. 56)
The crack spacing input is generated internally using a prediction model and should be left
01:29 :
as the default setting
The Steel % input refers to the percent of longitudinal steel and should be determined from
01:36 project-specific design criteria. Typical values for this input may range between 0.65 and
0.80
01:49 As discussed in the previous module, The Permanent curl/warp Effective Temperature
) Difference input should remain as the default value of negative 10 degF
Shoulder Type is an input based on project design. PavementME provides four available
01:59 shoulder types: Tied PCC (separate), Tied PCC (monolithic), Asphalt, and Gravel. The User
) Input Guide states a roller-compacted concrete can be assumed as an asphalt shoulder since
it is not tied into the PCC slab
02:18 Finally, the steel depth input is a project-specific design value. Generally, the steel is placed
) at mid-depth or higher in PCC slabs, but a minimum cover depth of 3.5 inches is required
After adjusting all CRCP design inputs, navigate back to the materials layer window to
02:30 . o
finish designing the pavement structure
02:39 All inputs for CRCP layers follow the same procedure as JPCP layers. If you are unfamiliar
) with JPCP design, please return to Module 4A where it is discussed in further detail
02:49 Therefore, only a brief review will be provided in this module
02:55 Under PCC properties, Poisson's ratio should remain as the default value of 0.2
03:01 Layer thickness is determined using a trial and error process beginning with minimum
) values found in the Layer Thicknesses Table in the User Input Guide
Unit Weight is selected based on average values from construction records. If unknown, a
03:09 oo .
unit weight of 150 pcf is recommended
03:17 Under thermal properties, the PCC coefficient of thermal expansion is determined based on
) the concrete's coarse aggregate type and the associated Table in the User Input Guide
03:27 The PCC heat capacity and thermal conductivity inputs are default values that should not be
) changed.
03:33 Under Mix design properties, Aggregate Type is selected based on mixture design
) specifications or aggregate sources local to your project
Cementitious material content and water cement ratio inputs are based on historical
03:42 construction records, but if data is unavailable, use standard values of 660 and 0.45
respectively
03:54 For most designs, Type I cement is used for the Cement Type and "Curing Compound" is
) selected for the Curing Method
04:01 The reversible shrinkage and time to develop 50% of ultimate strength inputs should remain
: as the default values
04:08 PCC zero-stress temperature and ultimate shrinkage values are calculated by the software
) and require no input
Finally, the PCC strength and modulus property is determined from 28-day compressive
04:15 strength or modulus of rupture and the elastic modulus. The recommended values are 6,097
psi for compressive strength, 705 psi for MOR, and 4,200 ksi for elastic modulus
04:37 All input properties have now been discussed for a CRCP surface layer
04:42 This concludes the content discussed in this module and the steps required to develop a
) Level 3 CRCP design
This is the final module in the Level 3 AASHTOWare Pavement ME Design Video Series.
04:48 For a continued discussion of Level 1 and Level 2 designs, proceed to the next series of

training modules
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Module 1B- MEPDG Calibration Factors & Baseline Files

Time Script
This module will cover Level 1 and 2 MEPDG Calibration Factors in AASHTOWare
00:00 .
PavementME Design
00:08 This is the first module in the Level 1 and 2 input series for MEPDG Inputs and
) Implementation
00:15 The QDOT User Input Guide and Software Design Manual are considered necessary tools
) for this module
The previous module series discussed the basic concepts and inputs for routine or Level 3
00:23 T
designs in Pavement ME
00:31 The topics in this series will focus on the more in-depth processes required for Level 1 and 2
) designs
As mentioned in the introductory module, Level 1 and 2 designs are more accurate and
00:38 effective at predicting the long-term pavement performance as they require the use of local
databases or laboratory-tested values
00:49 Therefore, the focus of this series is to highlight the Level 1 and 2 inputs available in
) Pavement ME and the steps required to integrate them using the GDOT input library
01:00 The first topic to discuss is the GDOT Calibration Factors
All higher-level designs will require the most up-to-date Georgia-specific calibration
01:05 . . . o
coefficients in order to accurately predict the performance indicators
01:14 Calibration settings are specific to the design type and pavement type you are generating in
: the software
After defining the general information for your project, you may access the calibration
01:21 settings by navigating to the Explorer Window and selecting the appropriate option under
the "Project Specific Calibration Factors" dropdown
01:35 In the window on the right, you will see all the Calibration coefficients and equations
) necessary for your design
01:42 Here you will notice the variety of transfer function and prediction methodology inputs
) required to generate the pavement performance indicators
01:50 These coefficients should reflect the results from the Long-Term Pavement Performance
) program test sections in Georgia
A summary of the most recent Georgia calibration factors is listed in Chapter 9 of the User
01:57 Input Guide (Section 9.2, pg. 98). You may refer to this section to ensure your calibration
settings are up-to-date with the most recent coefficients
02:10 To streamline this process, a set of baseline project files have been pre-generated using the
) latest calibration factors
Baseline files were created for a variety of both new and rehabilitation pavement types. As a
02:18 result, the first step for every project will require you to launch the appropriate baseline file
before defining any project specific information
02:32 This is done by simply selecting the "Open" button in the Menu Bar and locating the
) appropriate DGPX file for your design
Once opened, navigate back to the Project Specific Calibration Factors dropdown and select
02:44 Lo
the relevant calibration factors for your pavement type
02:54 If the files are properly updated, you will see the calibration settings are already congruent
) with the values presented in the User Input Guide
It is important to remember that calibration settings are updated continually and may change
03:02 with new versions of the solftwar.e. Always make sure the baseliqe files are generated using
the same software version in which you are conducting your design. If this is not the case,
some factors may be incorrectly defined and result in fatal errors for your project output
03:23 If used correctly, these baseline files will ensure every project is evaluated using the most
) accurate pavement performance indicators
03:32 This concludes the topics discussed in this module and the steps required for beginning a
) higher-level pavement design
03:39 Proceed to the next module to learn about Level 1 and 2 MEPDG Traffic Inputs
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Module 2B- MEPDG Traffic Inputs

Time Script
This module will cover Level 1 and 2 MEPDG Traffic Inputs in AASHTOWare
00:00 .
PavementME Design
00:08 This is the second module in the Level 1 and 2 input series for MEPDG Inputs and
) Implementation
00:15 The GDOT User Input Guide and Software Design Manual are considered necessary tools
) for this module
Higher level Traffic inputs in Pavement ME Design involve the use of regional truck class
00:23 N
volume and axle load distribution factors
00:31 For the purpose of this example, we will focus on the traffic inputs for a standard JPCP
) pavement design
00:38 Traffic inputs for a flexible pavement involve identical processes but do not incorporate
) Wheelbase or Hourly Distribution Factor inputs
00:47 To access the traffic inputs, navigate to the Explorer Tab and select "Traffic" in the Project
) dropdown
As discussed in previous modules, inputs in the left-hand column are project-specific and
00:56 should be acquired from the Traffic Analysis Branch of the Office of Planning or the Office
of Transportation Data within GDOT
The input processes for these properties will not change based on your design level. If you
01:07 are unfamiliar with this process, return to the Level 3 Traffic and Climate module where the
steps are fully discussed
01:19 We will begin with the Truck Volume Distribution Factors
Truck volume inputs effect the vehicle class distribution and growth rates, the monthly
01:24 .
adjustment, and number of axles per truck
01:31 For Level 1 and 2 designs, these inputs are defined using the MEPDG Traffic Library
) established for GDOT
01:38 To import the appropriate data, return to the Explorer tab and right click the "Traffic" folder
01:46 Select the "Import Traffic.." feature and navigate to the folder where the truck traffic files
’ are located
01:55 Currently, the selections include global default files, a Georgia default file with the number
) of Axles per Truck, and two Georgia-specific roadway files developed for the database
The seasonally independent data is recommended for freight route designs and the
02:06 seasonally dependent data is recommended for non-freight route designs. These files may be
used when sufficient truck volume data are unavailable
02:18 F((;r the purpose of this example, we will select the seasonally independent file and press
n pen"
You should notice all truck volume input windows have been updated with the imported
02:25 values. An additional column for Hourly Adjustment inputs will be shown for rigid
pavements
If truck volume is selected from the GDOT library, the Monthly Adjustment Inputs should
02:36 be consistent with those values listed in the MDF Table of the User Input Guide (Table 5.4,
Section 5.7, pg. 30)
02:47 The Axles Per Truck Class inputs should reflect those found in the Axles per Truck Class
) Table of the User Input Guide (Table 5.6, Section 5.9, pg. 31)
And for rigid pavements, the Hourly Adjustment inputs should compare to the
02:55 Recommended Hourly Distribution Factors Table of the User Input Guide (Table 5.5,
Section 5.8, pg. 31)
Check the inputs in each of the imported fields to ensure the values are representative of
03:04 your design project. You may manually adjust each input by selecting the cell and typing a
new value
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All relevant truck Volume Distribution Factors have now been defined for higher level

03:16 .
designs
03:21 Next, we will discuss the Axle Load Distribution Factors
03:26 Axle Load inputs effect the Single, Tandem, Tridem, and Quad Axle distribution factors
03:33 Once again, for Level 1 and 2 designs, these inputs are defined using the MEPDG Traffic
) Library established for GDOT
03:42 ?ls before, locate the "Traffic" folder in the Explorer Tab and right click to import the data
iles
03:49 This time, navigate to the "Axle Load Distributions" option and select the "Import XML..."
: feature
03:57 Navigate to the folder where the axle load destruction files are located
04:02 C.urrfantly, selections include options for global default angl Georgia specific axle load
) distributions for Heavy 1, Heavy 2, and Moderate categories
04:11 The NALS Database table i.n the User Input Gu.ide should be used to select the most
appropriate file for you project (Table 5.7, Section 5.10, pg. 32)
04:20 For the purpose of this video, we will assume an AADTT greater than 2,000, select the
) GDOT H2 file, and press "Open"
04:31 To ensure the import was successful, return to the Explorer Tab, Navigate to the Traffic
) folder, and double click the Axle Distributions to view their input values
04:46 If ?ecessary, you may manually adjust each input by selecting the cell and typing the new
value
04:54 All higher-level properties have now been defined for the traffic inputs
04:59 Thistconcludes the topics discussed in this module and the steps required to integrate Traffic
inputs
05:06 Proceed to the next module to learn about Level 1 and 2 MEPDG Inputs and

Implementation for Subgrade and Base Materials

Module 3B- MEP

DG Inputs and Implementation for Subgrade and Base Materials

Time

Script

This module will cover Level 1 and 2 MEPDG Inputs and Implementation for Subgrade and

e Base Materials in AASHTOWare PavementME Design
00:08 This is the third module in the Level 1 and 2 input series for MEPDG Inputs and
) Implementation
00:15 The GDOT User Input Guide and Software Design Manual are considered necessary tools
) for this module
00:23 Higher level design inputs for subgrade and base layers are found in the material's resilient
) modulus, gradation, and related engineering properties inputs
00:32 The processes required for these inputs are identical across all design types and pavement
types
00:39 For the purpose of this example, we will focus only on the subgrade layer of a standard
) flexible pavement design
00:46 The first input to discuss is the Resilient Modulus
00:51 Navigate to the subgrade or GAB material properties window and click on the resilient
) modulus dropdown arrow
00:58 Where previously, an approximate resilient modulus value was directly input in the
) highlighted cell, we will now use the Input Level dropdown to select Level 2
You may notice there is no option for Level 1 inputs. As of version 2.5 of the software,
01:08 Level 1 inputs are not yet permitted for resilient modulus of soils or unbound materials, so
our selection is limited to Level 2 and 3
01:23 The first notable difference between Level 2 and 3 inputs is the 3rd available analysis type
If "Modify Input Value by Temperature/Moisture" is selected, the modulus values are varied
01:29 by temperature/moisture predicted by the enhanced climatic model used in the ME Design

software
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If "Monthly Representative Values" is selected, the modulus is varied only by the 12-

01:41 indepent values input by the user
And if "Annual Representative Value" is selected, the modulus will remain as a singular
01:49 . .
value throughout the design period
01:57 For most designs, using the enhanced climatic model is recommended
The other notable difference between Level 2 and 3 inputs is the available options in the
02:02 " "
Method" dropdown
These options include CBR, R-Value, Layer Coefficient-Al, DCP Penetration, and Based on
02:09 .
PI and Gradation
02:20 The recommended method for your design will be based on the available data in the GDOT
) Materials Library
02:27 Currently, all available Level 2 resilient modulus data for subgrade soils is presented in the
) highlighted table of the User Input Guide (Section 8.6.2, Table 8.18, pg. 85).
02:38 A similar table is also available for GAB materials (Section 8.6.2, Table 8.17, pg. 84)
02:46 These tables present a set of typical mean modulus values, so "Resilient Modulus" will
) remain our input method
02:55 As before, the modulus is input by simply typing the value in the highlighted cell
03:04 The ne).ct set of inputs with Level 2 capabilities are the gradation and related engineering
properties
03:10 These properties are found by clicking the dropdown arrow next to the Gradation input
If particle size distribution data is available for your material, you may improve the
03:17 accuracy of the performance indicators by individually inputting the percent passing values
in the table on the left
03:28 However, for most GDOT classified materials, the gradation has been pre-defined using
) typical values from existing records
03:36 The recommended values for GDOT classified soils are found in the highlighted table of the
) User Input Guide (Table 8.19, Section 8.6.2, pg. 87)
The same approach is used for the engineering properties on the right. These values may be
03:45 improved by clicking the check-box and inserting project-specific data as necessary. For
) most Level 2 designs, using those values found in the associated property tables is
recommended
04:05 All higher-level input properties have now been discussed for the subgrade and base layers
If your project is located in a county with existing Level 2 resilient modulus data, you may
04:11 bypass most of these processes and simply insert the specialized subgrade or GAB material
type into your pavement structure
In these cases, the Level 2 input properties have already been defined and no additional
04:27 . . .
inputs are required, except for layer thickness
04:37 Alternatively, you may import the material properties to an existing subgrade or base layer
) using the import function
04:44 To do this, navigate to the pavement structure figure and right click on the appropriate
) pavement material layer
04:51 Select the "Import" feature and navigate to the folder where material XML files are located
04:59 After locating the desired material, click on the file and press "Open"
05:06 The layer properties should update with the newly defined material inputs
A final note: If higher level inputs are used for a single layer of your pavement design, you
are not required to use higher level inputs for the remaining layers. For example, Level 2
05:12 inputs may be used for the subgrade layer of a design where Level 3 inputs are used
elsewhere. Always consider this dynamic when trying to generate the most accurate
pavement design
This concludes the topics discussed in this module and the steps required to develop Level 1
05:35
and 2 subgrade and base layers
05:43 Proceed to the next module to learn about Level 1 and 2 MEPDG Inputs and

Implementation for AC Pavement
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Module 4B- MEPDG Inputs and Implementation for AC Pavement

Time Script
00:00 This module will cover Level 1 and 2 MEPDG Inputs and Implementation for AC Pavement
) in AASHTOWare PavementME Design
00:08 This is the fourth module in the Level 1 and 2 input series for MEPDG Inputs and
) Implementation
00:15 The GDOT User Input Guide and Software Design Manual are considered necessary tools
) for this module
00:23 Higher leyel design inputs for AC pavement layers are found in the asphalt mechanical
property mputs
00:29 These include the asphalt binder, creep compliance, dynamic modulus, and indirect tensile
) strength
00:36 The processes required for these inputs are identical for all asphalt base, binder, surface, and
: interlayers.
00:43 For the purpose of this example, we will focus on the asphalt surface layer of a standard
) flexible pavement design
00:50 First, we will discuss the processes for Level 2 AC Layer Inputs
For higher level designs, it is important to begin with the dynamic modulus as the design
00:55 level input for dynamic modulus is directly tied to the design level input of the asphalt
binder
01:05 Navigate to the asphalt material properties window and click the dynamic modulus
) dropdown arrow
01:12 Use the Dynamic Modulus Input Level dropdown to select Level 2
01:17 You will notice that the required inputs are no different than that of Level 3
As a result, the Gradation of Georgia's Dense Graded Mixtures Table from the User Input
01:22 Guide may be used to determine Level 2 Dynamic Modulus inputs (Table 8.6, Section 8.3.3,
pg 67)
01:31 Assumipg a 9.5 mm Type II surface mix is used, we will input the percent passing for the
appropriate sieves
01:45 Although this input process is identical to Lgvel 3, selec‘ging Level 2 dynamic modulus
) inputs will also require the use of Level 2 Binder Grade inputs
01:54 To input the Level 2 asphalt binder, click on the input dropdown arrow
Where previously the binder grade was simply selected using a dropdown list, now the
01:59 L .
required inputs include temperature, Gstar, and phase angle values
02:09 Currently, Level 2 binder inputs are not recommended for default asphalt materials until a
) regional database has been established for the GDOT Library
02:18 When an established database is available, the require inputs may be inserted directly into
’ the table
02:25 The next input to discuss is the creep compliance
02:29 To access Level 2 creep compliance inputs, click on the dropdown arrow and change the
) input to Level 2
02:36 Currently, the GDOT Materials Library does not contain a database at any level for creep
) compliance inputs
Therefore, for most designs, Level 3 inputs are recommended in which creep compliance is
02:42 . . . .
estimated using the available binder data
When an established database is available, Level 2 inputs will require 1/psi values at
02:49 specific loading times for a single mid-range temperature. The values may be inserted
directly into the table
03:03 The final Level 2 input for asphalt layers is the Indirect Tensile Strength
03:09 Indirect Tensile Strength inputs are only available for the asphalt material on the surface
) layer of the pavement
03:15 Like creep compliapce, an established IDT database has not yet been developed for the
) GDOT Materials Library
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As aresult, Level 3 inputs are recommended for most designs where IDT strength is

03:22 estimated using other volumetric and mechanical properties
03:31 In the case of future implementation, the Level 2 inputs require individual strength values at
) four different temperatures. The values may be inserted directly into the table
03:42 All inputs have now been defined for a Level 2 design
03:46 Next, we will discuss the processes for Level 1 AC Layer Inputs
03:51 Once again, we will start with the Dynamic Modulus
03:55 Navigate to the modulus input and click on the dropdown arrow
03:59 Use the Dynamic Modulus Input Level dropdown to select Level 1
04:04 Inputs at this level require Estar values measured at multiple temperatures and frequencies
04:09 The number of temperature and frequency levels may be changed by using the associated
) dropdowns
04:15 Inputs of this type may only be determined from the GDOT Materials Library. A catalog of
) existing Dynamic Modulus data is found in the Appendix of the User Input Guide
04:25 Here you will find Estar values at four temperatures and six frequencies for a variety of
) Georgia asphalt mixtures
04:32 Use the HMA Database figure and the associated table in the User Input Guide to determine
: if Level 1 data is available for your project
04:41 If so, the Estar values may be inserted directly into the table
04:47 1EVltél dynamic modulus defined, you may now determine the Level 1 inputs for the asphalt
inder
The process for Level 1 asphalt binder inputs is identical to Level 2, where once again, the
04:53 .
Temperature, Gstar, and phase angle are required
Using the GDOT Materials Library, all asphalt mixtures with Level 1 dynamic modulus
05:02 . . .
data will also contain Level 1 binder data
05:11 Referencing the same tables in the Appendix of the User Input Guide, locate the asphalt
) binder test data and insert it directly into the table
05:21 In .the event that Creep Compliance test data is available, Level 1 inputs may be selected
) using the same approach as Level 2
05:28 The only difference 1petween the two design levels are the additional creep compliance
) inputs at Low and High temperatures
05:35 If applicable, the values may be inserted directly into the table
05:41 Finally, Level 1 indirect tensile strength inputs may be selected for the asphalt surface layer
05:47 IfIDT test data is available, up to 7 strength measurements may be inserted at a range of
temperatures
05:54 Otherwise, using the default Level 3 inputs is suggested
06:00 All higher-level inputs have now been discussed for the AC pavement layers
If your project contains one of the available mixtures in the GDOT Materials Library, you
06:05 may bypass most of these processes and simply insert the specialized HMA material type
into your pavement structure
In these cases, the Level 1 and 2 input properties have already been defined and no
06:20 . . . .
additional inputs are required, except for layer thickness
06:30 Alternatively, you may import the material properties to an existing AC pavement layer
) using the import function
06:37 To do this, navigate to the pavement structure figure and right click on the appropriate
) asphalt material layer
06:44 Select the "Import" feature and navigate to the folder where material XML files are located
06:52 After locating the desired material, click on the file and press "Open"
06:58 The layer properties should update with the newly defined material inputs
This concludes the content discussed in this module and the steps required to develop Level
07:04 .
1 and 2 flexible pavement layers
07:15 Proceed to the next module to learn about Level 1 and 2 MEPDG Inputs and

Implementation for Concrete Pavement
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Module 5B- MEPDG Inputs and Implementation for PCC Pavement

Time Script
00:00 This module will cover Level 1 and 2 MEPDG Inputs and Implementation for Concrete
) Pavements in AASHTOWare PavementME Design
00:08 This is the final module in the Level 1 and 2 input series for MEPDG Inputs and
) Implementation
00:15 The GDOT User Input Guide and Software Design Manual are considered necessary tools
) for this module
00:23 Higher level design inputs for concrete pavement layers are primarily found in the strength
) and modulus inputs
00:29 These include the compressive strength, modulus of rupture, and modulus of elasticity
Inputs such as unit weight, CTE, cement content, and water cement ratio are also relevant,
00:35 . - .
but the input process will not change based on design level
00:46 All higher-level inputs are identical for both JPCP and CRCP pavement layers
00:51 For the purpose of this example, we will focus on the JPCP layer of a standard rigid
) pavement design
Although a catalog of Georgia concrete mixtures has been established through recent
00:58 research efforts, A design approach has not yet been developed for the concrete properties in
the GDOT Materials Library
01:09 In the meantime, the existing database may be referenced in the PCC Properties Section of
) the Layer/Material Property Inputs Chapter of the User Input Guide (Section 8.4, pg. 70)
01:19 Here you Will find all relevant Level 1 and 2 input properties for a diverse set of Georgia
concrete mixtures
01:26 With that said, we will now discuss the processes for Level 2 concrete layer inputs
Navigate to the concrete material properties window and click the PCC Strength and
01:32
Modulus dropdown arrow
01:39 Use the input level dropdown to select Level 2
Where previously, a single 28-day compressive strength or MOR value was satisfactory,
01:44 now the required inputs include compressive strength values recorded at 7, 14, 28, and 90
days and the 20-year/28-day ratio
This data is contained in the GDOT Materials Library and may currently be accessed
02:00 through the Time Dependent Compressive Strength Tables in the User Input Guide (Table
8.12, Section 8.4.4, pg. 76)
02:09 After selecting the most appropriate mixture from the collection of unique Georgia concrete
) mixtures, the properties may be inserted directly into the table
02:17 For the purpose of this example, we will use the values associated with Mix No. 4
02:25 With the strength properties defined, the remaining PCC inputs must be updated to reflect
) the selected concrete mixture
02:33 The Concrete Fresh Mixture Properties Table in the User Input Guide may be used to
) determine the appropriate Unit Weight (Table 8.8, Section 8.4.1, pg. 71)
02:42 The PCC coefficient of thermal expansion is listed in the CTE for Georgia Concrete
) Mixtures Table of the User Input Guide (Table 8.10, Section 8.4.2, pg. 73)
And finally, the Georgia Concrete Mixture Properties Table in the User Input Guide may be
02:52 used for the aggregate type, cementitious material content, and water cement ratio (Table
8.7, Section 8.4, pg. 71)
03:09 All inputs have now been defined for a Level 2 design
03:14 Next, we will discuss the processes for Level 1 concrete layer inputs
03:19 Once again, open the PCC strength and modulus inputs by clicking the dropdown arrow
03:25 Use the input level dropdown to select Level 1
03:29 Inputs at this level require both the Modulus of Rupture and Elastic Modulus recorded at 7,
) 14, 28, and 90 days and the 20-year/28-day ratio
Modulus of rupture inputs are recorded in the GDOT Materials Library and may be located
03:41 in the Time Dependent Elastic Modulus Table of the User Input Guide (Table 8.14, Section
8.4.4, pg. 76)
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The same is true for elastic modulus inputs which may be found in the Time Dependent

03:52 Elastic Modulus Table of the User Input Guide (Table 8.13, Section 8.4.4, pg. 76)
04:00 For the purpose of this example, we will once again select the values associated with Mix
) No. 4 and insert them directly into the tables
04:12 As with the Level 2 design, the remaining PCC inputs must be updated to reflect the
) selected concrete mixture for Level 1
04:21 This procedure is identical to that of the Level 2, as inputs are gathered from the same
) database
Once the properties are updated, all inputs have been defined for a Level 1 design and all
04:27 . . .
higher-level inputs have been discussed for concrete pavement layers
If your project contains one of the available mixtures in the GDOT Materials Library, you
04:36 may bypass most of these processes and simply insert the specialized concrete material
property inputs
04:49 You may import the material properties to an existing concrete pavement layer using the
) import function
04:56 To do this, navigate to the pavement structure figure and right click on the appropriate
) concrete material layer
05:03 Select the "Import" feature and navigate to the folder where material XML files are located
05:11 After locating the desired material, click on the file and press "Open"
05:17 The layer properties should update with the newly defined material inputs
This concludes the content discussed in this module and the steps required to develop Level
05:23 .
1 and 2 flexible pavement layers
This is the final module in the Level 1 and 2 AASHTOWare Pavement ME Design Video
05:34 Series. For a complete overview of the MEPDG pavement design process, make sure to visit

each of the 5 modules discussed in this series.
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