ABSTRACT
GHANBARI, AMIR. Performance and Reliability Analysis of Asphalt Mixtures in a
PerformanceRelated Specification (Under the direction of Dr. Y. Richard Kim and Dr. B. Shane
Underwood).

Asphaltconcrete pavements are one of the largest infrasteusyistems in the United
States. While there are many issues facing state highway agéesidies) with respect to
pavements, one critical topic that has posed a major challenge isictostguality assurance.
Theagencies currently use acceptance spatibns based on a series of acceptance quality
characteristics (AQCSs) obtained during and after the construction. The current specifications are
commonly based on the-place volumetric properties, which are largely drawn from anecdotal
evidence and emgeering experience with little to no scientific basis. As a result, there is a
national need to devel@performanceaelated specification (PRS) that controls the performance
of the asphalt mixture in the pavement.

Researcherat North Carolina State Wrersity (NCSU) have developed advanced
materi al model s to predict asphalt mixtures?o
the pavement performance prediction program, FlexPAVEhis program conducts3
viscoelastic analysis to simulate thetmar i a | 0 & thebskuctaral levelrAs a result, the
%Cracking and rut depth in the asphalt concrete pavement can be simulated under various traffic
loading, climatic conditions, and pavement structufée. developedhodels can be used in
asphalt nxture performanceelated specificatia(AM-PRS).In order to implement the
advanced models in real practice, the models should be employed in the simplest possible way
without losing much accuracy. This research propadeamework to let the state higay

agencies develop the AIMRS.



Thestudystarted with modifying the permanent deformation shift model calibrated by
the Stress Sweep Rutting (SSR) test. SSR test is an experimental method for characterizing
asphalt mixturesd rrenaionsintherexperimény thepdeviatoree stresst  d e f
level, loading time, and temperature are varied and the results are ultimately used to characterize
a socalled shift model. The shift model is a seemipirical model that utilizes the phenomenon
of time-temperaturestress to establish a single function to capture tttefmmeasured in the
SSR test.
In thenext step, a new rutting index parameter was developed to assess the rutting
resistance of asphalt mixtures using the SSR test and the permanent tie@foshi#t model.
The proposed parameter, referred to as the Rutting Strain Index (RSI), is novel in that it
integrates material testing and structural simulations. The RSI can also be empl&y&didas
a tool for performancengineered mix design (PEMRhd quality assurance purposes, whereby
agencies will accept or reject a mixture based on RSI thresholds.
Then, aframework for PEMD has been developed. PEMD allows pavement engineers to select
an optimized mix design based on the predicted pavemenimipérformance. This research
study proposes two different approaches of PEBIBAscan choose either of the proposed
approaches based on their projectso | evel of
Whenimplementinghe PRS, the uncertainty in the material model calibratian is
essential factor that engineers should pay attenticdduwentmechanical models have been
calibrated and implemented in a deterministic framework. However, there are different sources
of uncertainties in real practice that have not been capturbd Fe¢xPAVEM simulation.
These uncertaintigacludemodel calibration errors, specimen fabrication errors, measurement

errors, and sample to sample variability. In this research, the FlexP¢Eability analysis



wasconducted considering the combimatiof mentioned uncertainties. The developed
framework will allowSHAsto predict the fatigue and rutting behavior of their asphalt pavements
at any desired level of reliability and let the engineers consider the design alternatives with more
flexibility.

As aresult the proposed frameworks for PEMD and reliability analysis can be employed
by SHAs to develop PRS. Finally, the predictive models can be used to develop the project

specific pay adjustments based on the true performance of asphalt mixtures.
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CHAPTER 1. INTRODUCTION

1.1.Background and Research Need

Roads represent one of the most important infrastructure systems in the United States. In
the United States, there are more than 4.1 millioesyof public roads, and as of 2019,
according to the US Department of Transportation, more than 810,000 miles of these roads are
asphalpavements (NAPA 2ZID). According to the Americamfrastructure Report Card
(AIRC), one out of every five milesofhighays i1 s i n dangerously poor
with over $836 billion in backlogged highway and bridge capital ne&IdRC 2017) The
National Asphalt Pavement Association (NAPA) estimates that 3,500 asphalt mix production
sites operating across the oty produce over 350 million tons of asphalt pavement material
yearly (NAPA 2020.

It has been a challenge for state highway agencies to control asphalt mixture production
and pavement construction quality using their existing pavement specificatiorsuridrg
pavement specifications in most state agencies are based on a series of acceptance quality
characteristics (AQCs) acquired from quality assurance (QA) during and after construction.
Those AQCs in the current paving specifications have been desztna be the uplace asphalt
mi xturesodé6 volumetric properties. The volumetr
current Superpave asphalt mixture design method. However, the volumetric properties are
known to be only empirically related toe performance of asphalt mixtures. As the technologies
and testing equipment evolve, the concept of performeglated specification (PRS) has started
to draw attention recentlKim et al 2020)

Based on the glossary of highway quality assuranca deti i o n APRS 1 s a QA

specification that describes the desired levels of key materials and construction quality



characteristics that have been found to correlate with fundamental engineering properties to
predict performanceo. Iiethedesighexpectations to whatwBsRS wi |
constructed and pay for the product accordingly. The pay adjustments typically are related to the
difference between the-a@esigned and asonstructed expected performance of-tfele costs
(LCCs)(Burati et al. 203).

The NCSU research team has developed material and structural thatieds be used
in asphalt mixture performancelated specificatid(AM-PRS).The performance prediction
modelsinclude theS-VECD fatiguemodel and the permanent deformation modkese two
types of distresses are known as the most important and critical failures in pavement life.
Efficient tests have also been developed to calibrate the aforementioned models. The models
have been implemented to use at a structural level usix@ AVE™ program. This program
computes the responses and the {targ performance of asphalt pavements under moving loads
and changing climatic conditions using thidimensional layered viscoelastic analy$ism et
al. 2020)

The mentioned models halkeen used to develop performametated specifications.
With testing more mixtures at NCSU, there was a need to improve the permanent deformation
shift model 6s accuracy. Il n order to i mprove t
the permanet deformation shift model calibrated the Stress Sweep Rutting (SSR) test. The
shift model is a mechanical model to predict the permanent deformation that occurs in the
pavement. In the next step, an index parameter is needed to present the asphalten&xts r ut t i n
behavior based on the developed model. This index should be based on the fundamental
mechanics, and as a result, it can be employed in Quality Assurance (QA) and the asphalt mix

design process.



The SSR test can be used as a fundamentdbtekaracterize the rutting behavior of
asphalt mixtures. This test can be used as a pHréafix design process. Nowadays, most State
Highway Agencies (SHAs) are implementing the Superpave mix design. However, the reports
from SHAs showed that the Supave mix design was not successful in improving the mix
quality. Most SHAsseeka more fundamental mix design procedure that can directly link the
optimum mixture to the pavement performance. Therefore, different research groups are trying to
develop a pgormancebased mix design. In this research study, a framework for performance
engineered mix design is propoghdtuses the SSR and cyclic fatigue test to characterize the
rutting and cracking behavior of asphalt mixtures. The proposed PEMD optimezasghalt
mixture considering volumetriand mixture performance.

On the other hand, these models have been applied in a deterministic framework to
predict the pavement's failure, while in practice, different sources of uncertainties exist in the
structual simulations. Pavement engineers should pay attention to these uncertainties while
designing the asphalt mixture and asphalt pavement. In the last stage of this research, a reliability
analysis of the FlexPAVE" simulation is studiecand a framework iproposed to quantify the
reliability in the FlexPAVEM performance prediction.

The overall goal of this research isgimvide a framework to help state highway agencies
develop their performaneelated specificationthat will allow projectspecific payadjustments

to becalculate ased on the asphalt mixtureds perfor ma

1.2.Objective
Theobjectives of this research\yebeen summarizeoelow:
1 Modify the permanent deformation shift model and develop an index parameter

for stress sweep rutting test



1 Dewelop a framework for thperformancesngineered mix design method for
PRS
1 Develop a framework for reliability analysis piivement performangeedictions
using FlexPAVEM,
1.3. Dissertation Outline
This dissertation consists nine chapters. The organizatiapresentedn the following

I Chapter 1. Introduction

This chapter introduces the research topic asaséfie objectives of thistudy.

1 Chapter 2. Prediction of Rut Depth in Asphalt Pavement Sections using

Permanent Deformation Shift Model and Stres®&p Rutting Test

This chapter presents the modificatidoshe permanent deforrian shift model.
In thischaptera new temperature selection procedure for the SSkstest
proposed

i Chapter 3. Development of Rutting Strain Index (RSI) Parameter f&@ttbss

Sweep Rutting Test

In this chapter, a new rutting index parameteteveloped. The index parameter,
so-called RS, is based on the SSR test results and the permanent deformation
shift model. RSI can be used as a rolmgéx parameter in the QA pcess. Tls
chapter's findingsan be useuh the indexbased performaneengineered mix
design (PEMD)procedure

M Chapter 4. Development of the Performalatumetric Relationship for Asphalt

Mixtures



This chaptedevelopghe performance&olumetric relatonship (PVR). PVR

function isan efficient method to investigate the effect of cleig asphalt

mi xturesd volumetric on pavement perfor
the predictivgperformancesngineered mix design.

Chapter 5. Development afFramework of the Predictive Performance

Engineered Mix Design Procedure for Asphalt Mixtures

Chapter 5 and Chapter 6 present the frameworks for the perforeagiceered
mix design (PEMD). The proposed procedure of the predictive PEMD is
presented inhis chapter.

Chapter 6. Development of a Framework of the InRBaged Performanee

Engineered Mix Design Procedure for Asphalt Mixtures

This chapter presentise procedure of tex-based PEMDIn this chapter, the
optimum mix design obtained by the propdPEMD frameworks were

compared with the optimum mix design obtained from the Superpave volumetric
mix design.

Chapter 7. Reliability Analysis of Damage Prediction in Asphalt Pavement

Sections using FlexPAVE Program and ECD Fatigue Model

Chapter 7 taChapter 8 provides the frameworks of the reliability analysis in
FlexPAVE™ program. This chapter shows the uncertainty quantification of the
material &s uncertainty in theprogw@macki ng

Chapter 8. Reliability Analysis &dut Depth Prediction in Asphalt Pavement

Sections using FlexPAVE Program and Permanent Deformation Model




This chapter shows the quantification of uncertainty in the permanent deformation

shift model and investi gat eomsthetatplealt ef f e ct

pavement 6s rut dept h.

Chapter 9Summary andonclusios

This chapter summarizes the important conclusions of this research study.



CHAPTER 2. PREDICTION OF RUT DE PTH IN ASPHALT PAVEM ENT SECTIONS
USING PERMANENT DEFORMATION SHIFT MODEL A ND STRESS SWHEP
RUTTING TEST!
The StressSweepRutting (SSR) test isreexperimentamethodfor characterizingsphalt
mixtureresistancéo permanent deformation. In the experiment, the deviatoric stress level,
loading time, and temperature are varied and the results are ultimately used to characterize a so
called shift model. The shift model isamiempirical model that utilizes the phenomenon of
time-temperaturestress to establish a single function to capture the factors measured in the SSR
test.The shift model has been implemented into the pavement performance prediction program,
FlexPAVE™, to predict the permanent deformation of asphalt layers under various deviatoric
stress levels, loading times, and temperatures as a function of pavement depth arfdgime.
chaptempresents modificatianto theSSR tesandthe permanent deformation shihodelthat
improve the predictive accuracy of the approddhs modified model has been implemented in
FlexPAVE™ program and the details of this implementation are presented rhtpser A
comparison between the measured field data and the ugdax®RAVE™ prediction shows that
the permanent deformation shift model can prgadstementut depthwith acceptable accuracy
2.1.Introduction
Rutting (permanent deformation) is one of the major distresses in asphalt paveamients
several testexist to chaacterize the resistance of asphalt mixture to its developfieatSSR
testis one such protocol thet designed to calibrate tise-calledshift model, which is semt

empiricalmodel that describes asphalt mixi#reermanent strain behavior as a fiorcof

I This chapter has be@meparedor publication as Ghanbari, A., Underwodl S., and Kim, Y. R. Prediction of
Rut Depth in Asphalt Pavement Sectidising Permanent Deformation Shift Model and Stress Sweep Rutting
Test.International Journal of Pavement Engineering



temperature, stress, and loading time. These parameters are the three important factors that affect
ruttingin in-service asphalt pavements (Ckbal. 2012, Ghanbari et &02Q Buttlar et al.

2018).The shift model is implemented in FlexPAV£ a finite element program for pavement
performance analysis, to calculate the permanent deformation of asphalt pavement under

different traffic loading and climatic conditions. The goal of FlexPAYVIS to predict the

rutting performance of asphalt pavensamierther entire design lifeSpecific applications of

these predictions include performasredated specifications (Kirat al.2020) and asphalt

mixture design (Wangt al.2019).

The shift model is based on the tht@enperaturestress superpositionl@s) principle.

The tTss principle has been discussed in the literature as far back as 1969 (Schapery 1969).
Other researchers, including Brostow (2000), Akinary et al. (2001), Akinary and Brostow
(2001), Wenbo et al. (2001), and Jazouli et al. (2005¢ pavven the tTss principle for
differentasphalt mixturesA comprehensive review of this principle is givedaewhergChoi

and Kim2013).

As the SSR test developed and more mixtwexetested, it became evident that the
temperature selection neededoe modified to better calibrate the permanent deformation shift
model.It also became evident that some modifications to the permanent deformation shift model
were necessary improve the calibration process and the integration with pavement
performancepredictions. This articlehapterdescribeshe modification of the SSR temperature
selection as well as the modification and implementation of the moddtlaxBAVE™
program. Finally, thighaptershows the shift modé verification using FlexPAVE' analysis

and comparisons between the simulation results and measured data from the field.



2.2.SSRTestBackground

The ultimate origins of the SSR test lie in the research carried out under NCHRi® 9
understand and characterize the stress level and loagiegffects orthe permanent
deformation of asphalt concrete (Witczak et al. 2001). However, the starting point for the current
development wa€hoiet al.(2012), who recommended the use of a confinedial stress
sweep (TSS) test to calibratdat trey termed as ermanent deformation shift moderhe
shift model is a permanent deformation model for asphalt mixtures that can account for the
effects of deviatoric stress, load time, and temperature on the permanent strain. The th&S test
Choi et & developed was able to capture these effectsqliired a sacalled reference test,
whichwas a constant stress amplitude repeated loa@a®3tkPa)onducted at the high
temperatureTH) and three stress sweep @3, 689, and 896 kPaj three dferent
temperature (low, intermediate, and highlhe shift model used thefeeence test resulend
stress sweep tests to calculate the permanent strain evolution at different stress levels, loading
times, and temperaturé&/hile the TSS test was shawo successfully characterize the shift
model, the overall time for testing was long (approximately 16 hours). Kim and Kim (2017)
reduced this testing time by eliminating the reference test and rearranging the stress levels in the
stress sweep test at higemperature. This modified form of the TSS was referred to as the stress
sweep rutting (SSR) test.

In an effort to reduce the number of tests required to calibrate the shift model using the
reference test, the SSR test ugseserséloading blocks atigh temperaturdnstead of
increasing the stress level monotonicaityi, the689 kPa 100 psi) loading block comes first
followed bythe483 kPa 70 psi) loading block Kim and Kim (2017) found that the results from

the reverse loading block test cddle usedo eliminatethe need for th&est at theeference



condition reducingthe number ofequiredtests fromeightto six (two replicate tests at three
different temperaturesKim and Kim (2017) also evaluated the removal of the intermediate
tempeature test and fourtthatthe rut depth predicted by FlexPAV¥Edid not change
significantly (Kim and Kim 2017). As a result, the final SSR protocol eliminated the
intermediate temperaturBesults fronthetwo SSR tests at each of the high and low
temperaurescouldbe used tealibrate the permanent deformatsiift model.In the following

sections, the specimen fabrication and test procedure will be discussed briefly.

2.2.1.Specimen Fabrication

The SSR test is performed using a 100 mm diameter by 150 nspdalmen, which is
cored and cut from a sample compacted using the Superpave gyratory compactor to a 150 mm
diameter and a height of 180 mm. The specimen handling and fabrication details follow
AASHTO R83Figure2.1 shows the schematic for the specimen set up in the Asphalt Mixture

Performance Tester (AMPT) machine.

100 mm
a)
180 mm
-~
f— 150 mm —| .

Figure2.1. a) 100-mm diametecored anctut from a singe 156nm diameter gyratory

compactd sample, b) SSRestsetup in Asphalt Mixture Performance Tef&MPT)
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2.2.2.Test Procedure

The SSR test is conducted at two test temperatures, referred@i+gtas high
temperature) andl. (the low temperature), undaiconstant confining pressure of 69 kRa
psi). At each temperaturéhree 206cycle loading blocks of three deviatoric stress leaets
performed Thehaversindoad pulse is 0.4 secostbr each cycle. Theest periods are 1.6 s for
TL and 3.6 s for . The permanent axial deformation tbaturs at each load cycle is measured
using actuator displacement. Constant confining press@e kiPa (10 psighould be applied
during the tesand a latex membrane is used to encase the specimen for the confined test. This
test uses the actuator despement and it does not require LVDTs to measure the deformation.
Vertical haversinusoiddbading is applied for 600 cycles at three deviatoric stress levels for
each of the two temperature3, 689, and 896 kH&0, 100, and 130 pdior the low
tempeature L) and689, 483, and 896 kHa00, 70, and 130 pslor the high temperaturdif).

Figure2.2 shows the deviatoric stress pattern for low and high temperature.

4 (a) Loading Time: 0.4 s 4 (b) Loading Time: 0.4 s
Rest Period: 1.6 s Rest Period: 3.6 s
130F 130pF
g 100 | gloo
03-0 70 m /\ /\ n:!U 70 /\ /\ /\
Time (s) . Time (s) .

Figure2.2. SSR vertical loadg history for (a) low temperature and (b) high temperature

2.3.Modification on SSRTemperature Selection
In order to capture the effect of temperature on permanent deformation, the shift model
requires running the test at two temperaguf. (low temperature) an@+ (high temperature).

Based on the shift moddl, andTn should be far enoughpartto cover the temperatures in

11



which permanent deformationost commonlyoccurs in the pavement. In these sections, the

modification of the SSRemperature selection is presented.

2.3.1.High Temperature

The basis of higltemperature selection is the effective temperature model proposed by
Mohseni and Azari (Mohseni and Azari 2014) and included in the temperature selection
procedure of AASHTO TP 11@hese authorproposed a simplmethodto find the single,
ceffective temperatuddghat could be used ®mulate the rutting of asphalt mixtures in the field.
They definethe effective temperatuasa single temperature that generates a similar rate of
rutting damage in laboratory testing under a specific mode of loading as the rutting in the field
considering climatic variation under similar loading conditidrigs method employs the
degreedays parametatefined by Mohseni et al. (2009)heir proposee@ffective temperature

model is shown in Equatigf2.1).

T, =58 7 BD 15 loggz 45 (2.1)

€

where

Tet = effective pavement temperature for rutting, °C,

DD =average yearly air degreys over 10°C (x1000), °C, and

z  =depth of layer tahe pavement surfagcenm (O forthe surface layer).

It needs to baotedthat the shift moddtself does not require aeffective temperatute
model. Rather, the procedure used to determine the range of service temperatures for a given
location that the SSR characterizatiwill encompass during characterization utilizes the
effective temperature concept. It was believed ttaeffective temperature proposed by
Mohseni and Azari (2014yasa good candidate for selectirgethigh temperaturef this range

however, this mdel wascalibratedbased on 10 Hz loading (i.e., 0.1 seciodding time)
12



whereas the loading time employed in the SSRidés# secondl According to the time
temperature superposition principle, an equivalence exists between test results aedy rielativ
temperature but a long loading time (e.g., 0.4 seg)ant test results at aagvely high
temperature but a short loading time (e.g., 0.1 segfomtis loading timdemperature
equivalence concept was used to adjust the high temperattine 88R test. In this study,

Equation(2.2) was used to find the adjusted temperature.

~—

(2.2)

—_p
a

T

_1aTraT a)
a —10(

Xp

where

3p = reduced load times,

tp = load time,s,

ar = time-temperature shift factor at
T =temperature, , and

a1, &, a3 = timetemperature shift factaoefficients (taken as 0.000®,.1565, and 5.2315
respectively for this calculation).

Kim and Kim adopted a typical value for the thteenperature superposition shift factors
to avoid running dynamic modults characterize rutig behavior. Furtherhey showedhat
assuming a typical value for these coefficiaditbnot substantially impactit depth prediction in
the asphalt pavemerntsey evaluated (Kim and Kim 2017)ith these typical coefficients and
given the temperatur&quation(2.1), andtp, 0.1 sfrom AASHTP TP 116the equivalent
temperature considering 0.4 s of loading can be calculated using the equivalent reduced load
time. Figure2.3 shows the relationship betwetretwo mentioned temperaturda.this figure, a

linear relationship with a slope of 0.87 was found. Theretofactor of0.87 wasappendedo
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Mohseni and Azaés effective temperature to determine the SSRetésth temperaturerhe

final form of thetemperaturenodel is shown in Equatiqi2.3).

T,=0.873(58 ¥ DD 15log¥% 45)

Temperature using 0.4 s loading time(G)
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Figure2.3. Adjusted temperature for 0.4 second loading time versus AASHTO TP116 effective

2.3.2.Low Temperature

temperature

70

(2.3)

In the real pavementhe cumulative growth in pavement viscoplastic strain at low

temperaturesanbe high owig to the high number of cycles that would be applied at this

temperature. Therefore, the SSR {taanperature test results play an important rokaenshift

model calibration. For th&L,

Kim 2017)

but

addi
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ti

m and
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Kim suggested

showed

a

fixed

t hat 20

experienceenough permanent strain in the laboratory experiment to produce a reliable test result

(Ghanbari et al. 2020). In a studf/cyclic fatigue test temperature selecti®@abouri and Kim

(2014) made the temperature a function of the climatic condition of the location where the
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mixture would be used. Their methddfinedthe test temperature as the average 98% reliability
performance grade (PG) for the climate of intenaisius three degrees. They argued that this
temperature represented a typical mean annual temperature and the viscoplastic strain
accumulation would be negligible (Sabouri and Kim 2014). In refining the SSR test, this concept
of using the rule of climatic® temperature was examined based on data in the NCSU database
(seeTable2.2). First, the climatic PGs of different mixtures in the database were calculated.

Second, the low temperature was selected as a function of tlgaWws As a resultthis study
proposed the average climati c Pt@mppratwes 5 as t
As mentioned earlier, ithe shift model the high temperature and low temperature should

be far enough toover arepresentativeangeof temgeratures experienced-gervice. In some

climate regions though, the strict rule of PG grade plus 5C results in a low temperature that is

less than 12 different fromthe Tu. When the temperatures are this cldise shift model will

be calibrated based @wo close temperatures thdd notcovera wide range of wservice

temperatures. To avoid this problem, an upper limififas f 3 2 was chosen to r
mentioned temperature selectiomother climate regions, the strict rule resultirthat s

likely too low to reliably test. Experience has shown that this lowest possible temperature is

17 and so it was set as TitTade2lpoeseatsth possi bl e t
recommended test temperatGpASHTO TP 134) This table is constructed usiigjuation

(2.4).

2.4
T, =17C IJ;*%TLPG 5+ 326 24

where

TL = SSR low temperature, ,
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Tupc = high-performance grade with 98% reliability,, and

Tire = low-performance grade with8% reliability,

Table2.1. Recommendedest Temperaturtor DifferentPGBinder Grades

Test TemperaturéC
PG High Temperature, °C
PG Low Temperature, °C 46 52 58 64 70 76 82
-10 23 26 29 32 32 32 32
-16 20 23 26 29 32 32 32
-22 17 20 23 26 29 32 32
-28 17 17 20 23 26 29 32
-34 17 17 17 20 23 26 29
-40 17 17 17 17 20 23 26
-46 17 17 17 17 17 20 23

Using the aforementioned temperature selection guidelines, various lowediens
selectedhcross thé).S. and Canada to show the proposed test temperdtigess2.4 presents

some examples of the proposed test temperature for the different climatic conditions.

W 2887 32 W 17-20

I 32.0001i 36 M 20.0001-22
I 36.0001i 40

[140.0001i 44 = 22.0001-24
[144.0001i 48 ] 24.0001-26
[7148.0001i 52 [0 26.0001-28
I 52.00011 56 M 28.0001-30
M 56.00011 60 M 30.0001-32

I 60.00017 64

Figure2.4. Testing temperatummapfor some different sections the US for (a) low
temperature an¢b) high temperature

2.4.Background onthe Permanent Deformation Shift Model
As mentioned earlierhe shift model is a permanent deformation model for asphalt

mixtures that accousfor the effects of deviatoric stress, load time, and temperature on the

16



pemanent strain. In this study, some parts of the model have been modifiedodified shift
model has been implemented into the pavement performance prediction program, FIEXPAVE
to predict the permanent deformation of asphalt layers under varyingatievsdress levels,
loading times, and temperatures as a function of pavement depth and time. The shift model
consists of two importaritinctions the reference curvandthe shift factorfunction The shift

factor consistef theload time andhe stresstemperatureshift function

2.4.1.Reference Curve

A cornerstone of the shift model is that there exists a correspondence bittataae of
loading, temperature, and stress level. As such, the model makes a phenomenological
supposition that there exsst sirgle underlying function that dictates the permanent strain
growth and that all other conditions candmalyzed usinghis curve if they are properly shifted
by an amount related to the difference between the prevailing conditions of the test and those
usal to establish the underlying reference function. When developing this model, Kim and Kim
(2017) explicitly characterized the reference curve by testing at a fixed temperature, fixed
loading time, an@fixed stress level. However, as noted earlier, in3BR& test they eliminated
the reference curve and instead used the first loading block of the Tegbadstablish the
reference conditianThe strain master curve can be obtained feorepeated haversine puisst
loadingwith fixed vertical stres$689 kPajandpulserest(0.4 s of loading followed by 3.6 s
rest).This curve will be considered as the reference curve. In SSR test aramtgssence curve
can be constructed using the first 200 cyoleservedt high temperature.

Equation(2.5) shows the reference curve formulation. In this equahioh, andb are

the fitting coefficientsTheir significance is as followsl shows the number of cyadin which
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thesecondary region startwhile (1-b) and( are the slope and intercepttbé permanent strain

vs. thenumber of cycles curve thelog-log scale respectively (Choi 2013)

_ 6% Ny (2.5)
evp, ref — 7 \b
(NI + Nref )
where
Up, ref = permanent deformation in reference curve,
G, N, b = coefficients of the incremental modehd
Nref = number of cyclest reference loading conditions.

2.4.2.Shift Factors
In the shift model, two different shift facaredefined. Equatiof2.6) showsEquation

(2.5) with respect to reduced cycles.

- e0 C"Nred
"’ (NI + Nred)b ’
Ny = N 310

a,_ =plog(x,) +p, (26)

a,, =dlog(s,/R) +d,

aTotal = axp +a§
where
Up = viscoplastic strain
Nred = reduced number of cycles,
a = reduced load time shift factor
a; = vertical stress shift fdor,
3p = reduced load time, s,
Qv = vertical stress, kPa,
Pa = atmospheric pressure used to normalize the skiasand

p1, pe, di, anddz = fitting coefficients.
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2.5.Modification on the Shift Model

As notedearlier, the shift model can predict theooplastic strain at any given
temperature, pulse time, and vertical stress. In order to investigate the accuracy of this prediction,
the viscoplastic strain at the SSR loading condition was predicted using Eq@d)and
compared with the measured dategure2.5 shows the SSR test results for the RS9.5B mixture
(seeTable2.2), a typical surface mixture in North Carolina. More information on the test results
and the mixture information can be found elsewhere (Kim et al. 2018)slfgihre, the dashed

line shows the predicted viscoplastic strain using EQuU&ZG).

0.050 0.003

TH-Measured (a) e TL-Measured (b)
0040 - TH-Predicted ----TL-Predicted
0030 | /,’ QO.OOZ

0.020 | -~ 0.001
0.010 |7

i/
0.000 Ut ! ! ! 0.000

0 200 400 600 0 200 400 600

Figure2.5. Prediction of viscoplastic strain using the SSR test results for a) high temperature and

b) low temperature
The observation froriigure2.5 shows that the shift model can reasonably predict the
viscoplastic at high and low temparegs; however, the prediction accuracy, especially at low
temperature, is not very good. This disagreement is related to the shiftenndbllity to
capture the interactive effects of vertical stress and temperature, which in the model is captured
by the vertical stress shift factor. To investigtteissue further, the effect of temperature on the
vertical stress shift factor was studied using a database of different mixturesctiieddNCSU

TSS/SSR database. The general information on those esxtulisted infable2.2. The detailed
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information on these mixtures as well as test results can be found elsewhere (Kim et al. 2020,
Ghanbari et al. 2020)

Table2.2. Materialsinformation(Kim et al.202Q Ghanbari et aR020

Project, Location Test Label NMAS Binder  Alr Voids RAP Bi_n_der.
' (mm) Grade (%) Content (%) Modification
AW1 9.5 PG 7622 3.9 - Advera
AW2 19 PG 7622 6.2 - Advera
AW3 19 PG 6722 6.1 - Advera
C1 9.5 PG 7622 4.3 - SBS
Cc2 19 PG 7622 6.1 - SBS
C3 19 PG 6722 7.4 - -
Fwi 9.5 PG 7622 4.9 - Foam
NCAT (National Fw2 19 PG 7622 6.0 - Foam
Center for Asphalt 1SS FwW3 19 PG 6722 7.7 - Foam
Technology), 01 9.5 PG 7622 18.3 - SBS
Alabama, USA 02 19 PG 7622 5.1 - SBS
03 19 PG 6722 8.3 - -
R1 9.5 PG 6722 47 50 -
R2 19 PG 6722 6.1 50 -
R3 19 PG 6722 5.0 50 -
RwW1 9.5 PG 6722 5.0 50 Foam
Rw2 19 PG 6722 5.8 50
RW3 19 PG 6722 5.8 50
ASTM 19 PG &1-22 5.9 - -
PMA 19 PG 7622 5.9 - SBS
KEC, SouthKkorea TSS BB3 o5 PG 6422 8.0 ) i
BB5 25 PG 6422 9.9 - -
New ALF (FHWA Lane 1 125 PG 6422 4.2 - -
Accelerated Load Lane 5 125 PG 6422 4.1 40 -
Facility), SSR Lane 6 125 PG 6422 4.0 20 -
Washington DC, Lane 7 125 PG 5828 4.2 20% RAS -
USA Lane 8 125 PG 5828 4.3 40 -
Old ALF (FHWA), Control 125 PG 70622 4.1 - -
Washington, DC, TSS CR-TB 125 PG 7028 4.3 - Crumb Rubber
USA SBS 125 PG 7628 4.2 - SBS
RS9.5B 9.5 PG 6422 5.6 30 Foam
RS9.5C 9.5 PG 70622 5.4 25 -
NCDOT, NC, USA SSR RB25C 25 PG 6422 55 20 -
RI19B 19 PG 6422 5.4 20 -
RI19C 19 PG 6422 5.6 30 -
15R 16 PG 5828 5.2 15 -
50R 16 PG 5828 5.9 50 -
50RSB 16 PG 5234 5.7 50 -
) TSS Control 16 PG 5828 5.4 - -
MIT (Manitoba MIT-AL 16 PG5828 3.0 - Advera
Infrastructure MIT-A2 16 PG5828 5.4 35 Advera
Transportation), MIT-CL 16 PG 5828 3.9 - -
Manitoba, Canada MIT-C2 16 PG5828 4.8 35 -
MIT-E1 16 PG 5828 3.8 - Evotherm
MIT-E2 16 PG 5828 5.4 35 Evotherm
MIT-S1 16 PG 5828 3.2 - Sasobit
MIT-S2 16 PG 5828 4.9 35 Sasobit
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Figure2.6 showsthe vertical stress shift factors from the SSR test results on the RS9.5B
mixture. This figure showas for three vertical stresses (483, 689, and 896 kPa) and two
temperatures (20 and 54 ). This figure indicates a temperature dependendyarvertical
stress shift factor; however, in Equati@y), aw is only a function of vertical stress and not a
temperatureThis analysis was repeated faceé mixture listed iTable2.2, and in all cases, the
temperature sensitivity of the vertical stress shift factor was obsétrweas concluded that there

is a relationship between the temperaturedarahddz, requiringEquaton (2.6) to be modified

=
o

@®High Temperature
BLow Temperature

o
[

o
(6]
T

0.8 0.9 1
log(G,/P,)
Figure2.6. Vertical stress shift factor versus stress for different test teropesat

=
o

Vertical Stress Shift Factor (ag,)
o
o

o
\l

Based on the shift model assumption,\theical stress shift factdaa) at the reference
vertical stress (689 kPahould be zerdlherefore, in Equatio(2.6), whenaa = 0 and(y is
known (689 kPa)g: could be written as a function ak. Figure 2.7 shows the relationship
betweerth andd: for 47 mixtures listed ifable2.2. The figure confirmshatdianddzare
strongly correlated with the factor €1.877. AccordinglyparameteD can be introducetb

replae di anddz usingEquation(2.7).
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Figure 2.7. d2 versusd: for different mixtures
2.7
D= dl _—.L d2 ( )
-0.877

a, =D {log(s,/P,) 0.879

As mentioned earliert was found thab is a function otemperatureGiven the SSR test
is performed at two test temperatures, a linear relationship is the simplest function to relate
and temperature. In thtchapter the validity of assumpna linear relationship betwe&nand
temperature is investigated using the TSS test data from different mixtures |iStdulag.2.
Figure2.8 presents an example showing the parani2tezrsus temperature for the MRAP
project. In this study, the TSS test results from four different mixtures with different %RAP
contents were selected and presentéeé. TSS tests were performed at 19836 , and 48
(Kim et al. 2020).

In this method, the results from low temperature (3&nd high temperature (49
were chosen to find the linear relationship betweemd temperature. In the next step, the
predictedD for the intermediate temperature (3% was compared to the calculat@drom the
TSS test results. As shownkigure2.8, assuming a linear relationship betw&eand
temperature seems reasonable and the error in predicfmgntermediate temperature is

negligible. This study was repeated using all of the mixtures (which were tests in TSS condition)
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listed inTable2.2 and the maximum error for predictibgwas less than 10% for all of the

cases. Thefore, Equatiorf2.8) was proposed as the final form of the vertical stress shift factor.

7
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6 raisr -
A
5 [m50R . B
4 @50RSB e o
3 r > ;:2-‘/'
2t e
1t ﬁ
0 1 1
15 25 35 45

Temperature ()

Figure2.8. D versus temperature for the MIT project

a, =D {log(s,/R) 06.877 (2.8)
D=d, T 4
In summary, uation(2.9) expresses the final form tfe shift model using the modified
vertical stress shift factorhis equation is presented in AASH® 134 as the final form of the
permanent deformation shift modBl.represents the slope of the stress shifting due to the
change in the vertical stress levéheeds to be notedhen the shift model is applied to
pavement rutting simulationsidervarying temperatures, Equati¢2.8) can yield negativ®
values at low temperaturéd8ased on the shift model 6s assumpt
for the stress levels higher than the reference stress (689 kPa) should be pagtneel
valueslead to a negative shift factor for the stress levels higher than the reference stress, which

contradicts the mod &dudtien(2.8)ss salidomytfor thbepositiveh er ef or e

values and for negative valu&will be zero.

23



— =) ——

(2.9)

A - 10p2 m 0.877"D

a, =plog(x,) +p
a, =D Hlog(s,/PR,) 0.877)

D=d, T & if T =
dl

d,
d1

D=0 if T <

where

= vertical stress shift factor coefficient,

d1,d2 = linear regression coefficientnd

= test temperature, °C

Figure2.9 shows the prediction of the viscoplastic strain usiggdfion(2.9).

Comparing the predicted viscoplastic strain ugtggation(2.6) and Ejuation(2.9) with the

measured data shows that the vertical stressfabtbits temperature sensitivity is captured by

modifying the model anonproved the prediction accuracy

0.05 TH-Measured 0.003 * TL-Measured
004 | —- TH-Predicted-Eq (2.6) el (a) — — TL-Predicted-Eq (2.6) (b)
R P TH-Predicted-Eq (2.9) " . | | === TL-Predicted-Eq (2.9) -
003 | e 0.002 | z
= - i
002 f prmm
/////

0.01 r/

/
0.00 & : ' :

0 200 400 600

N

Figure2.9. Prediction of viscoplastic strain using the original model (Equa#i@))(and

modified model (Equatior2(9)) for a) high temperature and b) low temperature
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2.6.Implementing the Shift Model in FlexPAVE™

The shift models implemented ifrlexPAVE™ program to evaluate the rut depth
asphalt pavement. Thisodel can simulate the effects of temperature, load timetharstress
on permanent deformatiofhe implementation ohesethreeparameterin FlexPAVE™M is

discussd below.

2.6.1.Temperature

Pavement temperature hasubstantiaéffect on the rutting performance in asphalt
pavement. Also, the number of occurrences of a particular temperature is important. Low
temperatures produce very low strain lexmisoccur frequeny, so the cumulative strain due to
low temperatures may not be insignificant. In that sense, both the distribution and number of
occurrences of temperatures should be considered simultaneously

The temperature through the depth is an inp&éxPAVE™ program FlexPAVE™
programincorporates pavement temperature databafséifferent locationsacrosshe US
characterizedising the Enhanced Integrated Climate Model (EICM) (NCHR¥?A). The
EICM is a onedimensional coupled heat and moisture flow makat has been improved and
integratedwvith a moisture transport model as well as phenomenological and empirical functions
to predict the impact of moisture and temperature on §diks EICM generates pavement
temperatures with respect to pavement depik. users can select the location of interest, and
FlexPAVE™ program uses the temperature for each segment of analysis as the needed

temperature for the pavement responses and the rut depth calculation.

2.6.2.Vertical Stress
The vertical stress at any pointarpavement structure depends on different factors;

temperature, load level, vehicle speed, pavement structure, and unbound material modulus.

25



FlexPAVE™ calculates the stresses at all points of the aggregate structure by considering all of
the mentioned f@ors. The program starts by dividing the asphalt layer into ten sublayers and in
each sublayer, the finite element method will be applied and the responses will be calculated at
each node. The results from FlexPAVEhow the maximum vertical stress irceaublayer

occurs under the wheel paffigure2.10illustrates the change the peak of/ertical stress at the
center of the wheel path when a vehicle is passing. As expected, the peak of vertical stress

decreases as the deptbreases.

Vertical Stress Peak (kPa)
0 200 400 600 800 1000

Depth (cm)
O oo~No ok~ WwWwNEO
k\

[
o
[ 8

Figure2.10. Vertical Stress Peak through the depth

2.6.3.Load Time Distribution through the Depth

Among the mentioned parameters of the shift matktbrminingthe pulse (load) time is
the most chllengingissue The shift model is calibrated based on haversinusoidal loading in the
laboratory condition; however, loading in the pavement structure is not a perfect haversinusoidal
shapeFigure2.11 shows the response loadicglculated by FlexPAVE for a 10 cm asphalt
layer on top of 20 cm of aggregate base. In this figure, the vertical stress responses for different

depths of 0, 5, and 10 cm over the loading time are showsedsn the figure, the shape of
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these responsas not in perfect haversinusoidal forfime response deviation from the
haversinusoidal shapell be more vigorous as it gets deeper into the pavement.

Load time is the duration that the element is applied to the vertical Etesis2013)
One way tdind the load time could be fitting a haversinusoidal function to the vertical stress
over the time calculated by FlexPAVE(as shown irFigure2.11), but performing this fitting
process for every node in FlexPAVMEwould increae the total runtime of the analysis
significantly. FlexPAVEM requires the load time distribution through depthd&terminehis
distribution the vertical stress through the depth was considered in the an&liggise2.11
shows thevertical stress shape for different depths in the pavement sdatibis study, he
points under the wheel pagitong the deptiwvereconsidered as the case stu@ligese points have
the highest vertical stress, and as a result, the highest Mistogtrain compared to the other
nodesatthe same depth. Based on FlexPAVEesults, the maximum vertical stress decreases

and thdoadtime increases as it gets deeper into the pavement.
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Figure2.11. Response calculation by FlexPAVEfor a 10 cm asphalt layer in the depth of a) 0,
5, and 10 cm, b) 0 cm (Surface), ¢) 5 cm, and d) 10 cm.

In this study, Equatio(R.9) was used to evaluate how the shift model captinegffect
of load time on theviscoplasticstrain.Next, a relationship was identified between the pulse time
and pavement depth. Based on Equatit®), the viscoplastic permanent strasna function of
pulsetime and vertical stresEquation(2.10) presents thaht effect of load time and vertical
stress will beshownin the power ofp:* (1-b) andD* (1-b), respectively. In order to capture the
effectof pulse time and vertical stress]l ®* @0 hersustp P1"-0 hlot was constructed for each
element throgh the pavement deptBased on Buation(2.10), the area under the mentioned
curve can be correlated with thscoplastic strainFigure2.12 shows arexample of the

aforementioneglots.

o (1 p) - .
e,° (t,)" 7 ( 9" (210
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Figure2.12. Stress versus load time plot

In this study, theffective rutting pulse timeg) was defined. In order to obtain the
effective pulse timehe areaindertheresponse stressirvewas first calculatedRigure2.12),
then the haversine curve was used using the saeggpeak on the yaxis with the equadreaof
the response curvén other words, irFigure2.12, the area under the response and haversine
curves are equabo theeffectivepulse timety” is defined as the load time of the haversine
curve The detailed calculation is presented in Equatihl). Therefore, the effective pulse
time canbe calculatedor every point under the wheel path through the dap#ny given
temperatureThis approach was implemented in FlexPAVYBo predict tle pavement rut depth.
The rut depth prediction using the mentioned methodolmgperformedior different materiad

listed inTable2.2.
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Area under the response curve = Areaaunride haversine cur

2 tpeak tpeak+t5p
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2 N s, dt’
Yt =—2
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where
' _ D(1- b)
SZZ - (Szz) ’
- D(- b)
S max - (smax) ,
tl - tpl(l- b) ,
tpeak = t'at the peak of the stress response cland,
S nax = vertical stres at the peak of the response curve.

As noted earlier, the effective pulse time calculation requires significant computation
time. Choi has proposed a simple relationship to find the pulse time at any given depth (Choi
2013). In this study, the accuradithis relationship is investigatdry comparing the effective
pulse time from Equatio(®.11). Choi proves that normalized load time (the load time at angive
depth over the load time at the surface) is independent of the vehicle speed. He proposed a
relationship for the pulse time throughout the pavement depth (Choi 2013). Eq@di®)n

presents the pulse time at any given depkis equation shows the relationship with the depth
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and normalized effective rutting pulse time. In this equatidmepresents thpulsetime right
below the tire on thpavemens aurface to” can becalculated knowing the tire pressure as well
as vehicle design speddn the other hand,” shows the rutting effectiveulsetime at a certain

depth under the wheel path. ocan be obtained knowirtg' and depth

t (212
© =0.151 depth ©.84
0

where

t'p = pulse time throughout the pavement depth, s,

t'o = pulse time at theurface, s, and

depth = pavement depth, in.

Figure2.13 shows the different effective pulse tismalculated by Equatiof2.11) and
Equation(2.12) for different nodes under the wheel path through the deptAnuary and June
These two months were selected to be presentedyasefiresenextreme cases of low and high
temperaturesrlhis plot can be changed witifferent material propertieeemperature, and
loading conditionThis studywas repeatedn different mixturedisted inTable2.2 and the rut
depth prediction was compared using two different approaches: equivalent area Egudijon
and linear equation, Equati¢®12).

Figure2.14 shows the FlexPAVE" prediction using the two mentioned approaches for
the RS9.5B mixtureJsing the linear relationship, Equ@t (2.12) gives approximately the same
rut depth predictiomsthe equivalent area method, Equatf@ril). Essentially the same result
was obtained for all mixtures frofrable2.2 that were evaluated. Overall the difference between
predicted rut depth after 20 years of design for two different approaches was less than 10%. It
needs to be noted that teeecutiorruntime in the linear equation method is 4ifth of the

equivaknt area method. Given the time saved by using the linear equation as well as acceptable
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results from different mixtures, the linear equation method was selected to be implemented in

FlexPAVE™ to calculate the pulse time through thepth

Normalized Effective Pulse Time
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Figure2.13. Normalized effective pulse time distribution over the depth for a 10 cm thick

pavement irthecold season (January) and hot season (June)
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Figure2.14. Rut depth ersus time using equivalerdrea and linear equation concept

2.7.Shift Model Verification
As mentioned earlieFlexPAVE™ program can be used as a strong tool to predict the

rut depth during the pavement design IFeggure2.15 presend a comparison of rut depth
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measurements and FlexPAVEpredictions for the NCAT projecin this project, the results
from six different pavement sections were used. This figure shows that FleXPASE rank
different mixtures very wellFigure2.16 alsoshowsthe prediction of rut depth fovarious
projects from different climatic conditionn this figure, the results from four various projects
have been shown. These projects are from NGAEIC, and MIT (se€Table2.2). These
project®details can be found elsewhere (Kim et al. 2@@anbari et al. 2020Vang et al.
202@). For each project, FlexPAVE was run to predict the rut depth knowing the design
traffic, pavement structure, apdoject location|In this figue, the yaxis shows the measured
total rut depthandthe x-axis indicates the rut depthtine asphalt layer. The basof this
comparison comes from the fact that in these prqjdotsbase and subgrade rutting was
negligible in comparison with rutting the asphalt layer (Wang et al. 2020So this graph can
be used to validate the shift model using different mixtures, traffic, and climatic conditions. It
needs to be noted that the transfer function was not employed in this study. B&ggaen
2.16, acomparison of simulatioresults with the field measurements indicates FatPAVE™

canreasonablyredict rut depths in the fielédnd it captures the trends accurately
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Figure2.15. Comparisn of rut depth measurements and FlexPA¥gredictions for NCAT

project
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2.8.Conclusions and Future Work
This chaptempresents a methodology to predict the rut depth in the asphalt pavement
section. In order to predict the rut depth, the permanent deformation shift model was used. The
SSR test results were also used to calibrate the permanent deformation sbiift midats
chapter some parts of the shift model and the SSR test temperature selection were modified. The
modified shift model was then implementedrlexPAVE™ program. The conclusions and
future work are summarizesb follows
1 The SSR test and permant deformation shift model can be used as an efficient
method to characterize asphalt mixténesting behavior.
1 Temperature, vertical stress, and load time are three important components of the
shift model.FlexPAVE™ program can be used to simulategh components
along the depth.
1 The linear relationship for the pulse time distribution through the depth is simple

but approximately accurate, given the time saved for the response analysis.
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1 The rut depth predicted by FlexPAVEwas compared with the fitrutting
performance and showed a good correlation.

1 The agencies can determine the rutting resistance of their asphalt mixtures using
realistic moving loads, the pavement structure, and climatic conditions of the
location where the mixture would be used.

1 The preliminary transfer function can be found by collecting more test results

from different pavement sections.
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CHAPTER 3. DEVELOPMENT OF A RUT TING INDEX PARAMETER BASED ON
THE STRESS SWEEP RUTTING TEST AND PERMAN ENT DEFORMATION SHIF T
MODEL 2
The use of index paranegs to evaluatasphalt mixturedperformancéias become a common
and important process for making informed pavement material decisions. These index
parameters are quick indicators of asphalt mixture performance and thus are widely used in the
asphalt pavig industry. Thichaptempresents a new rutting index parameter to assess the rutting
resistance of asphalt mixtures using the stress sweep rutting test and the permanent deformation
shift model. The proposed parameter, referred to as the Rutting &ttam(RSI), is novel in
that it integrates material testing and structural simulations. To develop the RSI index parameter,
more than 70 different mixtures that exhdoitr wide variety of performance asdurcedrom
different geographical locations wegelected and evaluated. The results show that the RSl is
able to capture the effects of different mix design factors, such as RAP content, binder content,
and volumetric properties. Furthermore, a set of RSI threshold values are proposed for different
allowable traffic levels in terms of rutting. As engineers become familiar with the RSI, the RSI
threshold values can be adjusted accordinpeatocal experience. The RSI also can be
employed by agencies as a tool for PEMD and quality assurance puykplogeby agencies
will be able to accept or reject a mixture based on RSI thresholds.
3.1.Introduction
Asphalt pavements constitute one of the largest infrastructure systems in the world.

Rutting (permanent deformation) is one of the most concerning pavement distresses for

2This chapter has been publishedamanbari, A., Underwood®. S., and Kim, Y. R. (2020). Development of a
rutting index parameter based on the stress sweep rutting test and permanent deformation sHifteneatenal
Journal of Pavement Engineerinty13.
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engineers and the pavement industry. Several tests have been devetbpsedan asphalt
pavement studies to evaluate the resistance of asphalt mixtures to permanent deformation
(rutting). The most welknown tests include: 1) the Marshall stability test (AASHTO T 245), 2)
the Superpave shear tester (SST) test (AASHTO T 32®heeltracking tests such as the
Hamburg wheetrackingtest (HWTT) (AASHTO T 324)the French rutting test (EN 126972),

and the asphalt pavement analyzer (APA) test (AASHTO T 340), #jakel repeated load
permanent deformation (TRLPDst (AASHTO T 378), 5) the incremental repeated load
permanent deformation (iRLPD) test (AASHTO TP 116), and 6) the triaxial stress sweep (TSS)
test (Choi and Kim 2014). Broadly, these tests can be characterized as being fully empirical
(Marshall stability test)simulative (wheetracking tests), or representative of a stress state
(SST, TRLPD, iRLPD, and TSS tests). Each test shares similarities in that a test is performed,
typically at a fixed temperature or one that represents the location where the mikthee wi
placed, and from the test itsedbme parameter is extracted and reported.

Agencies tend to gravitate towards one of these tests based on either known performance
correlations determined through parametric studies or engineering experience, tyinaplcci
compatibility with the agen@g existing expertise and equipment, or a combination of these two
factors Tests and indices have been implemented differently across different agencies. For
example, the HWTT, which is one of the most common testsluges rutting by rolling a 765

N (158 Ib) steel wheel on the surface of two asphalt specimens. In the AASHTO T 324 standard
version of the HWTT, the specimens are submerged in a tempecanirelled water bath and

the loading stops after 20,000 pasgegshis point, the rut depth caused by the steel wheels is
recorded (AASHTO T 324). For most agencies, the rut depth after 20,000 cycles of loading at

50 i s considered to be the index threshol d
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rut depththreshold after 20,000 cycles and all states and agencies have their own rules based on
their climatic location (Jahangiri et al. 2019). As an example, in Louisiana, maximum rut depths
of 6 mm and 10 mm at 20,000 passes for high and medium traffic Isxsgectively, were

established (Mohammad et al. 2016). In lllinois, the number of wheel passes needed to produce a
rut depth of 12.5 mm is the criterion used to accept or reject the mixture, and this threshold
changes based on the higimperature perforance grade (PG) of the asphalt binder used (Al

Qadi et al. 2015). These are but two examples related to the HWTT, as other agencies also differ
in their precise testing implementation.

Table3.1 summarizesome of the common tasand index parameters that are currently being

used by different agencies to evaluate rutting. As noted, different states use different threshold
values to evaluate the rutting performance of asphalt mixtures in the lab and to accept or reject

the propose mix design.
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Table3.1. Summary of Common Rutting Performance Tests

Specimen Performanc
Test AASHTO er'ght X Loading Conditions Temp. e Prediction Index
Standard Diameter
Model
(mm)
Marshall Monotonic at a rate of Maximum
. T 245 63.5x 100 50 mm/min 60 No

Stability ) . load

diametrically
Rut depth

HWTT T 324 60 x 150 Rolling a 705N steel 15 No _strlppl_ng
wheel at 52 passes/mir inflection

point

APA T240 75x150 Rolling a 445N wheel  High- No Rut depth
over an air hose temperature PG
Repeated

X . 5 .

TRLPD T 378 150 x 100 haversme_amal Effective Yes Flow
compressive load pulse temperature number
of0.1severy1.0s
Repeated
haversine axial

. compressive load pulse 3Effective Minimum

IRLPD TP 116 150x100 of 0.1severyl10s temperature Yes Strain Rate

while varying the
applied vertical s&#ss

The temperature is not specified in 242E. AASHTO standar
°The effective temperature is based on critical depth and mean annual air temperature data.
3The effective temperature is based on degi@es and depth from the sack.

This chaptempresents a new rutting index parameter, the Rutting Strain Index (RSI), to
aid pavement engineers in determining whether a given mixture is likely to exhibit sufficient
permanent deformation resistance and/or to help them select amtiipdenmoaterial
alternatives for the given climatic conditions. The test method and the supporting model that
form the basis of the proposed RSl is first presefited RSI is applied to more than 70
mixtures with a wide range of mixture factors and fraffecent climatic regions to determine

its reasonableness and establish initial target threshold values.

39



3.2.Background of Stress Sweep Rutting Test

The RSI parameter developed in this study is based ultimately on the outcomes of stress
sweep rutting (SSREsts. The initial motivation for the SSR test emerged through the NCHRP
9-19 project, which showed that asphalt mixtures, when subjected to deviatoric axial loads in a
confined state, exhibit sensitivity to load level, loading history, and temperatuicz @Wet al.

2001). Subsequent work confirmed these findings (Choi et al. 2012, Subramanian et al. 2013,
Azari and Mohseni 2013) and also showed that the amount of rest time between load repetitions
could also influence permanent strain accumulation (€hai. 2012). Asphalt mixtures in

pavement structures seem to have a similar dependence on loading, temperature, and rest time
and, as a result, these findings have been used to define material models of varying complexity
and applicability (Witczak et a001). For example, the SSR test, like several other tests, is
designed to calibrate a mechanistiopirical model that describes an asphalt mixaure

permanent strain behavior as a function of temperature, stress, and loading time. The permanent
deformaion model that is supported by the SSR test is referred to akithenodeland has been
implemented into a finite element program, FlexPA¥Rhat calculates the permanent

deformation of asphalt pavement under different traffic loading and climatilitcms over a
multi-decade period.

The shift model is based on the concept of iiemaperaturestress superpositipwherein
the equivalency of these three factors is considered through the horizontal translation-of cycle
wise permanent strasccumulatn curves at these different conditiod$ie strain curvéhat is
created following the horizontal shift calledthe permanent strain mastercuraad the amount
of translatonis defined ashe shift factor This approach is conceptuatlye sameas thataken

to derive thedynamic modulusnastercurvend its predictiosusing theshift function.
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Detailsof the calibration process are given elsewhere (Kim and Kim 2017, Kim et al. 2020), but,
in short, the overall SSR test consists of four tests at tifiereht temperatures (i.e., the test at
each temperature is replicated). The first temperaiujaq a relatively low temperature

represenhg the average air temperatuasd the second temperatul@) a relatively high
temperature represemgj summerime temperatures. The actual temperatures used in the test are
indexed to the climate conditions of the location where the mixture will be used. The load profile
consists of repeated haversine loading with asQodlise time and either a is@atT.) or 32-s

(atTh) rest period. The specimen is confined at a pressure of 70 kPa (10 psi). The deviatoric
stress increases from 482 kPa, 689 kPa, and 896 kPa (70 psi, 100 psi, and 130, =i} #ie
changed sequence of 689 kPa, 482 kPa, and 896 kPa (1@0 psi, and 130 psi) is usedTat

Once the testing is finished, the four test results are used to characterize the shift model. The
final form of this process is presented agi&tion(3.1). Detailsof the SSR test, fabrication, and

analysis of the test results can be found elsewhere (AASHTO TP 134).

eN
e = 0" “red
"’ (NI + Nred)b
o D,
S, 9
Ng = A 3N(Xp)plge€ 0

A=10% 3100870 (3.1

a, = plog(x,) +p,
a, =D ¥log(s,/PR,) 6.877)

D=d, T 4
where
Up = viscoplastic strain (permanent strain),
BN, b = coefficients of the incremental model,
N = number of cycles for a certain loading condition,
3p =reduced load times,
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asp = reduced load time shift factor,

o

Uy = vertical stress, kPa,
Pa = atmospheric pressure, kPa,
ag v = vertical stress shift factor,
D = vertical stress shift factor coefficient,
di,dz, pr,p2  =linear regression coefficientand
T = test temperature, °C.
3.3. Materials

This study used 72 asphalt mixtures from several different climate regions. These
mixtures include surface, intermediate, and base layers and contain different aggregate types,
binder contentsyolumetrig and gadations. Many of these mixtures also contain reclaimed
asphalt pavement (RAP), warm mix asphalt additives, and/or polyrodified asphaltTable
3.2 presents information for the surface layer materialsTainde 3.3 for the intermediate and
base layer materials. Additional information about these mixtures can be found elsewhere (Kim

et al. 2020, Wang et al. 2019).
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Table3.2. Materials Information for Surface Layers

. . NMAS . Air Voids RAP Binder
Project, Location Label (mm) Binder Grade (%) Content (%) Modification
. NCAT-C1 9.5 PG 7622 4.3 - SBS
NCAT (Natlonal - caT-01 95 PG 7622 183 : SBS
Asphalt NCAT-FwW1 9.5 PG 7622 4.9 - Foam
Technology) NCAT-AW1 9.5 PG 7622 3.9 - Advera
AL USA ' NCAT-R1 9.5 PG 6722 4.7 50 -
’ NCAT-RW1 9.5 PG 6722 5.0 50 Foam
KEC, South ASTM 19 PG 6422 5.9 - -
Korea PMA 19 PG 7622 5.9 - SBS
RS9.5B 9.5 PG 6422 4.2 20 -
. C50-33 9.5 PG 6422 3.3 20 -
NCSUi PEMD C50-54 9.5 PG 6422 4.1 20 -
(NCSu C5055 95 PG 6422 55 20 -
Performance C5057 95 PG 6422 7.1 20 -
Engineered Mix 57433 95 PG 6422 3.0 20 :
Design), NC,
USA C7053 9.5 PG 6422 3.2 20 -
C7055 9.5 PG 6422 4.9 20 -
C7057 9.5 PG 6422 6.9 20 -
L1 12.5 PG 6422 4.2 - -
(FHWA ALF), L5 12.5 PG 6422 4.1 40 -
Washington DC, L6 12.5 PG 6422 4.0 20 -
USA L7 12.5 PG 5828 4.2 20% RAS -
L8 12.5 PG58-28 4.3 40 -
159352 12.5 PG 64E28 7.2 20 Polymer
159352B 12.5 PG 64E28 3.1 20 Polymer
159353 12.5 PG 64E28 4.4 20 Polymer
159354A 12.5 PG 64E28 4.9 20 Polymer
MaineDOT, ME, 159354B 12.5 PG 64E28 5.8 20 Polymer
USA 159355 125 PG 64E28 2.2 20 Polymer
159358 12.5 PG 64E28 4.6 20 Polymer
159360 12.5 PG 64E28 2.4 20 Polymer
159361 12.5 PG 64E28 7.6 20 Polymer
159362 12.5 PG 64E28 5.8 20 Polymer
. . Low (AC-0.5%) 12.5 PG 64-28 4.7 20 -
Mg‘g;gnol\TA'EM'x Aim (AC-Target) 125 PG6428 47 20 -
USA ’ Mid (AC+0.5%) 12.5 PG64-28 4.7 20 -
High (AC+1%) 12.5 PG64-28 4.7 20 -
Old ALF, Control 12.5 PG 7022 4.1 - -
Washington, DC, CR-TB 12.5 PG 7028 4.3 - Crumb Rubber
USA SBS 12.5 PG 7028 4.2 - SBS
NCDOT, NC, RS9.8B 9.5 PG 6422 5.6 30 Foam
USA RS9.5C 9.5 PG 7022 5.4 25 -
C1 16 PG 5828 3.9 - -

. S1 16 PG 5828 3.2 - Sasobit
“fr'];é';’ifl:‘éttﬁ?: E1 16 PG 5828 3.8 - Evotherm
Transportation) Al 16 PG 5828 3.0 - Advera

Manitoba ’ Control 16 PG 5828 54 - -
Canada’ 15R 16 PG 5828 5.2 15 -
50R 16 PG 5828 5.9 50 -

50RSB 16 PG 5234 5.7 50 -
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Table3.3. Materialsinformationfor Intermediate and Base Layers

Project, Label NMAS Binder Air Voids RAP Content Binder
Location (mm) Grade (%) (%) Modification
NCAT-C2 19 PG 7622 6.1 - SBS
NCAT-C3 19 PG 6722 7.4 - -
NCAT-02 19 PG 7622 51 - SBS
NCAT-0O3 19 PG 6722 8.3 - -
NCAT (National NCAT-FW2 19 PG 7622 6.0 - Foam
C/fs”;f];‘;fr NCAT-FW3 19 PG 6722 7.7 - Foam
Technology), ~NCAT-AW2 19 PG 7622 6.2 - Advera
AL, USA NCAT-AW3 19 PG 6722 6.1 - Advera
NCAT-R2 19 PG 6722 6.1 50 -
NCAT-R3 19 PG 6722 5.0 50 -
NCAT-RW2 19 PG 6722 5.8 50
NCAT-RW3 19 PG 6722 5.8 50
BB1 40 PG 6422 6.0 - -
KEC, South
Korea BB3 25 PG 6422 8.0 - -
BB5 25 PG 6422 9.9 - -
MIT (Manitoba C2 16 PG 5828 4.8 35 -
Infrastructure) S2 16 PG 5828 4.9 35 Sasobit
Transpaotation),
Manitoba, E2 16 PG 5828 5.4 35 Evotherm
Canada A2 16 PG 5828 5.4 35 Advera
RB25C 25 PG 6422 55 20 -
NCDU%& NG Ri1oB 19 PG 6422 5.4 20 ;
RI19C 19 PG 6422 5.6 30 -

Note:NMAS is nominal maximum aggregate size, RAP is reclaimed asphalt pavement, SBS is
styrenebutadienestyrene, KEC is Korea Expressway Corporation, FHWA is Federal Highway
Administration, NCDOT is North Carolina Department of Transportation.
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3.4.Using SSRTed Results to Define the Proposed Rutting Index Parameter

The SSR test characterizes mixture behavior, which in turn can be input to structural
analysis. In this study, two candidates were considered for the SS§asesk rutting index
parameter. The firss the permanent strain that is predicted using the shift model under repeated
haversine loading (0-& pulse and 0-9 rest) at a fixed temperature and stress level. The second
is a performance simulation ostandargpavement structure under a reatidtiad level and

thermal history.

3.4.1.Permanent Strain under Repeated Loading

The permanent strain at 12,000 cycles at a reference temperature under TRLPD test
conditions can be predicted based on the shift modelth#s simulationthe pulse timevertical
applied stressandtemperature arfixed. Therefore, m the shift modelparametes ap, tv, andT
eachhave a constant value. Rearranging the functions with this consfieldg Equation(3.2)
whereall the SSR tegparameter$(d,Ni, , db d2, pr,andpz) are known once the SSBstsand
characterizatioprocess have be@ompleted.

e = eONred
"’ (NI + Nred )b (32)

Nyeg =10% 310714 7 4 §(x,) et 6
TheNational Center for Asphalt Te'chnolo(ijAT) testtrack materials were used to
demonstrate the benefits and limitations of this approach because some of the field performance
of those materialead alreadypeen meased. For theevaluationprocess, predictions were made
based on two vertical applied stress levels (482 kPa and 689 kPa) and two tempera@res (30
and 50C). The loading time for all simulations was 0.1 s with a€)t8st period. The permanent

strain afer 12,000 cycles was calculated for each mixture and used as the index threshold value.
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In this chapter the permanent strain is designateditaseo. The Uripowas calculatedor
different mixtures and compared to the field results.

Figure3.1 shows the permanent deformation behavior for the different surface layers
used in theNCAT project. As showrthe shift model can predict the permanent strain behavior
and differentiate, or rank, the mixtures (Jexbdle3.4). However, the rankings vary based on the
temperature and loading conditions. Therefore, using a single loadidgi@onto evaluate the
asphalt mixtures is efficient, but may riolly represent the mixtuées behaviorSincefield
performance is a consequence of rutting across all layers of the system, and so, direct
comparisons of the field performance and theskimgs are not possible. Thetal rut depth was
measuredn this study. In order to find the rut depth in each lafExPAVE™ was used to
simulate the pavement structpaad the rut depth was predicted for each asphalt layer within the
pavement sectiorkKnowing the total rut depth and the rut depth for each layer, the contributing
percentage of each asphalt layer could be calculated. Therefore, based on the rutting percentage
of each layer obtained from FlexPAVEand knowing the measured total rut dgphe rut

depth for each layer could be estimated.
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Figure3.1. Permanent strain predictisasing triaxial repeated loading under different vertica
stress and temperature conditions: a) 482a&ib3°C, b) 482 kPa and 54°C, c) 689 kital
30°C, and dp89 kPaand 54°C.

Table3.4. Rankings Based oviiscoplastic Strairfor Surface Layers iNCAT Project

Ranking
_ 54°C 54°C 30°C 30°C Field
Section Label 689 kPa 482 kPa 689 kPa 482 kPa
Evotherm NCAT-AW1 4 4 4 5 1
RAP+WMA NCAT-RW1 2 2 5 4 2
Foam NCAT-FW1 1 1 2 3 3
Control NCAT-C1 3 3 3 2 4
OGFC NCAT-0O1 6 6 1 1 5
RAP NCAT-R1 5 5 6 6 6

Note:3A larger number in ranking stands for more permanent deformé&fiba.field rankings
are estimated based on the total rut depth for eatiorseRAP is reclaimed asphalt pavement,
WMA is warm mix asphalt, and OGFC is opgraded friction course.

3.4.2.Pavement Performance Simulations
Pavement performance prediction software, such as FlexPA\t&n simulate the stress
distribution in a pavementrsicture and consider the interactive effects of climate, load, and

a7



subsurface conditions (Wang et al. 2018, Kim et al. 20R@pmparison of simulation results
andfield measurements indicates that the shift model can predict rut depliesfield very

well. Figure3.2 presents a comparison thierut depth measurements and FlexPAVE

predictions for the NCAT projeckEor this project, the asonstructed pavement structure was

input to FlexPAVEM along with the climate data from Auburn, Alabama (the NGAdcation),

the backcalculated base and subgrade modulus values at the test track, the shift model
parameters determined from the SSR test, and the dynamic modulus value for each material.
FlexPAVE™ then used data obtained from the Enhanced Integrated Clishadiel (EICM) to
predictthe pavement temperatures and eventually the rutting in the asplalte layers. Figure

3.3 presents the predictions of rut depths for different projects for different climatic conditions
and different structures. Details can be found elsewhere (Wang et al. 2018, Kim et al. 2020). For
each project, FlexPAVE' could predict the rut depth kwing the design traffic, pavement
structure, and location of the projekt.this figure, the-axis shows the measured total rut depth
and thex-axis the rut depth in the asphalt layer. The basis of this comparison is that the forensic
investigations intahese projects found that the base and subgrade rutting was negligible

compared to the rutting in the asphalt concrete (AC) layer.

15

O Measured Total Rut Depth

Predicted AC Rut Depth

Rut Depth (mm)
=
o

(4]

0 | v

Evotherm  Foam Control OGFC RAP+WMA RAP
Figure3.2. Comparison ofut depth measurements and FlexPAYBpredictions for NCAT

project
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Figure3.3. Comparison of rut depth measurements and FlexPX\fiEedictionsfor different

projects

Given the positive results obtained from the structural simulations, the second candidate
for the rutting index parametarasalso involved using FlexPAVE. However, some issues
emerged that affected the direct adoption of FlexPRVIE thesame way it was used for the
field sections. The basis for this limitation is the way an index parameter is used to support
decisionmaking and the fact that mixtures are often designed, verified, and approved for use
separately from the pavement desigogesss. Thus, the pavement structure and exact location
are not known for situations when the index parameter would be needed. However, to conduct
pavement simulations, a structure is needed. The approach to this dilemma in this study was to
assume a standfized structure for carrying out the performance simulations and defining the
RSI parameter. Multiple factors were investigated to quantify the sensitivity of different
structural parameters to the predicted asphalt layer rut depth and to determiog@dine pr
structure. The parameters considered are as follows and are discussed separately in the following

subsections.

1 Asphalt layer thickness
1 Aggregate base and subgrade modulus values
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1 Aggregate base thickness
1 Layerthicknessgsfor different mixture categaes

3.4.2.1.Asphalt layer thickness

In order to determine the effect of asphalt layer thickness, rutting was predicted using the
material properties from several of the mixtures identifietiahle3.2 andTable3.3 with 10-cm
and 15cm asphalt layer thicknesses. Based on these simulations, the average permanent strain,
defined as the ratio of rut depth to asphalt thickness, was calciHaack 3.4 shows a strong
correlation between the average permanent strain levels obtained for both structures. Therefore,
the asphalt layer thickness does not affect the ranking of the different mixtures, so the index

parameter can be defined based on thertithickness.
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Figure3.4. Predicted rut dep#using10-cmand15-cm surface layer thickness.

3.4.2.2 Aggregatebase and subgrade modul

The moduli of the base and subgradeatly impacthe total rut depth of a pavement. In
order to see the effeatd the moduli and the thicknesses of the base and subgrade on pavement
rut depththe ruttingin different projectsvassimulated usinghedifferent base and subgrade
moduls valuesFigure3.5 (a) shows the tofarut deptts obtainedfrom a structure that consists
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of 10 cm of asphalt mixture and 20 cm of aggregate base. In this study, two typical base modulus
values were defined for the aggregate base, 100 MPa and 300 MPa, referred veeakdhd
strongbasesrespectively. The same concept was utilized for the subgrade modulus with values
of 30 MPa and 80 MPa (weak and strong, respectively). As expdutgoavement witthe

weak base and subgragebehibitedthe most permanent deformatievhereaghe pavemeniith
thestrong base and subgragbhibitedthe least permanent straldowever, when only the

asphalt layer rutting was examined, as illustrateeigire 3.5 (b), the permanent deformation in
thatlayerdid not notablychangewith different base and subgrade modulus values. This test was
repeated using different asphalt mixtures and, in all of the cases, the difference between the
asphalt layas rut depth at the end of the design life for the cases \blo#nehe base and

subgrade were weak and where both were strong was less than 5 peeninary, although

the base and subgrade moduli have a significant effeat@nall pavement rut depth, the modul

of the base and subgrade not specifically affect theut depth in the asphalt layer.
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Figure3.5. a) Totalrut deptls and b) srfacelayerrut deptls using different base and subgrade

(SG) modulusvalues.

3.4.3.Aggregatebase thickness
The effects of the badayer thickness were investigated via simulations of a structure

with the asphalt layer thickness of 10 cm, base layer with a modulus of 206 MPa, subgrade with
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a modulus of 69 MPa, and base thicknesses of 10 cm, 20 cm, 30 cm, arQue?.6 (a) and
Figure3.6 (b) show the predicted asphalt layer rutting values and total pavement rutting values
for each of these simulationsickeasing the base thickneld not change eitheéhe asphalt

layer rutdeptts or the total rut depth The permanent deformation information currently used in
FlexPAVE™ to predict rutting in an aggregate base is the same as that used in Paveritent ME
which is known to demonstrate no sensitivity to base thickiggszak am El-Basyouny,

2004). Therefore, these results are not surprising.
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Figure3.6. a) Surface asphalt layer meptts and b) total rut depthssing different baskayer
thicknesss.

3.4.3.1.Layer thicknesssfor different mixture categories

Rutting accumulation is a function of temperature, stress levelpaduohg time, which
all change with depth. As a result, surface course mixtures experience different conditions in a
pavement structure than mixtures that are placed deeper into the pavement structure. Within the
RSI parameter framework, the exact stroetm which a mixture will be used is unknown, but it
is presumed that the basic mixture category (surface, intermediate/binder, or base) is known. The
approach taken for the RSI parameter development was to consider these basic mixture
categories when cgoating the index, and thus to consider the depth and, by extension, the

surface thickness of the asphalt layer to use for evaluating the intermediate/binder and base
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mixtures.Henceevaluating the asphalt mixture under itssarvice loading and temperagur
conditions is critical. For example, the base layer is not subjected sartteeloading conditions

as the surface layer. The upper layers experience different temperatures and stress levels in
comparison to the lower layers. Therefore, based on thecajp@h of different mixtures,

different structures should be considered. By studying typical mixtures used in North Carolina
and other locations, the mixture types for asphalt pavements were divided into three categories:
surface, intermediate, and baagdrs (Kim et al. 2018aghafi et a020, Majidifard etl.

2020a, Majidifard eal. 20208. For the mixtures to be used in the intermediate layers, the
chosen surface layer thickness was 7.5 cm.j3For the mixtures to be used in the base layer,

the surface and intermediate layer thicknesses were chosen as 7.5 cm for eaBlasaygeon

the four parameters of standard structures discussed in the previous subsections for evaluating
the surface, intermediate/binder, and base mixtéigsye3.7 shows the standard structures that

were ultimately used to determine the RSI parameter.

(a) (b) (c)

Asphalt Surface 7.5¢cm

Asphalt Surface 7.5cm Intermediate Course 7.5cm
[ 10cm Asphalt in Questlon 10cm Asphalt in Question 10cm

Aggregate Base,
E= 206 MPa
o

Aggregate Base,

20cm oM E 206 M Pa 20cm

20cm

Subgrade, Subgrade,

E=69 MPa

Flgure3 7. Pavementtsuctures used to determlne the Rﬁarametera)wrfacelayer b)

intermediatéayer, and cpase layer.
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3.5.Rutting Strain Index (RSI)

As previously mentionedhe permanent deformation in asphaixtureis a function of
temperature, stress level, and loading time, which all change with pavement depth. The approach
taken to develop theR parameter was to consider these factors using FlexPAwEcompute
the average permanent strain. FlexPAYE a threedimensional finite element program that
predicts the fatigue cracking and rutting performance of asphalt pavements under moving loads
using realistic temperature changes generated by the EICM. In the RSI calculation framework,
and in order to calculate the average permanent strain, FlexPM\4€s a set of three standard
structures (for the surface, intermediate, and base course mjxespectively) and standard-18
kip singleaxle loads. The stress levels in these structures are calculated using FléXRadE
then used as fixed inputs for the average permanent strain calculations. The FIEXPAVE
algorithm with the fixed stress valuissimplemented in FlexMAT™. The following section
descibes theprocedureof simplifying the FlexPAVEM algorithm and implementing the
simplified algorithm in FlexMATM,
3.5.1.Simplifying the FlexPAVE™ Algorithm

One of the advantages BliexPAVE™ is the abilty to performanalysis under different
traffic, loading, and climaticonditiors. Moreover,FlexPAVE™ simulations accurately match
field performance. The limitation of FlexPAVE is the simulation time, which is not a
significantproblemin some FlexPAVEV applications, but is considered a limitation floe RSI
calculatiors. The most significant portion of the FlexPAVErutting analysis runtime (95% of
the total runtime) is consumed by calculating the structural resp(steess and strajiin the
pavement system. This response modeling involves calculating the stress and strain throughout

the pavement structure for three predefined anatiysessegments
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Segment 1: 5 AM to 12 PM

Segment 2: 12 PMto 7 PM

Segment 3: 7 PM to 5 AM

The temperature profisefor each of these segments is first determined for each month of
the simulation and then fed into the structural analysis model along with the linear viscoelastic
properties of the asphattixture, elastic moduls valuef the base/subgrade, and thecenal
loading configuration. The stress and stiairelsare thercomputed at the nodal points
throughout the structure and used with the shift model to contipegpermanent strain and
ultimately, rutting.

Becausd-lexPAVE™ is a generapurpose structal analysis platforiit needs the
flexibility to analyze any structural configuratioddowever, because thiRSI| parameteuses a
set of three fixed structurgsill FlexPAVE™ simulatiors may not be needed compute the
RSI. Underthis scenaripthe stuctural responsecould be prepopulated into a datahagleich
would reduce theuntime substantially. The research team investigated this possibility by
performing simulations with different mixtures and climate conditions using the structures
shown inFigure3.7. For each mixture evaluated and for each structure, the vertical stress (the
structural response used in the shift model to compute pavement rutting) was first calculated at
different depths using FlexPA/M. In these simulationshe climate conditions chosen were
consistent with the mixture being evaluat8dvenclimate conditions and 35 mixtures were
consideredAmong the 35 mixtures, the three cases with the widest range of variation in vertical
stres were selected.

Figure3.8 (a) and (b) present the vertical streakiesfor thethird segment of January
and thesecondsegment of Juni®r those three caseBhethird segment of January and the

secondsegment of June show the most extreme cadesvaindhigh temperaturg respectively.
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Thesetwo conditions were selected an examplm Figure3.8, but other segments and months
alsowere examined to confirm thttis scenarias representativezigure3.8 (a) and (bshow
thatthe vertical stress vatian increases through thpavementepthwith the most variability
evidentat the bottom of the surface layer (depth of 10 cm). This variability canrhacsas

35% at the bottom of the dwt layer. However, the impact of these differences on the

computed asphalt rut depth is relatively small
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Figure3.8. Vertical stress through pavement depth for different cases of stress vaaation
January, third segme(it PM to 5 AM)and b)June, second segmda® PM to 7 PM).

For this part of the study, 35 mixtures from different locations were selected. The rut
depth for each layer was calculated using three different cases of straisrvéinroughout the
pavement depth (Cases #1 to #yure3.9 shows that the predictedt depthin the asphalt
layeris based on the three different cases of stress variation. As mentioned earlier, this study was
repeated using 35 different mixtures. The results show that the rut depth at the end of 20 years
did not change significantly (less than 584jhin each layerSo, the research team established a
database of stress responsakectingthe variations by segment and month and used this

database to determine the RSI.
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Figure3.9. Predicted rut depths using a single mixture for three cases of stress variation.

3.5.2.Defining the Rutting Strain Index (RSI)

In order to determine a proper rutting index parameter, the average permanent strain at
the end of the 2§ear pavement service life (240 months) was considered. Then, a fixed
threshold value for all of the mixture categories (surface, intermediate, and base layers) was
needed for each traffic level. Although the different layers experience different loadiimg and
service temperatureonditions, these effects can be captured by selecting different structures and
selecting the same threshold value for the different categories of asphalt mixttinesstudy;
the pavementvassubjected t@0 million equivalensingleaxle loads (MESALS) with the
design speed of 96 km/h (60 mg@nd the average permanent straascalculatedor 20 design
years Figure3.10 shows an example of the average permanent strain behavior osentice
life of the pavement. In this figure, the RSI is defined as the average permanent strain at the end

of 20 years.
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Figure3.10. Average permanent straintine asphalt layeduring pavementife.

Figure3.11 presents a flowchart that describes the proeeBsding the RSI parameter.

Four gyratorycompacted specimeiage fabricatedor the given mixture. SSR tests are

performed on the four test specimens (twdraand two aflL), and the test results are input to

FlexMAT™ along with the location of the project and the type of the layer where the mixture

will be used to determine theSIRvalue.

Fabricate Four

Gyratory Specimens

v

Run SSR Test
(AASHTO
TP134)

v

Select The
Location

=

Select The
Layer Type

4

Run
FlexMAT™

v

Find RSI

Figure3.11. Flowchart for proposed rutting index parameter (RSI)
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3.5.3.Recommended Traffic Level Designations for the RSI

No clearmechanistic definition for the acceptable level of permanent strain is available,
but usually, total ruihg is used as this criterion. Therefore, the acceptable level of permanent
strain was investigated empirically in this study. The research team useddaiviatedecision
process based on engineering experience and the measured behavior of 72 noxtures fr
different projects to select the most appropriate threshold véligese3.12 presents the RSI

values for the different mixtures listedTable3.2 andTable3.3.
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Figure3.12. RSI values for different mixtes.

Table3.5 presents the RSI limits that dineked to the four traffic designations of
standard, heavy, very heavy, and extremely heavy traffic tiers that are used to categorize the
different levels of trafficThese threshold limits were chosen based on engineering expectations

and design traffic.
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Table3.5. Recommended Traffic Designations

Traffic Level MESAL) RSI Limits Tier Designation
Less than 10 RSI< 12 Standard S
Between 10 and 30 RSI< 4 Heavy H
Greater than 30 RSI< 2 Very Heavy Vv
Greater thai30 and Slow Traffic RSI<1 Extremely Heavy E

Note: MESAL is million equivalent singlexle load.

The threshold values shownTiable3.5 were applied to the mixtures shownHigure
3.12to determine the allowable traffic designations for these mixtliedge 3.6 provides a
summary of the results. Nothat the allowable traffic determined by the RSl is for rutting
specifically and does not represent allowable traffic for all types of distress. For example, in the
Maine DOT shadow project, the binder used in the mixtures is P@84Enhe PG of 64 ib
high for climate conditions in Maine. The reason for using this high PG binder is specifically to
address durability issues in Maine. Therefore, the rutting allowable traffic designation for those
mixtures is mostly (very heavy). In these cases, mugis not the dominant distress during the
pavemenis service life; cracking is the driving distress.

It is believeal that some mixtures that have passed current rutting criteria thresholds based
on empirical tests may fail under the proposed RSI critehimnto the sensitivity of the RSI
parameter to changes in mixture factdiable3.6 shows that several mixtures have RSI values
greater than 12 and were assigned the allowable traffic designatidb@fmeaningiNo
Designatio® According to the RSI threshold values presentethinie3.5, these mixtures
cannot be assigned the lowest allowable traffic designatidgaoflowever, if state highway
agency personnel believe that those mixtures should pass based on their local experience, they

can calibrate the RSI threshold values accordingly.
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Table3.6. RSI Values and Rutting Allowable Traffic Designations for the Study Mixtures

Project Mix 1D RS! | 5 Traffic | proiect Mix 1D Rs| | _ rraffic
esignation Designation
Control 3.7 H RB25.0B 0.9 E
ALF CR-TB 1.5 \Y; RI19.0B 5.0 S
SBS 2.0 \Y; NC R119.0C 2.4 H
Aim 1.7 \Y; RS9.5B 9.6 S
. High 4.3 S RS9.5C 1.8 \Y;
Maine
Low 1.5 \Y; ASTM 6.7 S
Mid 3.3 H BB1 1.9 \Y}
50RSB 15.7 ND KEC BB3 3.7 H
MIT Control 9.3 S BB5 2.6 H
15R 7.1 S PMA 2.6 H
50R 7.6 S RS9.5B 2.3 H
Al 21.5 ND C5057 5.0 S
A2 3.8 H C50-54 2.9 H
c1 24.8 ND NG C7033 3.2 H
MIT - C2 4.8 S PEMD C50-55 3.9 H
WMA El 34.3 ND C7053 1.8 \Y;
E2 5.6 S C7055 2.3 H
S1 28.3 ND C7057 3.6 H
S2 2.5 H C5033 5.3 S
AW1 9.1 S 159352 2.2 H
AW2 1.3 \Y 159352B 1.4 \Y;
AWS3 29.2 ND 159353 1.6 \Y;
C1 11.0 S 159354A 1.7 \Y
(o7 2.2 H Maine 159354B 2.0 \Y}
C3 18.2 ND Shadow 159355 1.3 \Y
NCAT-FW1 9.0 S 159358 1.8 \Y;
NCAT-FW2 7.6 S 159360 1.3 \Y;
NCAT NCAT-FW3 | 20.6 ND 159361 2.2 H
NCAT-O1 8.1 S 159362 1.6 \Y}
NCAT-02 3.4 H L1 2.0 \Y
NCAT-03 16.9 ND L5 1.6 \Y;
NCAT-R1T | 5.2 S '\'AELV;’ L6 1.9 Y;
NCAT-R2 1.0 \Y L7 1.3 \Y;
NCAT-R3 0.8 E L8 1.7 \Y}
NCAT-RW1 | 10.2 S
NCAT-RW2 1.7 \Y}
NCAT-RW3 1.0 \Y
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3.5.4.Effects of Mixture Variables on Allowable Traffic for Rutting

The RSI resultgbtained fothe mixturedistedin Figure3.12 can be examined more
closely to evaluate the overall reasonableness of the RSI with respect to factors that are known to
contribute to morerdess rutting. For these purposes, the effectsrofoid contentbinder
content, and RAP conteahd binder graderere systematically examined aadiscussed in
the followingsulsectiors. Several examples in thigerature suggest that increasesinvoid
content (Sreedhar and Coleri 201@ndercontent (Sreedhar and Coleri 2018), and RARtent
(Mogawer et al. 201, Buttlar et al. 201Bhave consistent effects on rutting performance
whereby notably higher asphalt contents, higher air void ntstand lower RAP contents
correspond to higher rutting levels.
3.5.4.1.Effects of air void contenton the Rutting Strain Index

The effects of air void content can be found by analyzing data from the North Carolina
State University PerformanceéEngineered Mix Dsign (NCSUPEMD) study. The mixtures of
interest from that study are G5d@d, C5055, and C567. Each mixture uses the sathBmm
NMAS gradationand PG 642 binder. These three mixtures were compacted to three different
air void contents o#l.1%, 55%, and 7.1%, respectivelyFigure3.13 showsthe effecs of the
different inplace air voiccontentonthe RSI As the inplace air voidcontentincreasesthe RSI

increases, which matches expectations
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6.1% Asphalt Content

RSI
w

4.1% (C50-54) 5.5% (C50-55) 7.1% (C50-57)
% In-Place A.V

Figure3.13. Effects of inplace air void (A.V.) content on the RSI.

3.5.4.2.Effects of binder content on the RSI

Mixture data from the MaineDOT project were usedhvestigate the effects of binder
content on the RSI. To geme these data, MaineDOT performed a mix design study using a
single mixture but varied the asphalt content in 0.5% incremieigisre 3.14 shows that the RSI
increases as the asphalt content increases. This srergected based on engineering intuition

that a higher asphalt content leads to a softer mixture and less rutting resistance.

5

4 |
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0
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(AC-0.5%) (AC-Target) (AC+0.5%) (AC+1%)

Figure3.14. Effects of binder content on RSI.
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3.5.4.3.Effects of RAP contentand binder grade on the RSI

Data fromthe MIT -RAP projectandthe new Federal Highway Administration
Accelerated Load FacilittbFHWA ALF) project(hew ALFY were usedo study the effect of
RAP contenbn the RSlIn the MIT-RAP project, four different mixteswere tested with
differentRAP contentgind bindersIn that study, the RAP content was changed systematically
from 0% to 15% to 50 percent. Then, a soft binder was used for the 50% RAP mixture to
investigate the effects of using a soft binder for highPRAntent mixtureszigure3.15 shows
the RSI values for these four mixtures. As expected, the RSI value of the 15% RAP mixture is
lower than that of the Control mixture; however, a further increase in the RAP tcivateri 5%
to 50% did not affect the RSI value significantly. The slight increase in the RSI value for the
50% RAP mixture compared to that of the 15% RAP mixture could be due$pabenerto-

specimen and tesb-testvariabilities

18
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14
12
n 10
4
8 -
6 -
4 -
2 -
0
50RSB Control 15R 50R
(50% RAP+ (0% RAP) (15% RAP) (50% RAP)

Soft Binder)
Figure3.15. Effects of RAP content on the RSI (MHAP project).

In the FHWAG new ALF project, the rutting resistance of five mixtures was evaluated
via SSR testdrigure3.16 presents th&SI values for the five mixtures tested in this project. As

the RAP content increases, the RSI values decrease, which agamsistentvith engineering
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intuition. In this study, the mixtures in Lanes 1, 6, and 5 had the same binder PG, but different
RAP contents. Lane 1 has the highest RSI value. The Lane 5 and Lane 8 mixtures had the same
RAP content, but different binder types. Lane 8, with the softer binder, has a higher RSI value
than Lane 5, as expected. Comparing Lane 6 and Lane 7, the mixtuthe Bacthe binder type,

but Lane 7 contained 20% reclaimed asphalt shingles (RAS), which are known to cause a stiffer
mixture than RAP. Therefore, the RSI value decreased. All of these predictions are in line with
engineering intuition and verify that usitfte RSI concept can capture the effects of RAP, RAS,

and binder type very well.

20

15 |
| l
0.0

PG 64-22 PG64-22 PG58-28 PG64-22 PG 64-22
0% RAP  20% RAP 40% RAP 40%RAP 20% RAS

Figure3.16. Effects of RAP/RAS content and binder type on rut depth (New ALF project).
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3.6. Application of the Proposed Rutting Strain Indexin Index-BasedPerformance
Engineered Mix Design

The performance anasphalt mixture depesdn several factorgncludingaggregate
gradation, design air voicbntent binder content, aggregate properties, and binder properties.
Thesefactorshave a significant impact on mixture performance and should be reflected during
themix design proces®EMD isnow an important component aphalt mixture performance

related specificationgn the PEMD research conductgtNCSU andthe FHWA, cracking and

65



rutting are the most important distresthat should be consideredfastors inPEMD. With
regardto cracking,the secalledSpp parametecan capture the effexdf volumetric properties,
RAP contentandbinder content using different mixturgpes (Wang et al. 2020 With regard
to rutting, which is the focus diis chapterthe RSI can be usexs an index. These two indices,
Sppand the RSI, can be employed as inputs for iflmiessed PEMDThe detailed procedufer
indexbased PEMD is presented in Chapter 6.
3.7.Summary and Conclusions

This chaptempresents the development and implementation eframitting index
parameter, referred to as the R&ked on the permanent deformation shift model that can be
characterized by the SSR test. It indicates the rutting resistance of an asphalt mixture more
realistically compared to other index paramet®ther index parameters and empirical test
methods for rutting rely on the response of the material under a single load and temperature
condition. This snapshot approach to the determination of the rutting resistance of a mixture can
be misleading, as demoreted in thePermanent Strain under Repeated Loadsegtion. The
RSI parameter is determined from FlexPAWEnechanistic pavement analysis that incorporates
the effects of realistic loading and climatic conditions on the mixture at various depths in the
pavement. This determination is performed in the Ekesked FlexMAT™ program by
incorporating major functions in FlexPAVE into FlexMAT™. The basic concept behind the
RSI parameter provides a mechanistically sound and realistic way to determin@rige ru
resistance of asphalt mixtures.

In this study,72 asphalt mixtures with a wide range of mixture factors and from different
climatic regions were evaluated for the RSI parametse.r€sults show that tiSIis able to

capture theeffectsof differert mix design factors, such as R&Bntent, binder content, and
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volumetric properties. Furthermore, a set of RSI threshold values were proposed for different
allowable traffic levels in terms of ruttings engineers become familiar with the RSI, the RSI
threshold values can be adjusted accordirthedocal experience. The RSI also can be

employed by agencies as a tool for PEMD and quality assurance purposes whereby agencies will
be able to accept or reject a mixture based on RSI thresholds.

In short, thebenefits of the proposed RSI include its ability to determine the rutting
resistance of asphalt mixtures using realistic moving loads and climatic conditions of the location
where the mixture would be used, its sensitivity for various mix design faatatsts threshold
values for different traffic levels that have been determined from a large number of mixtures
with a widerangeof compositions and from different climatic regions. These strengths make the
RSl parametean excellent rutting index for PEHMand quality assurance to improve highway

infrastructure.
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CHAPTER 4. DEVELOPMENT OF THE PERFORMANCE-VOLUMETRIC
RELATIONSHIP FOR ASP HALT MIXTURES 3

This chapteraims to establish the relationship between the volumetric performance of
asphalt mixtures and their performance in terms of pavement fatigue cracking and rutting. A
good performance&olumetric relationship (PVR) can dramatically improve the working
efficiency of mixtures and can be used in future performamcgneered mixture design and
performanceelated specifications. For this study, three asphalt mixtures were first designed to
incorporate systematic changes in volumetric conditiandfatigue cracking and rutting
performance tests were conducted at each condition. Statistical analyses of the results suggest
that a firstorder (linear) model and power model would be an apatpform of the PVR
function. Thenumber of volumetric conditions required to calibrate the PVR functialsas
investigated. Finally, a rule of thumb for selecting the volumetric conditions for the model
calibrations is provided. The verification resuthow that the proposed PVR function is able to
capture the mixturégperformance responses that result from changes in volumetric conditions.
4.1.1ntroduction

The focus of recent research in the asphalt pavement industry has been changing from
empirical to nechanistic concepts. Applications of this new focus include balanced mixture
design, performaneengineered mixture design, mechanistapirical pavement design, and
performanceelated specificationZfiouet al. 2013, Robbiret al 2017, Lanottest al 2018,

Yuan and Nemtsov 2018, Kiet al 2015, Fugro 2011 In these applications, they is to

3 This chapter has been publishedWs:n g, YanlbAr j GUn dR.r wDkjdiMa n2R0 1 9 .
Devel opment o-Yolaumetrrfioad mRelcet i onThapsport Aspbal ReMeatarl

Journal of the Transportation Research Board
I, Amir Ghanbari, colndatiibrug etdh & oSttrhees 9 apveae b yRwtotli ng t e
manuscript, and participating the data analysis and in
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predict the performance of asphalt pavements using mechanistic models. However, mechanistic
models typically require detailed material property informationctvisein be tim&onsuming to
measure. This time becomes even more critical when considering how often the properties need
to be measured for some applications. For instance, in perforsmalated specificationd is
necessary to evaluate constructionafaitity on a lotby-lot basis, which requires that
performance tests and requisite simulations must be conducted for each lot using the asphalt
mixture samples collected during production. To complete the full testing and analysis of each
lot, the agencynay spend several workdays laboratory tests to determine the material
properties. Similarly, in performanangineered mixture design, multiple sets of performance
tests are required to ensure that the asphalt mid@nmegineered to the optimal coméiion of
the components. Owing to these challenges,-sfatiee-practice technologies primarily utilize
volumetric methods for asphalt mixture design and quality control/assurance specifications.
These methods have a great advantage over those basedhamistec properties because the
volumetric properties can be measured quickly and the results used to make production
adjustments if necessary. The disadvantage is that although volubzeteid methods are related
to performance, the specific relationsiior a given mixture is not knowKnowledge ofthe
performancevolumetric relationship (PVR)ould bringseveral advantages:

1 allow engineers to continue to use current test methods and equipment for quality

assurance;
1 allow material characterization b® completed in a short period during the mix

design and quality assurance processes; and
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1 bridge the gap between the volumetric properties and performance of asphalt
mixtures and allow engineering judgemanmmix design and quality assurartoe
be basedn performance.

Numerous studies have been carried out to correlate mix volumetric properties to
engineering propertieNCHRP 2004, Christensext al 2003, Kaloush and Witczak 1999,
Bonaquistet al. 2017, Fathi et al. 2019 However, the relationshipithstudy is establishing is
aiming to correlate the volumetric properties or the changes imetrias directly to the
predictedmixture performance in pavements, i.e., fatigue damage anéperndeformation. In
this study, a PVR function is proposedsed on a series of performance testing and analyses on
three different asphalt mixtures. Performance tests of each study mixture were conducted using
mixture samples at different volumetric conditions. The performance of the samples was then
correlated wih the corresponding volumetric conditions. The volumetric conditions were
formulated according to different combinations of gradation, binder content, compaction level,
etc. The performance characteristics used in this study include the amount of fatigagednd
permanent deformation in the wheel paths predicted by the mechanistic models. The models used
for fatigue and rutting analyses at the material lavethe simplified viscoelastic continuum
damage (S/ECD) model and the shift model, respectivélife cyclic fatigue test and the stress
sweep rutting (SSR) test were used to calibrate t4#&SD and shift models, respectively. At
the structural level, analysis was conducted using FlexPRMEhich performs viscoelastic
analysis using thredimensioml finite element simulations under moving loads.

The objective of this study is to develop a volumepacformance relationship that can
be used in performanangineered mix designs and performaraated specifications. In this

chapter the modelingvork for the volumetric properties and performance characterization is
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presented in the first two sections. The third section presergéxpleeimental design and test
results. The fourth section establishes the proposed PVR, required number of volumetric
conditions for PVR calibration, and the rdleat can be use select the requiresimber of
volumetric conditions. Conclusions and recommendations for future work are provided at the
end of thechapter
4.2.Understanding Volumetric Properties of Asphalt Mixtures

In most states, volumetric theory is appliecurrent design specifications and for
guality assurance of asphalt mixtures and pavements. The assumption is that volumetric
properties are related to the performance of asphalt mixtures and thath asrdgeria for
volumetric parameters must be satisfied. Typical critical volumetric parameters include the voids
in mineral aggregate (VMA) and the voids filled with asphalt (VFA) at the design compaction
level (Ndeg in the laboratory. Other parametesach as the air void conteM) at theNdescan be
derived from the VMA and VFAThese volumetric parameters are used because they change
with mixture composition (aggregate gradation and binder content) as well as production
methodgmixing time, stoage time, temperatures, etc.). These volumetric parameters function as
indicators of the performance of the mixture in the field if the@sstructed compaction level
and the design compaction level are the same.

Mixture consistency is one asp@étquality materials another is thenaterialdensity
once it is transported, placed, and compacted at the job site. This density usually differs from
what is targeted in the laboratoryMaks i.e., 9597% of the maximum gravityGmm). In contrast,
the inplacepercentage odbmm (%Gmm) targeted for quality assurance processes is often between
91% Gmmto 98%Gmm(i.e., 9 to 2% air void content). For quality assurance purposes, the VMA

and VFA at theNdesandasconstructedoGmmare almost always included as adesmge quality
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characteristics (AQCSs). As for the actual performance in the field, {pade volumetric
parameters, i.e., the-place VMA and the iplace VFA, may better represent the performance
of the asconstructed mixtures. Fortunately, thesglace volumetric parameters can be
calculated if the VMA and VFA at th¥desvalue and the %mmin-place are knowrfigure4.1
(a) and (b) present diagrams that show the relationships among the volumetric pariteters
designed compaction level and thecasstructed (ifplace) ompaction level, respectivelizor
clarity and consistengyhe volumetric parameters at thecamstructed compaction level are
designatedawiedhofii 8 ubs c whemeteRobnniP used, itfeferxstoehpt i o n :
asconstructed compaction I|I-evated dhefipRo amee em
the designed compaction level.
Although thelaboratoryand field constructed volumetric parameters differ, theglace
parameters can be calculated from the volumetric conditions at the design compaction level as
long as the asonstructe®Gnmis also measured. This calculation is feasible bedhese
gradation and binder content of the mixture are assumed to be thersdandaoth conditions,
and the only changing variable is the air void content. Equaidohisand(4.2) describe the

VMA at the design compaction level and thecasstructed compaction level, respectively.
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(in-place) compaction level.

vMA=100 190 Ve) G B (4.1)
sh
VMA, =100 HC” G °Ps 4.2
sb
where
VMA = voids in mineral aggregate at the design compaatiogl Naey,
VMAP = voids in mneral aggregate as constructed,
Va = percentage of air void contentNks
%Gmm = compaction level as constructed,
Gmm = theoetical maximum specific gravity,
Ps = aggregate contenteprent by total mass of mixturand
Gsb = bulk specific gravity of aggregate.
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SincePs andGsb are the same for both the laboratory and field conditions, Equétidys
and(4.2) can be rearranged to relate the VMANaésand the irplace VMA, Equatior(4.3).

100- VMA, _ 100- VMA
%G 100- V,

mm

Or (4.3)

%G,
VMA, =100 - (3100 VM
di 100- V. ( A)

a

Equation(4.3) explains that the VMA values at the two volumetric conditions are
proportional to the air void contents because the proportion of binder to aggregate remains the
sane. The inplace VFAcan th@ be computed as shown in Equat{dm).

100- %G,

VFA, =100 30( (4.4)

The two variables, iplace VMA and inplace VFA, are used in thehaptemainly to
model the performance of the asphalt mixtures. The advantages ofthesegarameters
include:
1 the two variables represent the true volumetric conditions in the field, i.e.-the as
constructed volumes of the binder, aggregate, and air voids; and
1 multiple AQC parameters, such as the VMA, VRA at Ndes and%Gmm are
implicitly taken into account, and the number of variables is successfully reduced
to two.
Therefore, the proposed PVR function is incorporated in such formulae, as shown in
Equationg4.5) and(4.6).

%Damage= f{ VMA, VMA) (4.5)
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Rut Deptle d VMA VMA) (4.6)

where

%Damage = the percentage of fatigudamage in a specific pavemearid

Rut Depth = the rut depth (mm) in a specific pavement.

Once Equation#.5) and(4.6) have been calibrated for a specific mixture in a specific
pavement structure, the change in fatigue damage and rut depth can be relatechtogéeinh
volumetric parameters amice versaBecause the iplace VMA and inplace VFA are
functions of the design VMA, VFAY,, and%Gmm, the performance of the mixture, or the
resultant®sDamagéand rut depth, are essentially functions of those AQ@meters as well,

as presented in Equatiof%7) and(4.8).

%Damage= f( VMAVFAY,% G) 4.7)

Rut Depthe g( VMAVFAN% ) (4.8)

4.3.Mechanistic Models for Performance Characterization

In this study, the performance of the asphalt mixtures was characterized using
mechanistic models. The models used at the material level and structural level are presented
briefly in this section.
4.3.1.Mechanistic Models for the Material Level

At the material level, the mechanical properties of asphalt mixtures are characterized
based orthree aspects: the linear viscoelastic property (dynamic modulus), fatigue cracking
properties, and permanent deformation properties. The dynamic modulus can be used to calculate
the linear viscoelastic responses of the mixture, i.e., the strain and st@ssa specific loading

history, with the time and temperature effects taken into account. Details on the dynamic
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modulus can be found in thigerature Mun et al 2007). The fatigue model and permanent

deformation model are briefly discussed in fibiéowing.

4.3.1.1.The Simplified Viscoelastic Continuum Damag¢S-VECD) Fatigue Model

The SVECD model is adopted in this study to define the fatigue properties of the asphalt
mixtures. The model utilizes the elastiscoelastic correspondence principle, the icontim
damage work potential theory, and the titamperature superposition principchapery 1984,
Underwoocdet al. 2012. Themodel simulates changes in the material constitutive relationship as
fatigue damage accumulates. The output of the model reldtenship between the material
integrity (C) and the accumulated damage [The relationship is also called t@ess. Scurve
when it is presented graphically. As damage develops under cyclic tension loading, the number
of cycles wherenacrocracks oar can be predicted by the failure criteri@® (Wang and Kim
2017, which is based on ttdissipated pseudo energy concept. Because the model applies
pseudo energpased theory, the variables and their outputs are independent of the loading
conditions, e., mode of loading, temperature, and loading amplitude. In order to calibrate the
model, cyclic fatigue tests in tension are carried out in Asphalt Mixture Performance Tester

(AMPT) (Leeet al. 2017).

4.3.1.2.Shift Model for Permanent Deformation

The shift models applied in this study to capture the rutting behavior of the asphalt
mixtures. The model uses a stress shift factor and atémperature shift factor determined by
the SSR tests to model the permarstratin that occurs under different deviatoriessrlevels at
different temperaturek(m and Kim 2017. Once themodel coefficients are calibrated for a

specific asphalt mixture, the permanent strain evolution under a complex loading history can be
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predicted. The model calibration process requires AM§Tic compression tests under three

deviatoric stress levels at two temperatures.

4.3.2.Performance Predictions for Asphalt Pavement Structures

The performance of asphalt mixtures can be evaluated and compared using pavement
performance analyses if the pavernstructure, traffic load, and climate conditions are fixed and
only the asphalt mixture in the pavement structure is varied. In this study, pavement performance
was simulated using FlexPAVE. This program is able to predict the mechanical responses and
fatigue damage and rut depths in target pavement structures with given traffic loads and climate
conditions. The mechanical responses are computed usingdihrerssional finite element
analysis with moving loads. The analysis requires measured dynamidunedlues as inputs
for each asphalt layer. The stress and strain levels are calculated in the frequency domain with
the help of fasFourier transform to take the viscous effects into accdtsiaininiaet al. 2012).
The calculatedtress and strain lels are then used to predict the fatigue damage and rut depths.
The fatigue damage is calculated using théE&D model, and the shift model is applied for
rutting analysis. The output of the FlexPAVEanalysis includes the percentage of the fatigue
damag @oDamagé in the pavement crosection and permanent deformation in each layer
during the entire design life. In thesudy, the%Damagend rut depth results at the end of the
design life are used. With regard to rutting, only the rut depth attdlatthe target asphalt
layer is used in thishapter According to previous studieg/anget al 2018, the results of the
performance simulations hayelded excellent agreement with observations in the field under
various climate conditions.

Note thatthis research studyave chosen pavement performance instead of index

parameters to evaluate the asphalt mixtéoethe following reasons:
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1 Pavement performance can fully represent mixture performance when only the
asphalt mixture is varied in the anagys
1 Pavement performance simulations can reflect mixture performance more
accurately than index parameters because they consider the structural effects and
the effects of realistic climate conditions and traffic |qaufsl
1 When actual pavement structures ased in the analysis, tDamagéoutput
and rut depth data can be utilized directly to develop perforrmataied
specifications based on changes in pavement life due to changes in mixture
performance.
4.4.Experimental Design and Test Results
Two laboatorymixed laboratorycompacted (LMLC) mixtures and one planixed
laboratorycompactedPMLC) mixture were used for this studyhe two LMLC mixtures,
SM12.5 from Virginia and RS9.5B from North Carolina, were systematically designed with
different grad@ions, binder contents, and compaction levels. In total, 21 volumetric conditions
were included for the SM12.5 mixture and nine volumetric conditions for the RS9.5B mixture.
Details regarding each mixture are presented in the next sections. The megrapeies at
each volumetric condition were characterized in a set of performance tests using an AMPT. After
the mechanistic models were calibrated using the performance test results, pavement
performance simulations were performed using FlexPRVEor hose simulations, the
pavement structures were fixed toliecm (4 in.)singlelayer asphalt pavements on top of a 20
cm(8in.) aggregate base with 10 million equivalent standard load axles (ESALs) owgear20

design life. The climate data were obtadrfrom the Enhanced Integrated Climate Model
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(EICM) database using data from climate stations in Washington, D.C. and Raleigh, NC. The
results of the performance simulations were used to establish the PVR function.

The compaction levels in the field walso simulated in this study. The parameters of
the volumetric conditions, i.e., VMA, VFA, and,, were measured from gyratecpmpacted
samples that were compacted tofaes The dimensions of the samples were 150 mm in
diameter and 115 mm £5 mm at thes The specimens for the performance tests were extracted
from 186 mm tall gyratorycompacted samples. The air void contents of the test specimens were
designed to be varied and not necessarily the savieaddliesto mimic the differen®Gmnm
valuedn the field. The air void contents of the test specimens were designateplaseimir
voids, orVAp, and the value of (10UAp) is equal to th&oGmm The termdn-placedis used
even though the mixtures with these volumetric conditions were neved pathe field. The
relationships among the volumetric parameters, i.e., VMA, WBAYMAr, VFAP, %Gmm (Or
VAp), follow Equationg4.1) through(4.4).

As for the PMLC mixture, the samples were acquired during quality assurance checks
from an actual paving project in Maine. Ten samples were collected orffezrrdidays. The
volumetric properties of the ten samples differed due to construetiated variability.

Performance tests were carried out for each sample, and then performance simulations were
conducted. The samples were collected as part of thewhadject of the research project,
Develop and Deploy Performance Related Specifications (PRS) for Pavement Construction
funded by the Federal Highway Administration (FHWA); therefore, the PMLC mixture in this

chapteiis referred to as the&shadovdmix.
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4.4.1.SM12.5 Mixture

The SM12.5 mixture was previously used in the reclaimed asphalt pavement (RAP) /
warm mix asphalt (WMA) study at the FHV@\Accelerated Loading Facility (ALF) in McLean,
Virginia in 2013; it was used to pave ALF LangBHWA 2018 The mixure is a coarsgraded
12.5mm nominal maximum aggregate size (NMAS) mixture containing R&2a4inder and
22% RAP. For this study, the original job mix formula was modified to yield different
volumetric conditions dWldesand inplace, but the RAP contewas kept constant at 22 percent.
The job mix modifications included two additional gradations so that three different VMA
percentages at thiies(13%, 14%, and 15%) could be included in the tests. The gradations were
designed using the Bailey methodetasure that the final VMA percentages were close to the
targets. For each gradation, three binder contents were applied to yield different VFA
percentages and air void contents atNkg In total, nine different combinations of the
components were cresat.

Test specimens were then fabricated for performance testing. In order to mimic different
compaction levels in the field, the test specimens were compacted with three diffgriacein
air void contents\{Ar). This experimental design should havedgsl 27 conditions, but
because of the limitecbmpactibilityfor some combinations, only 21 conditions were actually
evaluatedTable4.1 presents the volumetric properties and test results for the SM12.5 mixture.
The inplace VMA and VFA values were calcuid and are presentedfigure4.2. The
performance tests were conducted in the laboratory at the FEslWWAnerFairbank Highway
Research Center. Detailed informatman be found inlee and Gibso2015. Note that the
terminology used for the Bailey method is used inshisly The gradation is represented by its

percentage of coarse aggregate loose unit weight (%CA LUW), or simply coarse unit weight
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CUW). Different CUW percentages yield differa&f¥A percentages according to the Bailey

method packing theoryérik et al 2002).

Table4.1. Volumetric Properties and Test Results of SMbMixture

] Volumetric at Ndes In-place Performance
Gradation No. ID
VMA %AC VFA Va VAr VMApr VFAp %Damage Rut Depth (mm)
1 A 15 4.2 64.7 5.3 7 16.5 57.6 31.9 2.0
2 B 15 4.2 64.7 5.3 9 18.3 50.9 33.1 3.6
3 C 145 45 73.8 3.8 5 15.6 67.9 28.4 21
Cuw1i0 4 D 145 45 73.8 3.8 7 17.3 59.6 29.8 3.3
5 E 145 45 73.8 3.8 9 19.1 52.9 30.2 3.6
6 F 147 4.9 79.6 5 16.5 69.6 26.6 3.7
7 G 147 4.9 79.6 7 18.2 61.6 26.6 3.7
8 H 141 3.8 65.2 4.9 7 16.0 56.2 40.3 1.8
9 I 14.1 3.8 65.2 4.9 9 17.8 49.4 38.0 2.1
10 J 135 4.1 726 3.7 5 14.7 65.9 41.5 15
Cuwi100 11 K 135 4.1 72.6 3.7 7 16.5 57.5 34.2 2.1
12 L 135 4.1 726 3.7 9 18.3 50.7 37.2 25
13 M 137 4.4 78.7 2.9 5 15.6 67.9 31.9 2.7
14 N 137 4.4 787 29 7 17.3 59.6 31.2 2.8
15 O 129 3.2 60.5 5.1 7 14.6 52.2 62.4 1.0
16 P 129 3.2 60.5 5.1 9 16.5 454 51.2 1.9
17 Q 125 3.6 68.8 3.9 5 13.5 63.0 45.4 1.3
Cuwos 18 R 125 3.6 68.8 3.9 7 15.3 54.3 454 14
19 S 125 3.6 68.8 3.9 9 17.1 47.5 39.3 2.8
20 T 128 3.9 75.8 3.1 5 14.5 65.5 47.0 1.8
21 U 1238 3.9 758 3.1 7 16.3 57.1 395 1.8
75
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Figure4.2. Distribution ofvolumetricconditionsfor SM12.5mixture.
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4.4.2.RS9.5B Mixture

The RS9.5B mix is a typical fingraded 9.5mm NMAS North Carolina surface mixture.

It contains 30% RAP and the virgin binder grade is P@&&imilar to the SM12.5 mixture

tests, the tests of this mixture were designed to have different volumetric conditions. Three

gradations were selected using the Bailey method to yield different VMAs. The three gradations

from fine to coarse are designatedCa$w 50, CUW 60, and CUW 70, respectively. Two binder

contents and three-place air void contents were testidhe conditions used for gradations
CUW 50 and CUW 70. One volumetric condition for CUW 60 was generated and Tdsted.
RS9.5B mixturesardal desi gnated with a preceding
of the gradation (50, 60, or 70), one number that designates theMaag¢heNdes and a final
number that indicates the targetglace air void contenWAr. The CUW number iseparated
from the targeVaat theNdesnumber with a dasff.able4.2 presents theneasured volumetric
properties and test resuliSgure4.3 presents thgolumetric conditions. This work was

completed at North Carolina State University (NCSU).

Table4.2. Volumetric Properties and Test Results oBEB Mixture

) Volumetric at Ndes In-place Performance
Gradation ID
VMA % AC VFA Va VAr VMAPr VFAP %Damage Rut Depth (mm)

C7033 15.3 6.0 80.4 3.0 2.9 15.2 80.9 11.5 3.2

C7053 157 5.3 68.1 5.0 3.2 14.1 77.0 11.2 17
Cuw 70

C7055 15.7 53 68.1 5.0 4.7 15.4 69.6 14.1 2.1

C7057 15.7 5.3 68.1 5.0 6.8 17.2 60.7 14.7 35
CUW 60 C6044 16.3 5.8 712 47 4.2 15.9 73.3 11.6 2.8

C5033 174 7.0 82.8 3.0 33 17.6 81.6 9.3 5.2

C5054 17.2 6.1 709 5.0 3.9 16.2 76.0 10.1 2.7
Cuw 50

C5055 17.2 6.1 709 5.0 5.4 17.6 69.1 11.3 3.8

C5057 17.2 6.1 709 5.0 7.3 19.2 61.8 11.4 4.6
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Figure4.3. Distribution ofvolumetricconditions for RS.5B mixture.

4.4.3.Shadow Mixture

The shadow mixture is a 12tbm coarsegraded asphalt mixture with PG-@8 binder
and 20% RAP. Even though this shadow mix testing utilized a single target gradation and binder
content, the measen gradations and volumetric properties varied from sample to sample due to
construction variability. In addition, for some samples, the performance tests were carried out at
multiple in-place air void contents. Therefore, ten volumetric properties welteed in the
tests. Some of these performance tests were conducted at the Maine Department of
Transportation (MaineDOT) and some at NCSU. The sample ID follows the naming convention
used by MaineDOTTable4.3 presents the measad volumetric properties and test results.

Figure4.4 presents thgolumetric conditions.
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Table4.3. Volumetric Properties and Test Results of Shadow Mixture

Test D Volumetri ¢ at Nges In-place Performance
ester
VMA %AC VFA Va VAr VMAr VFApP %Damage Rut Depth (mm)
159352 15.5 5.3 70 47 7.2 17.7 59.4 12.9 2.1
159355 15.9 5.2 72 44 2.2 14.2 82.4 9.9 1.2
159360 16.8 5.9 77 39 2.4 15.6 84.0 9.7 1.2
'\I"De(‘j"}e 159361 17.3 59 73 A7 76 197 619 12.7 2.2
159352B 155 5.3 70 47 3.1 14.3 76.9 9.0 1.3
159354A 16.2 5.7 78 35 4.9 17.4 72.1 12.5 15
159354B 16.2 5.7 78 35 5.8 18.4 67.3 12.0 1.8
159362 17.0 5.8 73 44 5.8 18.1 68.6 11.0 2.0
NCSU 159358 16.4 53 72 4.6 4.6 16.4 71.9 9.6 1.6
159353 16.4 5.5 73 45 4.4 15.7 72.3 114 15
90 -
B MaineDOT Tested R 25
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Figure4.4. Distribution ofvolumetricconditions for shadow mixture.

4.5. Development of PerformanceVolumetric Relationship Function

This section presents the development and establishment of the relationship between the
volumetric parameters and the performance of asphalt mixtures. Equdts)remd(4.6) show
the basic forms of the PVR function. Statistical analyses were applied in this study to find the
relationship between the mletors and response variables. In statistics, such relationships are

definedvia a response surface model.
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4.5.1.Response Surface Model

A response surface can be observed when the two volumetric parameters are plotted in
threedimensional spacéMontgomery 2008 Figure4.5 (a), (b), and (c) present contour plots of
the fatigue damage surface of the SM12.5 mixture, RS9.5B mixture, and shadow mixture,
respectively. The colors represent #aBamageralues at variou¥FApr andVMAP
combinations. The contours show thattflg shape of the contour lines may have been affected
by testing variability and (2) within the scope of interest, the contour lines can be approximated
to some straight lines for simplicity or some lines with minor curvature. Note that due to the
limited spacethis section uses mostly fatigue damage as examples to show the model
development. The findings for fatigue damage can be applied to permanent deformation (rutting)

as well.
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Figure4.5. Contours of response surface: (a) SM12.5 mixture, (b) RS9.5B mixture, and (c)

shadow mixture.
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In order to complete the regression analysis for the response surface model, the form of
the function had to be determinedst. Because the contour lines show some linearity, the first
order model could be examined by checking the linearity between the response variable and the
predictors Figure4.6 presents the relationship betwa@tDamagéand he individual
volumetric parameters in the SM12.5 mixture as an exarRjgare4.6 shows a strong linear
relationship between t®Damageand theVFAP when theVMAr is kept constant. The same
observation can be made betwé&bDamageand theVMAp. Thesimilarity in the slopes of the
fitted trend lines also indicates that an interaction term may not be necessary. For asphalt
mixtures, the physical meaning of the interaction term, which is the produti A andVFAR,
is the inplace volume of the effective bind&fer. This finding means the effect Wkert has
already been consideredViMAP andVFApP. Based on the observations, the fiostler model

appears to be a good candidate for the regression analysis.

70 70

@ of ="1.3776x + 133.99 (b) y =-8.4848x + 175.8
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% 50 |- R2=0.8335, v 5 | ~ ..o RE=00548
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% 40 e W ° e 40 ® Tm e o
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Figure4.6. Linearity in performanc&olumetric relationship: (éfoDamagers. inplace VFA

and (b)%Damagers. in-place VMA.

Other typical models also were evaluated and compared in this study using statistical
methods These models are presented as Equaf8sthrough(4.13).
1 Firstorder model:

%Damage= b, +b VYMA 3 VFA (4.9
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9 Firstorder model with interaction:

%Damage= 6, +p YMA # VEA LB Y S (4.10)

i Secondorder model:

%Damage=b, +p YMA # VEA LbBN, S . B¥YMK3 ,, /RR © (41)
1 Exponential function:

%Damage=In(H, +H YMA b VEA ) (4.12)
1 Power function:
%Damage= b, VMA*  VFA? (4.13
whereVeefiip is the inplace volume ofhe effective binderfo, by, b2, b1z, b11, andbzz are
fitting coefficients andJis the residual of the regression. Note that the exponential equation and
power function are essentially linear functionshialog-log scale.
These typical models were evaluated and compaagidtically using adjusteR®? values,
p-values from analysis of variance (ANOVA) tests, @ndalues of each term from Studént
tests.Table4.4 presents the parameters used in the three sets of tests. According to thes statis

the regression with the linear function shows significance in all cases, whereas-ibrelérst

model with interaction and the seceortier model seem unable to model the relationship.
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Table4.4. Statistical Parameters in Regression Analysis

2nd_
Mixture Parameter 1;;8?;'” Vﬁir? ngrgﬂcc;s)enl order Exponential Power
Model
R2 0.84 0.85 0.88 0.88 0.89
Adj. R? 0.83 0.82 0.84 0.87 0.87
P-value 5.18E08 0.00 0.01 5.16E09 | 3.37E09
bo | 3.37E10 0.04 0.01 1.91E14 | 1.25E11
SM12.5 b1 | 4.42E08 0.21 0.03 5.32E09 | 3.57E09
P-value | p, | 358E07 0.34 0.07 3.32E08 | 2.35E08
of each
term | D12 - 0.69 0.11 - -
b11 - - 0.05 - -
b22 - - 0.27 - -
R2 0.76 0.80 0.90 0.79 0.79
Adj. R2 0.68 0.68 0.73 0.72 0.72
P-value 0.01 0.03 0.10 0.01 0.01
bo | 1.29E03 0.12 0.45 1.18E04 | 1.16E03
RS9.5B b1 | 2.93E02 0.25 0.96 1.95E02 | 2.00E02
P-value | p, | 49503 0.23 0.23 3.29E03 | 3.49E03
of each
term | P12 - 0.36 0.62 - -
b11 - - 0.62 - -
22 - - 0.22 - -
R2 0.70 0.70 0.73 0.69 0.70
Adj. R? 0.61 0.55 0.39 0.60 0.61
P-value 0.02 0.05 0.24 0.02 0.01
bo 0.00 0.81 0.79 0.03 0.36
Shadow b1 0.02 0.85 0.74 0.24 0.23
P-value | f, 0.01 0.91 0.83 0.31 0.30
of each
term | P12 - 0.97 0.78 - -
P11 - - 072 - -
b22 - - 0.89 - -

Othervariablesin the regression also were used in this evaluaimure4.7 presents the
residuals, normal probability, and model predictions from the linear regression using the first
ordermodel; only the data from the SM12.5 mixture are shown as an example. The figure shows
that the residuals are normally distributed along tagig, the normal probabilities are linearly

distributed, and the comparison between the prediéiedmageand olservedDamageshows
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good agreement. The same process was used to evaluate the regression using other models. In
summary, the firsordermodeland power model were found to be most promising; more
experimental evidence is needed to determine which methetier than the other. Engineers

should make a judgment regarding model selection with consideration of the following factors:

1 Both models have only three coefficients to caliregducing the efforfior
model calibration.

1 The firstorder model providereasonable fit and predictions; however, the power
function can represent nonlinearity better than thedirder model in some
scenarios.

Thedeveloped PVR function may be used in situations where extrapolation is necessary
and in these casgbe sesitivity of the model affects the prediction accuracy. Accordinip¢o
results of work, the linear model shows less sensitivity to variability in the experimental data
than the power model. Note that laborattmfield transfer functions have not been
implemented in FlexPAVE'. The transfer functions are expected to be nonlinear, and therefore
the linear PVR function would result anonlinear change in the pavement performance as a

function of the volumetric parameters when the transfer functions pliecgp
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Figure4.7. Regression analysis results: (a) and (b) residual plots, (c) normal probability plot, and

(d) comparison between predictions and observations.

4.5.2.Characterization of PerformanceVolumetric Surface

According to the results presented in the previous section, therist model and the
power form model are sufficient to represent the PVR function. However, when the function is
implemented in industry, agencies or contractors cannot affachiuct the ten sets of
performance tests needed to calibrate the function for one asphalt mixture. Therefore, a method
is needed to reduce the amount of work required for model calibration.

Both the firstorder function and the power function have thremlel coefficients to
calibrate, which means that at least three sets of data should be provided for calibration.
However, due to the inevitable random errors in performance tests, selecting three volumetric
conditions may not be sufficient to calibrate tentire surface. Thus, the number of necessary

volumetric conditions was evaluated. A rule of thumb is recommended here for the selection of
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the effective volumetric conditions needed for model calibration. Note that the evaluation shown
in thischapteiis based on the firsirder model, but the same approach can be applied to the

power model as well.

4.5.2.1.Rule of Thumb for Detecting Volumetric Conditions for Model Calibration

A brute force approach was adopted to develop the rule of thumb selection grosgss.
all possible combinations of three conditions were chosen and used to fit the coefficients of the
linear model. For example, the SM12.5 mixture had a total of 21 conditions, which results in
1330 possible unique combinations with three conditiohg;iware each evaluated. Then the
same was repeated using combinations of four and five conditions. The fitted coefii@ents
thenused to predict th#tDamageand rut depths for all the volumetric conditions that had been
tested. Next, the errors betwetle predictions and observations were calculated. The
combinations were then ranked by the normalR&dalue defined ir{4.14), considering the
sum of sgare error in both the fatigue and rutting performance predictions. Note that the
normalizedr? value, being different from tradition&® values, varies from 2 to minus infinity.

Higher values indicate less error in regression.

a J(p 2 5 A, s 2
@& a (E fo) 5 adE )
Rf — m iil ('j 'H_ % nﬂ_ (4.14)

&’ 2 0 R 2
e al(fi-f) s zal )
o i=1 Ciz

where

Ri? = normalizedr? value,

n = number of total volumetric conditions in each expemt, not limited to the

number of coditions used in the calibration,
fi andri =values of individual observations for fatigue daya and rut depth, respectively,
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fo andro =mean values of observations for fatigue dgmand rut depth, respectiveind

E and,= predictedvaluesat each volumetric condition for fatigue damage and rut depth,

respectively.

The combinations that yielded high normaliZd/alues were evaluated. Regardless of
the number bconditions used in the calibration, the best ten or twenty combinations in each
scenario were selected for further investigation. It was observed that the selected combinations
were almost alwaythosewhere the selected conditions were spread out araddd at the edge
of the inplace VMA and inplace VFA space. This finding is expected because the wider the
range the calibration conditions can cover, the more representative of the performance surface
the calibrated functions can become. For exampleglibrate the performance surface of the
SM12.5 mixture, the combination of Conditions Q, P, and G and the combination of Conditions
A, E, Q, and P both yield highuality regression results (s€able4.1 andFigure4.2 for these
conditions). In summary, the rule of thumb for the condition selection used in the model
calibration is to spread out the conditions in the volumetric space to ensure that a wide range of
conditions is covered.

The amount ofime required for conducting performance tests for model calibration is an
important factor with regard to efficiency. In order to implement the PVR function in the
industry, the testing time should not exceed a certain limit. Note that the concept &f PVR
introduced so that the performance tests do not have to be performed during mixture production
and paving. The performance tests at the required volumetric conditions need be performed
during the performaneengineered mixture design or during the depeient of performanee
related specifications.his researchasfound that three to five different volumetric conditions

should be sufficient to characterize the response surface if the conditions are determined based
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on the proposed rule of thumb. All sieios with three, four, and five combinations were
evaluated. In order to understand the criterion that is used to examine the combinations, the

combinations are ranked by average absolute error, which can be computed using Equation

(4.15).

. a ﬁy3 10# (4.15)
n
Where
e = average absolute % error,
‘E_,‘- = predictedoDamageor rut deph for each individual conditiomnd
Vi = %Damageor rut depth for each individual conditio

Figure4.8 presents the averaged absolute percentages of @rfor &ll combinations for
the SM12.5 mixture. As shown Kigure4.8 (a) and (b), when three, four, or fivenzhtions are
chosen for calibration, the average error starts at 6% with the best combination. The rule of
thumb serves as guidance to select the best or suitable combinati@mihsases, the best few
hundred combinations can yield less than 10% avexagewhen they are used in the model
calibration.Figure4.8 (c) and (d) show the number and probability of finding combinations that
yield less than 10% error when using three, four, or five condittogare4.8 (d) shows that, if
three conditions are used in the model calibrdiorthe SM12.5 mixture, among all the
combinations, 30% can provide predictions with less than 10% average error. The percentages
for four and five combinations are higher. Thus, using four or five conditions in the PVR model
calibration can reduce the ékhood of lowquality predictions. Note that the increase in the
acceptable percentage from four conditions to five conditions is less thamnetsfeom three to
four conditions.
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Figure4.8. Evaluation results for combinations of volumetric conditions in model regression.

Note: the acceptable error threshold for (c) and (d) was fixed to be 10 percent.

Figure4.9 presents the predion results for the three mixtures. The fiostler model
was applied, and the PVR function was calibrated using four conditions for each of the three
mixtures. The conditions for each mix were selected based on the recommended rule of thumb.
Specifically, three volumetric conditions were used for the SM12.5 mixture: Conditions E, F, P,
and Q. Four conditions were used for the NC RS9.5B mixture to calibrate the PVR function:
Conditions C7663, C7057, C5033, and C567. As for the shadow mix, the four abtions
used in the calibrations were 159352, 159360, 159361, and 159352B. The predictions obtained
from the PVR function in these scenarios yielded good agreement with the measurements
obtained from the tests. In short, the PVR function is able to capeiedfects of the changes in

volumetrics on mixture performance.
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Figure4.9. Prediction results obtained from calibrated PVR function: (a) and (b) SM12.5
mixture, (c) and (d) RS9.5B mixture, and (e) and (f) shadow mixture.

4.6.Summary and Future Work
This chaptemproposes a function that describles PVR. Experimental data are
presented, and the PVR model is established. The following conclusions can be drawn
1 The volumetric properties or traditional AQC parameters can be articulated as two
parameters, iplace VMA and inplace VFA. The mixture respses relate to

changes in those two parameters.
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Statistical analysis results indicate that the-inster model and the power model
can be used in the PVR function.

Only three to five volumetric conditions are needed to calibrate the PVR function
for one mixture. A rule of thumb for selecting such volumetric conditions is
provided.

The predictions from the calibrated PVR function show good agreement with the
measurements from other volumetric conditions that are not used in the PVR
calibration.

The P\R function can be used in performareggineered mix design and
performanceelated specifications by conducting the AMPT performance tests on
a few volumetric conditions. Once the PVR is calibrated, engineers can evaluate
the performance of the mixturerfany volumetric condition.

Furthermore, the pay tables in the performance specifications can be created
based on the predicted pavement performance. For example, for the RS9.5B
mixture that was used in the study and the selected specific pavementetructur
the model indicates that a change iplace VMA of 0.5 (from 16 to 16.5), the
pavement would gain approximately two yeaf fatigue life. The pay tables can
then be developed based on the corresponding changesaydiéecosts. The

work on develomg the pay tabkewill be completed in the future.

It has been noticed that even though multiple replicatestesmused in each

test, testing errors are inevitajgded they have been included in the model
calibration. Moreover, the model may also @mtsystem error. The effects of the

errors will be evaluated in the model reliability study in the future.
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1 In future studies, the changes in binder properties during construction can also be
evaluated. The results of the study can be included in therpenfice prediction
model; thus, the future QA specifiaais should be able to takee effects of

binder change quantitativeigto account
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CHAPTER 5. DEVELOPMENT OF FRAMEWORK OF THE PREDICTIVE
PERFORMANCE-ENGINEERED MIX DESIGN PROCED URE FOR ASPHALT
MIXTURES 4

The next twachaptes presena new asphalt mixture design framework for performance
engineered mix design (PEMDn this chapter, the framework for predictive PEMD is
presented and the next chapter presents the-imaleed PEMDIn this study, the proposed
frameworks were programmedan Excelbasedsoftware, secalledFlexMIX™. This software
provides a platform where performanoalumetric relationships (PVRsnhdindexvolumetric
relationships (IVRs) can be developed, and both ifimbesed and predictive PEMD approaches

can be performed.

Thepredictive PEMDallows pavement engineersdelect an optimized mix design based

on the predicted pavement/mixture performance for all possible combinations of the given
set of component materials (i.e., aggregate and binder) in the design space. The proposed
method is based on tldeerformancevolumetric relationship(PVR) concept. The

calibration of the PVR is based on the performance predicted from FlexPA¥Ehree
dimensional finite element programat performs viscoelastic analysis under moving

loads, usinghe material properties tifieasphalt mixture in question at widely spaced
volumetric conditions. This article presents the theory and procedure that underlie the

proposed design method. Three mixtures of different nominal maximum aggregate sizes

4 This chapter has been submitted for publicatowmés:n g, Y. DA ., , GliraghRbrawS K,id iMa n R .
2020. Devel opmentPerff arkenmagn-cneea me wdr KMi @f De s ilgnnt efronra t A sopnhaal |

Journal of Pav.ement Engineering
I, Amir Ghanbari, contribut edMptroo gtrhaem,p acpoelrl ebcyt idnegv etl hoep iS
Rutti ng test data, preparing the manuscript, and partici
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(NMAS) and binder types are used to dastoate the PEMD procedure. Finally, the

predicted performance results from different design approaches are compared.

5.1.Introduction

Pavement engineers have been seeking improvements for asphalt mixture design since
the Strategic Highway Research ProgramR®Hwas completed. Most state agencies in the
United States currently use the SHRP Superpave volumetric mix design. According to the
original SHRP contract, hierarchical levels of mix design were initially planned. For example,
for a mix to be used with ¢s than 1 million equivalent standard axle loads (ESALS), only
volumetric criteria are needed. When the design calls for mixtures to be loaded with more than 1
million ESALSs, then, in addition to meeting the volumetniteria, performance tests should be
conducted and pavement distress(es) as a function of time should be estimated during the mix
design process. Howevelye to limitations of mechanistic models for asphalt mixtures and test
methods in the 1990s, only volumetric mix design was ready tmlernented at the end of the
SHRP project (McDaniedt al 2011).

Over the past 25 years, agencies have sought to improve mix design methods and
performance of asphalt mixturéspproaches that have been tried by researchers and
practitioners include chamgg the design criteria, i.e., increasing or decreasing the air void
content at the design number of gyratioNg§, increasing the minimum voids in mineral
aggregate (VMA), and so forth (Bonaquastal 2017, Advanced Asphalt Technology 2011,
Prowell and Brown 2007, Christensen and Bonaquist 2006, West and Marasteanu 2013,
Montoyaet al 2018, Hekmatfaet al 2015). However, such improved design methods falll
within the framework oeémpiricalvolumetric design, and the performance component of the

mixtures is still missing from the design methods. Over the past two decades, technologies for
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asphalt mixtures have evolved dramatically. For instance, different binder modifiers are now
used more commonly to improve the performance of conventional hot nialasghe use of
recycled products in asphalt concrete has increased significantly. Therefore, providing
contractors with more flexibility in mix design based on sound engineering principles would
benefit the industry.

As more mechanistic models and preatitest methods are being developed, engineers
have started to implement performaitetated tests in mix design. The integration of
performancerelated tests with mix design is describedmdanced mix desigr{BMD). A task
force for BMD was set up artiree BMD approaches have been introduced to the asphalt paving
community (Weset al 2018). The first two approaches (Approach 1 and Approach 2) start with
volumetric design and use performaetated tests to ensure adequate performance in terms of
critical distresses, i.e., rutting and fatigue cracking fSgare5.1). In these approaches,
iterations may be needed if the trial mixture fails to pass the performance criteria. Perfermance
related tests used in BMD typically inde a fatigue test and a rutting test. The commonly used
fatigue tests include the sewircular beam fatigue test, indirect tension (IDT) fracture energy
test, IDEAL-CT test, etc(Caoet al 2018, Ozeet al 2016, Roquet al 1997, Zhotet al 2007).

The commonly used rutting tests are torture tests, such as the Hamburgradieeg test and

the Asphalt Pavement Analyzer test, etc. (Véest 2018).
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Approach 1

Volumetric Analysis:
Select design binder
content and volumetric
properties.

Performance Tests:
Rutting Tests;
Cracking tests.

Performance
passed?

Moisture Damage Test

Moisture
damage
passed?

Approach 2

Material Selection;
Trial Gradations;

Volumetric Analysis:
Determine initial design
binder content.

Performance Tests:
Rutting Tests;
Cracking tests.

Performance
passed?

Moisture Damage Test

Moisture
damage
passed?

}

JMF

Approach 3

Performance Tests:
rutting tests and
cracking tests; Select
binder content.

Moisture Damage Test

Moisture
damage
passed?

Volumetric Analysis:
Determine and report
volumetric properties at
design binder contents..

Figure5.1. Schematic illustration of the three BMD approaches (West 2048.

Several state agencies and institutions have started to develop and implement their own

BMD methods following the first two approaches in BMD (Wetsal 2018, Newcomb and

Zhou 2018, Cooper Ikt al 2016). However, these design methods lsaweeinherent potential

drawbacks. First, the performaniaated tests are inddased pass/fail tests. These tests

typically are performed at a limited numlzértemperatures and loading conditions (usually only

one temperature) and do not integrate complicated traffic loading and the climate conditions.

Second, the indices provide only minimum requirements for mixture performance. The

performance deterioratiavver the service time and pavement life cannot be determined from

those tests and analyses. Third, using performance criteria along with the existing volumetric
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requirements essentially applies more constraaritse mix design, which limits flexibilityor
the designers. The third approach in BMD is a performance design approach that proposes to
start with performance design directly. Unfortunately, details about this design procedure are
lacking.

This chaptempresents the framework for a newly developedormancesngineered
mixture design (PEMDapproach thaises mixture performance to determine the optimal mix
design;specifically, it usesthe fatigue cracking and rutting performarnadumetric relationships
(PVRs) to determine the optimal combinatiof aggregate gradation and asphalt content. In
contrast to the design methodology that is employed for BMD, the PVR model allows users to
predict the performance of all reasonable combinations of the given set of aggregate and binder,
instead of checkinthe performance of the candidate mixture that is selected using volumetric
criteria. The following sections present the procedure for the proposed PEMD frammatiork
examples and test results.
5.2.Objective

The objective of this study is to develop the afiphature PEMD method that
optimizes aggregate gradation and binder content from a given set of aggregate stockpiles and
asphaltbinder. Thischapterintroduces the underlying concepts and framework for a predictive
PEMD method and its application to ttiesign of three different asphalt mixtures. Details
each step in the PEMD may vary dependingh@agencys or contractds current practice, but
the presented framework will not change.
5.3.Research Approach

The PEMD method is supported by mechanistic @®édnd test methods. The models are

briefly introduced in this section with the corresponding test methods.
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5.3.1.Mechanistic Models and Test methods

5.3.1.1. The SVECD Fatigue Model and Cyclic Fatigue Test

The Simplified Viscelastic Continuum Damage {8ECD) model ad cyclic fatigue
tests are used in the proposed PEMD method. TMEGED model applies the elastic
viscoelastic correspondence principle, continuum damage work potential theory, and time
temperature superposition with growing damage. MM&ESD model is canposed of a damage
characteristic curve to demonstrate the relationship between the reduction in material pseudo
stiffness C) and the growth of damag®)(Underwood et al. 2010) as well as a failure criterion,
DR, which indicates the occurrence of macracks in the material (Wang and Kim 2017). The
S'VECD model is able to predict the damage evolution and fatigue failure under different modes
of loading, loading amplitudes, and loading temperatures (Ding et al..2020)

In order to calibrate the modelgtldynamic modulus test in accordance with AASHTO T
378 (for 100 mm x 150 mm specimens) or AASHTO TP 132 (for 38 mm x 110 mm specimens)
should be performed first to characterize the matsriadear viscoelastic properties. Cyclic
fatigue tests that use &sphalt Mixture Performance Tester (AMPT) following AASHTO TP
107 (for 100 mm x 130 mm specimens) or AASHTO TP 133 (for 38 mm x 110 mm specimens)
are required to calibrate the\d&ECD model coefficients. Direct tension loads at 10 Hz are
applied during thee tests. The target-@pecimen strain amplitude usually varies from 250
microstrain to 500 microstraidepending on the stiffness of the mixture.
5.3.1.2.The Shift Rutting Model and the Stress Sweep Rutting Tests

As presented in Chapter Bgtshift rutting modl is employed in the proposed design
method to characterize the mateBdbehavior in permanent deformation. The shift model

applies a timgemperature shift factor and a deviatoric stress shift factor to model the permanent
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strain evolution at differeribading levels and loading temperatures (Kim and Kim 2017). The
model coefficients should be calibrated using AMPT stress sweep rutting tests in accordance
with AASHTO TP 134. The stress sweep rutting test is conducted at two temperatures, and at
each temerature, three levels of deviatoric stress are applied on the specimancartbstant

confining pressure.

5.3.1.3.FlexPAVE™ for Pavement Performance Simulation and Prediction

TheproposedPEMD method is able to predict the performance of asphalt mixtures.
FlexPAVE™ is employed in the PEMD method éstimatemixture performance in terms of
pavement structure, traffic load, and climate station detamentioned in the previous chapters,
this software program utilizes thre@mensional finite element analysis inoving loads to
compute the mechanical responses under various traffic [BaelEnhanced Integrated Climatic
Model (EICM) is used to introduce realistic climatic conditions to pavement response and
performance calculations. The computed strain andsstne then used to calculate the fatigue
damage and rut depth. The fatigue damage evolution in the pavemergeasties is simulated
using the SYECD model. The obtained percentage of damé&g&amagé in the pavement
crosssection is then converted tiwe percentage of cracking/Cracking on the pavement
surface using a newly developed preliminary transfer function (Wang et ab)202@ rut depth
is computed using the shift model. Good agreement has been found between the FIExPAVE
predictions ad field measurements (Wang et al. 2018, Wang et al.li2020

The main advantages of using a mechanistic model and FlexP2a&zhe performance
prediction program are as follows:

1 The fatigue damage evolution and rut depth evolution can be predicted as the

service time increases from Year 1 to the end of the mixture/pavement design life.
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With given thresholds of the maximum allowabt€rackingand rut depth, the
pavement life in terms of fatigue cracking and permanent deformation,
respectively, can be pretid. A comparison is made between the pavement lives
that are predicted frofbCrackingand from rut depth, and the minimum value
obtained from this comparisas used to estimathe life of that pavement. Thus,
users can select tijperformanceoptimunddesign based on the predicted
pavement life.

1 The material performance predictions are integrated with the pspecific
pavement structure, traffic loads, and climate conditions. If the conditions of the
project allow, pavement engineers potentially dasign asphalt mixtures and

pavement structures together.

5.4.Performance-Volumetric Relationship

Previous studies have found that, for asphalt mixtures that are composed of the same set
of component materials and similar aggregate structures, a lineanshg exists between
performance and the volumetric parameters, i.e., tpdaice VMA (VMAIP) and the irplace
voids filled with asphalt (VF#A), as presented in Equati¢®1). The PVR concept considers
gerformancéto be the performance of the asphalt mixture of interest in a pavement structure
and is represented BgDamageand the asphalt layer rut depth in the pavement @®@sison.
The predictors inlte PVR are the VMA& and VFAp, with performance being the response
variable. The terndn-placéindicates that the volumetric properties are associated with the air
voids in the AMPT test specimens, or with the measured field density if field corestaet t
Equationg5.2) and(5.3) present the relationshipsrfthe VMAP and VFAp volumetric

parameters, respectively. These equations demonstrate the relationship betweplatee in
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volumetric parameters and the corresponding volumetric parameters as asphalt samples are
compacted to thBlses They show that, esentially, VMAP and VFAp are functions of typical
design parameters, or acceptance quality characteristics (AQCS), i.e., V& &tFA at Ndes

air void content alNdes asphalt content, compaction density, and so forth. In other words;svMA
and VFAPp can represent the various volumetric properties of a mixture in two volumetric
properties and can be effectively used in the PIviRhis study, the kplace VMA and VFA are
designated as VMAand VFAp, but VMA and VFA without subscripts indicate thelwmetric

properties when asphalt samples are compacted Muthe

%Damage=b,, +H VMA # VFA

RutDeptte b, +f VYMA 1 VEA (5.1
100- VMA, _100- VMA
%G, 100- V,
or (5.2)
VMA, =100 10305"1\2 (100 VMA 53
VFA, =100 100 %G, 20C
where
%Damage = %Damagen the pavement crossection predicte by FlexPAVEM,
Rut depth = the asphalt layer tulepth predicted by FlexPAVE,
VMA =voids in mineral aggregate at the design compaction 1&ke),(
VMAP = voids in mneral aggregate as constructed,
Va = percentage of air void contentNies
%Gmm = compaction level as constructed,
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Gmm = theoetical maximum specific gravity,
Ps = aggregate contentepent by total mass of mixture,
Gsb = bulk specific gravity of aggregate, and
bro, br1, brz, br1, brz, andbro = fitting coefficients.

Figure5.2 (a) presents the effects of the mix design factors oNih& ip and VFAP in
the volumetric space. The arrows in the figure indicate the chamtjes VMAP and VFAp as
the design parameters change. Wang et al. (2019) conductedeptinstudy of the optimal
positions and number of volumetric coordinates that are necessary to predict the performance of
mixtures in the entire space and, therefdhat are necessary to develop a PVR. Wang et al.
(2019) concluded that four volumetric conditions (hereinafter cditeot corner§), which are
separated by the furthest distance from each other within the quadrangular range of the
volumetric conditios, can yield reliable predictions of performance at any volumetric condition
and therefore can be used to calibrate the PVR fundiigare5.2 (b) shows an example of the
changes ibhDamageas a function of thehanges in the volumetric properties that are predicted

from the PVR, which is calibrated using the four corners approach.
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volumetric space.

5.5. Materials

Three asphalt mixtures, RS9.5B, SM12.5, and RI19C, were used to develop the proposed
PEMD method and are presented here as exanipfese mixtures contain aggregate materials
from different sources with different gradation types @gnaded versus coarggaded), normal
maximum aggregate size (NMAS), binder performance grades (PGs) and reclaimed asphalt
pavement (RAP) contents. Thest mixture used in the study, RS9.5B, was used as one of the
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primary mixtures to develop the predictive PEMD. It is a typical North Carolinagfiaéed 9.5
mm NMAS surface mixture. The grade of the virgin binder in the RS9.5B mixture is28 58
and he mixture contains 30% RAP. The design traffic level is 0.3 to 3 million ESALs. The
second mixture is the SM12.5 mixture from Virginia. Different from the RS9.5B mixture, the
SM12.5 mixture is coarsgraded with 12.5 mm NMAS. It contains PG-B2 binder ad
contains 22% RAP. The SM12.5 mixture was used in the 2013 warm mix asphalt/RAP study
conducted at the Federal Highway Administration (FHWA) Accelerated Loading Facility (ALF);
it was used in ALF Lane 6 and served as the control mixture in that stuglyhifdh mixture is
RI19C, atypical North Carolina finegraded intermediate/base layer mixture with 19 mm
NMAS. The virgin binder grade in the RI19C mixture is PG2@4and the mixture contains 20%
RAP.
5.6. Performance-Engineered Mixture Design Procedure andResults

This section presents the procedure for the proposed PEMD. The RS9.5B mixture is used
as an example to demonstrate each step. The results for the SM12.5 and RI19C mixtures are

presented at the end of the section.

5.6.1.Material Selection

Selecting thenaterials to be used in the mixture is the first step in the mixture design
process. These materials include the asphalt binder and aggregate. Other components, such as
RAP and additives, if any, shouddsobe determined. Relevant information, such asaie
conditions and design traffic volume, must be known. In the PEMD method, the selection of the
binder grade, NMAS, gradation type (figeaded, coarsgraded, opemgraded, or stone matrix
asphalt), number of gyrationsMddes and other design paramestdollow existing criteria and

specifications. If the mixture is expected to contain RAP, the RAP content can also be
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predetermined in this step. The RAP contents of RS9.5B, SM12.5, and RI19C mixtures used in
this study are 30%, 22%, and 20%, respectivieAP contents were determined based on the
desired asphalt binder replacement ratio, cost, etc. The following steps were taken to determine

the performanceptimum mixture design using the selected materials.

5.6.2.Design Gradations and Generate the Design Mainetric Space

In conventional mix design, the candidate gradation is determined following the selection
of the materials. In the PEMD method, a range of gradations within the given gradation type
should be generated to find the optimal gradation for tengaggregate materials and gradation
type (i.e., coarse vs. fine). The range of gradations results in the various volumetric conditions in
the design volumetric space, which can include almost all possible and reasonable combinations
of the component matals. Figure5.2 (a) presents an example of the design volumetric space
for the SM12.5 mixture. This volumetric space consists of 21 volumetric conditions that are
formed by different gradations, binder contents, arglace air voids. The many conditions
shown in he example were used to calibrate the PVR functions as well as to verify and validate
the functions.

In the proposed PEMD, only four conditions (two boundary gradations and two binder
contents at each gradation) are needed to build the volumetric splacaibrate the PVR
function. These four volumetric conditions are recommendatthodetwo gradations
representinghe boundary of the corresponding gradation type-@drmaeled, coarsgraded, or
stone matrix asphalt), and two binder contents thatem@mmended to be tested at each of the
two gradationsTable5.1 to Table5.3 present the tested volumetric conditions of the three
mixtures used in this study, respectiveds only four conditions are recommended for the

design method, more conditions were tested in the laboratory to further verify the effectiveness
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of the PVR function and fully evaluate the mixtubshavior. As a result, nine conditions were
tested fothe RS9.5B and RI19C mixtures, respectively, and 21 conditions for the SM12.5
mixture. Note in the three tables that the gradations are designated in terms of the percentage of
the coarse aggregate loose unit weight (CUW), a term used in the Bailey mvétred

gradations are quantified (Vavrét al 2002). For the two North Carolina mixtures, RS9.5B and
RI19C, the volumetric conditions are designated based on gradation, air voids compiaied to

and air voids in the performance test specimens. Formgathe designation C788 indicates

that, at this condition, the gradation has 70% CUW and, using the design gradation and binder
content, the gyratorgompacted specimen yields 5% air void content if it is compacted to the
design number of gyrations, dthe performance tests are conducted using specimens with this

mix design but controlled to 3% air void content after coring and cutting.

Table5.1. Volumetric Properties of the RIB Mixture

_ Volumetrics at Ndes In-place
Gradation ID
VMA %P VFA Va VA VMA p VFAP
C70-33* 15.3 6.0 80.4 3.0 2.9 15.2 80.9
C7053 15.7 5.3 68.1 5.0 3.2 141 77.0
Cuw 70
C7055* 15.7 5.3 68.1 5.0 4.7 154 69.6
C7057 15.7 5.3 68.1 5.0 6.8 17.2 60.7
Cuw 60 C6044 16.3 5.8 71.2 4.7 4.2 15.9 73.3
C50-33* 17.4 7.0 82.8 3.0 3.3 17.6 81.6
C5054 17.2 6.1 70.9 5.0 3.9 16.2 76.0
CUW 50
C50-55* 17.2 6.1 70.9 5.0 5.4 17.6 69.1
C5057 17.2 6.1 70.9 5.0 7.3 19.2 61.8

Note: * indicates the conditions that wersed to calibrate the PVR function in the PEMD. Other
conditions were tested for the PVR function verification. CUW represents percentage coarse
aggregate loose unit weight, % AC is binder conteats ir voids, and Vk is in-place air

voids.

111



Table5.2. Volumetric Properties of the SM12.5 Mixture

Volumetric at Ndes In-place
Gradation No. ID Designation

VMA %AC VFA Va VAp VMAr VFAp

1 A* C11057 15.0 4.2 64.7 5.3 7.0 16.5 57.6

2 B C11059 15.0 4.2 64.7 5.3 9.0 18.3 50.9

3 C11045 14.5 4.5 73.8 38 5.0 15.6 67.9

CUW 110 4 c11047 14.5 4.5 73.8 3.8 7.0 17.3 59.6
5 E C11049 14.5 4.5 73.8 3.8 9.0 19.1 52.9

6 F* C11035 14.7 4.9 79.6 3.0 5.0 16.5 69.6

7 G C11037 14.7 4.9 79.6 3.0 7.0 18.2 61.6

8 H C10057 14.1 3.8 65.2 4.9 7.0 16.0 56.2

9 I C10059 14.1 3.8 65.2 4.9 9.0 17.8 49.4

10 J C10045 13.5 4.1 72.6 3.7 5.0 14.7 65.9

CuUw 100 11 K c10047 13.5 4.1 726 3.7 7.0 16.5 575
12 L C10049 135 4.1 726 3.7 9.0 18.3 50.7

13 M C100-35 13.7 4.4 787 29 5.0 15.6 67.9

14 N C10037 13.7 4.4 787 29 7.0 17.3 59.6

15 O C9557 12.9 3.2 605 5.1 7.0 14.6 52.2

6 P C9559 12.9 3.2 60.5 5.1 9.0 16.5 45.4

17 Q C9545 125 3.6 68.8 3.9 5.0 135 63.0

CUW 95 18 R C9547 125 3.6 68.8 3.9 7.0 15.3 54.3
19 S C9549 125 3.6 68.8 3.9 9.0 17.1 475

20 T* C9535 12.8 3.9 75.8 3.1 5.0 14.5 65.5

21 U C9537 12.8 3.9 758 3.1 7.0 16.3 57.1

Note: * indicates the conditions that were used tibhicte the PVR function in theEMD. Other
conditions were tested for the PVR function verification.
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Table5.3. Volumetric Properties of the R9C Mixture

Gradation D Volumetric at Ndes In-place

VMA % AC VFA Va VArp VMAr VFAP

C60-33* 14.2 5.2 78.9 3.0 3.0 14.2 78.9

CUW 60 C6055* 149 47 664 50 5.0 14.9 66.4
C60-57 14.9 4.7 66.4 5.0 7.0 16.7 58.0

CUwW 67 C67-44 14.1 4.6 716 4.0 4.0 14.1 71.6
C7533* 136 48 78.0 3.0 3.0 13.6 78.0

C7544 13.7 4.4 708 4.0 4.0 13.7 70.8

CUW 75 C7553 13.8 4.0 63.8 5.0 3.0 12.0 75.0
C7555* 138 4.0 638 50 5.0 13.8 63.8

C7557 138 4.0 638 5.0 7.0 15.6 55.2

Note: * indicates the conditions that were used to calibrate the PVR function in PEMD. Other
conditionswere tested for the PVR function verification.

NotethatFigure5.3 (a), Figure5.4 (a), andrigure5.5 (a) present the two badary
gradations, anéigure5.3 (b), Figure5.4 (b), andFigure5.5 (b) show the binder contents used
for the performance testsrfeach mixture. The methodology that is used to select the boundary

gradations and binder contents for performance testing is explained in the following paragraphs.
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the volumetric space.
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Basedon experience gleaned from testing the RS9.5B, SM12dbBREOC mixtures in

this study, the volumetric space can be large enough to cover various combinations of the

component materials when the two gradations provide about 1% to 2% difference in VMA as

compacted to thBlgesat the corresponding Superpave alibinder content. Mixtures with large

aggregate particles (greater than 12.5 mm NMAS) tend to be less sensitive to changes in

gradation; therefore, a minimum of 1% difference in VMA is recommended for mixtures with 19

mm or larger NMAS as a preliminaryitarion and a minimum of 2% difference in VMA for

mixtures with NMAS smaller than 19 mm. Note that the gradation type (i.egfated, coarse
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graded, etc.) should remain consistent among the created gradations. In order to achieve the test
boundary gradtions and satisfy the requirements in VMA differences mentioned above, the
Bailey method is recommended (Vavakal 2002).Figure5.3 (a) shows the created test
boundary gradations of the RS9.5B mixture. TH&eBnces in VMA provided by the boundary
gradations are approximately 2 percent.

For each of théoundarygradations, the Superpave mix design method is used to
determine the initial binder content. In addition to the initial binder content at eactigrada
two additional binder contents at the initial binder content £ 0.5% are suggested for the
volumetric tests. The volumetric properties then are measured from the three binder contents for
each of the two boundary gradations for a total of six comditkigure5.3 (b), Figure5.4 (b),
andFigure5.5 (b) present the volumetric properties of the RS9.5, SM12.5, and RI19C mixtures
at six gradatiorbinder content combinations, respectively, for the binder content versus air void
content spacdigure5.3 (c), Figure5.4 (c), andFigure5.5 (c) present the same information for
the VMA versus VFA space. Note that the VMA and VFA are calculated by assuming that the
effective specific gravityGse) remains the same with the same gradation.

Figure5.3 (b), Figure5.4 (b), andFigure5.5 (b) show a linear relationship between the
binder content and the air void content atiklae The obtainedelationship is used to determine
the binder contents at 3% and 5% air void contents for each gradation. The reason for using 3%
and 5% air void contents as the boundary is that the allowable air void percentage range in most
design specifications is betn 3% and 5% air void content at tes Some agencies tend to
modify the specifications by reducing the air void content to 3% to increase the binder content,
and some agencies increase the air void content to 5% so that the compaction effortirequired

the field also is increased (AAT 2011, Hekmatfar et al. 2015).
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The volumetrigpropertiesat 3% and 5% air void contents for each gradation become the
performance test conditions. These conditions are represented as empty clitigaseifi3 (b),
Figure5.4 (b), andFigure5.5 (b) and constitute the four corners for the PVR development (as
shown inFigure5.3 (d), Figure5.4 (d), andFigure5.5 (d)). Note that the specimens used in
Figure5.3 (b), Figure5.4 (b), andFigure5.5 (b) are approximately 110 mm in height. The height
of the gyratory sample to produce the AMPT performance test specimens is 180 mm. The
targeted mass of the 1&Umtall gyratory specimas for each target air void content is
determined in accordance with AASHTO R 83.

The inplaceair void contents of the performance test specimens are recommended to be
the same or to change consistently with a constant offset from the air void colNestHiat
is, for the 4% design air void content, the air void contents of the test specimkasatthe
four corners conditions should be 3% and 5 percent. The air void contents of the performance
test specimens that correspond to the volumetriditons atNdesfor 3% and 5% air void
contents should be 3% and 5% or 5% and 7%, depending on the expected air void level in the
pavement. When 5% and 7% air void contents are used for the test specimens, thea @#arly
offset from the air void contémtNdeshas been applied. For the RS9.5B mixture, for example,
one of the test conditions is GB3. The naming convention indicates its volumetric condition
whereby the gradation is CUW 70, the air void conteMuafis 3%, and the air void content of
the performanceestspecimens is 3 percent. In this case, the four corners are designated as C70
33, C7055, C5033, and C55. The VMAr and VFApr, which are based on the-ptace air
void contents, of the three mixtures are calculated and-ptotied in Figure5.3 (d), Figure5.4

(d), andFigure5.5 (d). The twedimensional space formed by the VMAnd VFAris defined
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as thedvolumetric spac@& The area inside the four coraén the volumetric space is defined as
the dmix design volumetric regidn
The reasontor selecting the iplace air void content that is the same as the air void
content at thé&sesfor the performance testing are as follows.
1 The compactibility changewith binder content. In the field, the actuapiace
air void content may change likewise if the compaction effort remains the same
(AAT 2011).
1 In order to generate thlumetric desigmegion, a range of VMA and VFAp is
needed. The variation in-place air void content should be sufficiently large for
the design region. The PVR function is used to predict the mixture performance

under other conditions within the design region.

5.6.3.Performance Test and Calibrating PVR Function

As mentioned in the lasection, after the performance tests are conducted on the
mixtures with the four corner volumetric conditions, the results are used to build the PVR
functions. Using the PVR functions calibrated from the four corner volumetric conditions, users
are abldgo predict the mixture performance for any volumetric condition in the volumetric space.
In the following steps, the performanoptimum design is determined using the developed
PVRs, and the corresponding combination of component materials is obtaieddhadke
known volumetric conditions.

The performance tests used here are the dynamic modulus test, cyclic fatigue test, and
stress sweep rutting test. The volumetric properties of the test specimens have been determined
in the previous section. For expla, for the RS9.5B mixture, the four corner conditions to be

tested are designated as €3%) C7055, C5033, and C5b5. The air void contents of the test
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specimens, or the dplace air voids as called in this study, are indicated by the last digé in th
names. The actualdplace air void contents of the test specimens should be controlled within £
0.5% of the target air void content. The obtained model coefficients are then used in the
performance simulatignvhereby mixture performance is integrateithvactual pavement
structures. At this step, two scenarios are considered.

1. If the pavement structure is determined before the mixture is designed, or if the mixture
and structure are designed together, then the mixture properties can be input into the
available pavement structure.

2. If the pavement structure is not yet determined, which is common for most states in the
United States, then typical pavement structures are considered for the design.

Whenmixturesare designed with different traffic volume teggments, the pavement structures

in which the mixtures will be used should vary accordingly with the traffic volTialgle5.4

presents the typical pavement structures recommended by the North Carolina Depdrtment
Transportation for different traffic levels in the NCDOT Pavement Design Manual (NCDOT
2019) used in this proposed PEMD framework; however, agencies and contractors can use
typical structures based on their practice and experience. For structuresutipte asphalt

layers, typical material properties can be used in the pavement analysis of the mixtures that are
not the mixture to be designed. For example, if the design mixture is a surface RS9.5B mixture,
then for the pavement performance analysisgu3 to 10 million ESALSs, typical material

properties of an RI19C mixture can be used for the second layer.
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Table5.4. Typical Structures for Different Design Traffic Volumes

Design Traffic Level (millionESALS)

0.33 310 10-30
" 3" Asphalt 3" Asphalt
Typical g A%CA(Sng]: II;[/IPa) 2.5" Asphalt 4" Asphalt
Structures 8" ABC (206 MPa) 8" ABC (206 MPa)

Subgrade (124 MPa) g grade (124 MPa)  Subgrade (124 MPa)

Figure5.6 (a) and (b) respectively present the damage evolution and average permanent
strain (APS) growth during the 3@ar design period for the RS9.5B mixture. The % APS is
obtained by dividing the total permanent deformation of the target asphalt laywer layer
thickness. Note that instead of using the predicted rut depth in the asphalt layer, the % APS is
used in this analysis. A recent study found that % APS is a better indicator than rut depth to
describe the materi@l rutting resistance (Ghanbatial. 2020). The %Damage and % APS at
the end of the design life are used to calibrate the PVR function. The PVR coefficients in
Equation(5.1) are obtained sing optimization in curve fitting. The PVR and P¥Roefficients

are presented ihable5.5.
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Table5.5. Coefficients of PVR and PVIRFunctions for Different AspHliaMixtures

Function Coefficient RS9.5B SM12.5 RI19C
bro 50.707 115.080 25.910

by -0.914 -3.910 -0.670

PVR br2 -0.257 -0.505 -0.025
Function Bro -6.638 -0.870 -0.871
Br1 0.303 0.401 0.097

Br 0.046 0.070 0.002

Po-fatigue 0.606 0.707 0.774

Maigee  0.376  0.644  0.620

PVR-t N-fatigue 0.829 0.877 0.908
Function g .wing  0.455  0.439  0.482
Mrmting ~ 0.256  0.413  0.439

Nrting  0.736  0.719  0.753

Figure5.6 (c) and (d) respectively present the &bage and % APS contours.
CombiningFigure5.6 andFigureb.2, the PVR function indicates that, as the gradation becomes
coarser, the predicted %Damage increases while the predicted rut depth decrekasgbeW
gradation remains the same, the increase in binder content decreases the amount of predicted
%Damage but increases the rut depth. The predicted %Damage and rut depth obtained from the
PVR are determined prior to the application of the transfetium FlexPAVEM. Applying

the transfer function in the next step provides the predicted performance.
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Figure5.6. FlexPAVE™ simulation results for RS9.5B: (89Damagevs. time at different
volumetric conditions, (b) % average permanent strain vs. timgDamagecontours predicted

by PVR, and (d) % average permanent strain eosto

Figure5.7 andFigure5.8 present the FlexPAVE performance simulation results and
PVR calibration results for the SM12.5 and RI19C mixtures, respectively. Similar trends can be
found for these twanixtures as for the RS9.5B mixture in terms of performance predictions and
PVR fitting. However, for the RI19C mixture, the predicted performance is not as sensitive to

volumetric property changes as for the two other mixtures.
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5.6.4.Determine the Pavement Life at Different Volumetric Conditions

The PVR functions that are calibrated in the last step predict the nisxpgdormance at
the end of the design life for a given mixture volumetric caowlitin order to allow the user to
predict the damage evolution throughout the design life, another function, PVR with time, PVR
t, is developed. PVRuses the performance at the end of the design life to predict pavement
distresses at any time before #rel of service time. When the failure criteria for pavement
fatigue damage and rutting are given, the pavement life can be calculated based on the damage
evolution predicted from the PV\Rfunction for the mixture at a given volumetric condition.

PVR-t is expressed as Equati¢h4).
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_ PO, (5.4)

where

Pf(t) = predicted %Damage or % average permasgain as a function of
time,

P20 = predicted %Damage or % average permanent strain at the end of design
life obtained from PVR.

t =time in monthsand

Po, M, N = fitting coefficient.

The PVRt function should be calibrated using the known performance evolution curves
obtained from the corner volumetric conditions fiFsgure5.6 (a) and (b) present the calibrated
PVR-t curves using dashed lines. After the model coefficignis, andn) are obtained, using
the predicted %Damage or % APS at the designde) predicted from the PVR, the
performance evolution curve forftéirent volumetric conditions can be predicted from the RVR
function. The fitting coefficients are presented able5.5. Figure5.7 andFigure5.8 present the
calibrated PVR functions for the SM12.5 and RI19C mixtures.

The transfer functions for FlexPAVE are applied to the predicted %Damage and %
average permanent strain results to obtain the final predicted performancegVearzp20).

The fatigue transfer function converts the predicted %Damage to the %Cracking on the
pavement surface, and the rutting transfer function applies the calibration factor to the predicted
values. These functions are presented in Equat®bsand(5.7).

50 (5.5)

logC; 5- Iog%Damagée ﬁ

%Cracking=

1+C,, &
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50 (5.6)
7,970.327
%Damagé®”

%Cracking=

whereCr, Cr2, andCs3z are calibration factors and the values are 0.342, 13.97, and 16.38,
respectivelypr, by simplifying Equation$5.5)

RD=C GQC (5.7)
where
RD = % pemanent strain after calibration,
RDac = predicted % permanestrain in the asphalt layeemd
Cr =0.929.

After the transfer functions are applied, the pavement life then can be determined by the
calibrated performance evolution garwith given threshold values. In this study, 25% cracking
and 2.5% permanent strain were considered the failure threshigjdee5.9 (a) presents the
pavement life of the RS9.5B mixture determined by fatigue failure &idgyre5.9 (b) presents
the pavement life determined by rutting failure qmalydFigure5.9 (c) shows the pavement life
calculated based on the minimum pavement life due to fatigue failure and rutting. fagur
shown, the RS9.5B mixture life is dominated by fatigue failure. This observation is consistent
with engineer8experience with North Carolina mixdsgure5.10 andFigure5.11 present the
predictedpavement life for the SM12.5 and RI19C mixtures, respectively. As shown, these two
mixtures are dominated by fatigue performance as well. All three mixtures were compared with
mixtures in the performanaelated specifications material databasd@sUwhere over 100

mixtures are documented; the three study mixtures show high rutting resistance.
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Figure5.9. The predicted pavement lHeased at different volumetric conditions of the RS9.5B
mixture: (a) pavement life based on fatiga€racking (b) pavement life based on % permanent
strain; (c) pavement life with combin&é6Crackingand % permanent strain. Note: the unit for

life is year.
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strain; (c) pavement life with combin&6Crackingand % permanent strain. Note: the unit for

life is year.
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strain; (c) pavement life with combinéaCrackingand % permanent strain. Note: the unit for
life is year.

5.6.5.Determine the Candidate Design

After obtaining the mixture life contours, the performanpéimum design can be
determined for the desired pavement life. In this step, the amount of each component material
needed to formulate the performara@imum design is detmined.

In Figureb.9, each point in the volumetric space corresponds to a condition in the design
binder contenair void content (ACAV) space, as shown figure5.3 (b), where the RS9.5B

mixture is used as an example. The pavement life contouth@ be plotted in the design AC
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AV space, as shown figure5.12 (a). Although pavement engineers at different agencies may
have different underahdingsof the design air void content, this study useé¥dair void as the
target design air void contentMdes The final design is determined along the line at the design
air void content. The performanc@timum conditions are determined based endisired
pavement life. In the example of the RS9.5B mixture, the performgpta@aum design, i.e.,

where the maximum pavement life is located, is marked awigtal circle inFigure5.12 (a). Note

that inFigure5.12 (a), each pointorrespond$o one point irFigure5.3 (b), which means that
moving along the saxis, not only the binder contents ches but also the gradation varies
correspondingly. The corresponding gradation, which is CUW 54 (based on the Bailey method
designation), is presentedhingure5.12 (b), andTable5.6 presents the desigesultsFigure

5.12(c) and (d) present the life contours for the SM 12.5 and RI19C mixtures, respectively. The
circle symbols irFigure5.12 (c) and (d) indicate the performanrgeptimum conditions b&sl on

the PEMD method. Note that different failure criteria would result in different pavement lives,
and the performaneeptimum design would be located at different positions in the design space.
For example, if 2% APS is applied as the rutting failuieigon instead of 2.5%, then the
performanceoptimum position will move toward the left in the design spadagare5.12 (a),

(c), and (d).
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Figure5.12 Pavement life in the design A&V space and design results: (a) RS9.5B mixture,
(b) PEMD final gradation of RS9.5B mixture, (c) pavement life in designAAGpace ad
PEMD conditions for SM 12.5 mixture, and (d) pavement life in desiglAXGpace and
PEMD conditions for RI19C mixture.

Table5.6. The Performanc®©ptimum Design Results of Three Study Mixtures

) _ Binder Content (%) ) o
Mixture Gradation Stockpile Contribution (%)
Raw Binder RAP Binder

#78 DS WS RAP
RS9.5B CUW 50 5.1 14
33 7 30 30
786-Chantilly 788s-Loudon MS RAP
SM12.5 CUW 110 3.6 0.9
18 37 23 22
#67 78M Screening MS RAP
RI19C CUW 60 3.9 1
17 26 14 23 20

The analysis results show that the pavement life for each of the three study mixtures is
dominated by fatigue damage. As a result, the fine gradations and high binder contents have been
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selected by the PEMD algorithm. The Superpavamelricoptimum condition of the RS9.5B
mixture is marked with adX6in Figure5.12 (a). In this case, the PEMD suggests a finer
gradation and higher binder content compared to the mixtures designed by the Superpave
volumetric daign to obtain the performanoptimum condition. The performanogtimum and
the Superpave volumetr@ptimum conditions of the SM12.5 mixture share the same gradation
and binder content because both design methods suggest the finest gradation anoirighest

content in the design volumetric space as the optimum design.

5.6.6.Check the Volumetric Properties and Moisture Susceptibility

The design candidate mixture is selected based primarily on its fatigue and rutting
behavior. However, other properties atémuld be evaluated before the final job mix formula is
determined. Moisture susceptibility is one such important property for asphalt mixtures.
Designers can check the mixtGdehavior under moisture damage using different methods,
such as the tensilérength ratio test (AASHTO T 283), boiling test (ASTM D 3625), etc. In
addition, even though the mixture is designed based on performance, the mixture still should
meet some volumetric requirements. For example, the binetrst ratio is believed to be
related to mixture permeability (Wang 2019). Such parameters should be evaluated to ensure the
mixtureds durability. In the proposed PEMD method, moisture susceptibility and the volumetric
parameters can be tested after the design candidate is deteriinedriteria are not satisfied,
the user carevisethe candidate design. Because the performance of the entire volumetric space
is predicted and known, users should be able to determine another design condition based on
performance without conductingditional tests.

Table5.7 presents a comparisafthe PEMD performaneeptimum (PPO) designed

mixtures and the Superpave volumew@imum (SVO) designed mixtures. The PEMD mixtures
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generally yield a longer paweent service life while also satisfying the volumetric criteria in the

Superpave design specifications.

Table5.7. Comparison betwedAPOandSVO Mixture Designs

Mixture Mix o Dust Fatigue Rutting Combined Life
Dasian cuovv %Pb VMA  VFA to Life Life Life Difference
ID 9 Binder (years) (years) (years)  (years)
PPO* 50 6.5 17.8 776 0.9 15.4  14.7 14.7
7.8
Rsosg  SVO* 60 58 163 713 0.97 6.9 20 6.9
Superpave \ . NA 15 6578 0.612 NA NA NA NA
Criterion
PPO 110 45 145 738 08 7 19 7
0
smps SVO 110 45 145 738 0.75 7 19 7
Superpave A NA >14 6578 0.61.2 NA NA NA NA
Criterion
PPO 61 49 15 737 08 17.7 20 17.7
7.7
Riloc  SVO 75 44 136 70.6 0.77 10 20 10
Superpave NA >13 6575 0.612. NA NA NA NA
Criterion

* PPO = PEMD Performane®ptimum; SVO = Superpave Volumet@ptimum; NA = Not
Applicable
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Theproposed PEMD design stegesummarizedn a flowchart inFigure5.13.

Select materials.

v

Design intial gradations and estimate
volumetric properties.

v

Determine four volumetric conditions.

v

RuUnAMPT tests at four selected
conditions.

v
Run FlexMAT™,

v

Run FlexPAVEM,
v

Calibrate the mixturspecific PVR
function using FlexMIXM.

v

Determine the performanamtimum mix
design using performance thresholds

No
Determine

volumetric
requirements and
conduct moisture

Determine the job mix formula.

Figure5.13. Flow chart of the framework of predictive PEMD.

5.7.Conclusions and Future Work
The framework of the proposed PEMD is presented irnctiapter Three mixtures are
used as examples to demonstrate the design procedure. Conclusibasolis, and some future
recommendations aees follows:
1 The proposed PEMD method aims to predict the performance across the entire

volumetric space and determine the performaspémum mixture by optimizing
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the aggregate gradation and binder contenthf® given set of component
materials and the given aggregate gradation type (i.e., fine versus coarse).

1 Inthe design method, the performance of all reasonable component material
combinations is predicted using the AMPT performance tests, mechanistic
material and pavement models, and the performambemetric relationship. The
performanceoptimum design is selected by comparing the pavement lives based
on fatigue cracking and rutting.

1 In general, the PEMD performanoptimum designs are predicted to bav
longer service life than the Superpave volumetptimum designs.

This chaptermpresents the proposed framework of a new mixture design method. Dethds
proposed design procedure might need to be adjusted as more mixtures ararndstexe

experience is gainedJsers are free to adjust the design limits in the design procedure based on
their experience and conventions, for example, the design air void, the performance criteria, and
so forth. In future work, more mix design variables need toobsidered in addition to the

proposed PEMD framework, including the RAP content and moisture and aging susceptibilities.
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CHAPTER 6. DEVELOPMENT OF FRAMEWORK OF THE IN DEX-BASED
PERFORMANCE-ENGINEERED MIX DESIGN PROCED URE FOR ASPHALT
MIXTURES
6.1. Introduction
State highway agencies (SHAs) and the pavement industry are continually implementing
newtechnologies, test methods, and specifications to improve mix design. Much of the
implementation effort has focused on quantifying test variability and determining criteria. As a
result, several SHAs have begun to implement cracking tests and ruttingstegta balanced
mix design (BMD) approach. West et al. (2018) suggested three potential approaches for
implementing a BMD procedure (see Figure 5.1). Approach 1 and Approach 2 each start with
volumetric design and use performaitetated tests to ensuaglequate performance in terms of
resistance to the most common critical distresses, i.e., rutting and cracking (West et al. 2018).
Therefore, in a BMD framework, rutting and fatigue indices are the main deansikimg
components and the corresponding mpgarameters serve as the basis for mix design
optimization
West et al. (2018) introducedasca | | ed &6éperf ormance space di

BMD framework. The PSD example showrFigure6.1 is the product of crosglotting the
fatigue and rutting index parameters. In this example;shaped compact tension (DCT) and
Hamburg wheetracking (HWT) tests are used to evaluate the fatigue and rutting properties of
the asphalt mixture, resgievely. This diagram is based on DCT fracture energy (the cracking
index) and HWT rut depth (the rutting index) and shows that the four different regions are tied to

pre-established thresholds. Based on the index parameters, the mixture will fall imttioese
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four defined regions. A further adjustment is then considered to move the mixture to the zone of

interest (West et al. 2018, Buttlar et al. 2020).
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Figure6.1. Example of a performance space diagram (West 2048.

Different test methods can be applied to the BMD framework. For cracking, the DCT
test, Texas overlay test, lllinois Flexibility Index Tes&(l), semicircular bending test, and
direct tension cyclic fatigue test are amongst the most common test methods. For rutting, the
Asphalt Pavement Analyzer test, flow number test, HWT test, triaxial stress sweep, and stress
sweep rutting (SSR) test are the most commofopeance tests (West et al. 2018). This chapter
presents a framework for inddsased performaneengineered mix design (PEMD) using the
cyclic fatigue test (AASHTO TP 133) and SSR test (AASHTO TP 134). The developed index
parameters, i.e., the ruttingatr index (RSI) an&spp for the SSR test and cyclic fatigue test,
respectively, form the basis of the proposed methodology.
6.2.Index Parameters

The use of index parameters has gained significant attention from SHAs because index
val ues i ndi cpgetfoemaricd and cari be tisedrfoe quisk decisiaking in the

design process. During the development of the Asphalt Mixture PerforrRatated
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Specifications (AMPRS) at North Carolina State University (NCSU), the NCSU researchers
developed the two mechitic index parameter&pp and the RSI, to indicate the fatigue

cracking and rutting behavior of asphalt mixtures, respectively. The-Basel program
FlexMAT™ is used to analyze Asphalt Mixture Performance Tester (AMPT) test results simply
by uploadng the AMPT test results and also calculates botl&dfp@and RSI index parameters,
which are the basis of the proposed inbased PEMD. Threshold limits for boBpp and the

RSI have been defined for different traffic levels and, for the mix desigegspit is assumed

that the design traffic is known. Therefore, the threshold values can be used as a-oedsign

tool to find the optimal mix design.

6.2.1.Cyclic Fatigue Index (Spp)

Sppis based on the simplified viscoelastic continuum damag&eSD) model and is
determined byhe dynamic modulus and cyclic fatigue test resuiss, accounts for the effects
of a material ds modulus and toughness on its
fatigue damage the material can tolerate unaketihg. Highe&pp values indicate better fatigue

resistance of the mixture. Equati(81) shows theSpp formulation (Wang et al. 202

Spp = 1oooa2"1Jag(§—+
\E* ‘z (6.2)
where
Ci1, Ci2 = damage characteristic model coefficients,
DR = fatigue failure dterion,
|[E*| = dynamic modulus value at 10 Hz and the reference temperature, kPa
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ar = dynamic modulus shift factor at the reference temperature, and
U = material constant calculated from the maximum slope of the relaxation

modulus in loglog scale

6.2.2.Ruttin g Strain Index (RSI)

Chapter 3 presents the RSI development. In brief, the RSI value of an asphalt mixture is
the average permanent strain (in percent). This index value is obtained via SSR tests and is
defined as the ratio of the permanent deformatia@aniasphalt layer to the thickness of that layer
at the end of a 2Qear period over which 30 million 48p equivalent standard axle load
(ESAL) repetitions are applied to a standard pavement structure. Note that the analysis period
and load repetitionof the mixture in question represent the yardstick against which results are
judged.Theyprovide a consistent set of external conditions so the resulting strains for different
mixtures can be compared. The RSI parameter captures the effects of tempsratgdevel,
and loading time on the permanent deformation of asphalt concrete using realistic loading and

climatic conditions. Lower RSI values indicate better rutting resistance of the mixture.

6.2.3.Index Thresholds

Table6.1 shows the threshold values for the RSI &g parameters at different traffic
levels. This table can be used to estimate the allowable traffic level for any mixture in terms of
ESALs. The thresholds were determined based on comparisons of thedSsbaalues versus
information gathered from SHAs and accelerated pavement testing facilities. This information
includes pavement performance observed at test tracks, test roadssarndce pavements,
all owabl e traffic | esignd genetabperibrmance fedbackofoom mi xt ur
SHAs, and numerical pavement performance simulations (Ghanbari et al. 2020, Wang et al.

20208).
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Table6.1. Recommended Threshold Valu#dR Sl and Spp at Different Traffic Levels

Traffic (million ESALS) RSILimits  Sapp Limits Tier Designation
Less than 10 RSI<12 Spp>8 Standard S
Between 10 and 30 RSI <4 Spp> 24 Heaw H
Greater than 30 RSI< 2 Sepp> 30 Very Heavy Vv
Greater than 30 and slow traff RSI<1  Sp>3 6  Extremely Heavy E

6.3.Index Volumetric Relationship (IVR)

The basic concept of the proposed intl@sed PEMD is similar to that of the predictive
PEMD. The main difference is that this proposeetihod uses the indesolumetricrelationship
(IVR) and all the testing and analyses are performed at a fixed design aivyadrgtent (e.g.,
4%). The procedure to develop the performavmemetric relationstg (PVR) is presented in
Chapter 4. The concept of the IVR is the same as the PVR function, but the IVR uses the index
parameters (i.e., RSI aiSy) instead of FlexPAVEY performance predictions. Therefore, the
| VR correl ates t he icasitoxthe volumdirie copdagion$. he adsamtage ofi n d
the IVR is that it does not involve pavement performance predictions by FleXP'AVPEMD;
materiatlevel testing and analysis are sufficient

The PVR function can be applied to predict rut depth agmifft volumetric conditions.
As explained in Chapter 3, the RSI is the average permanent strain at the end of 20 years under
specific structural and loading conditions. Thus, because the IVR for the RSI is similar to the
PVR for rut depth under specificdding conditions, the IVARSI function can be used to predict
the RSI. However, for the IVASpp function, the scenario is not the same as for the RGR
function. AlthoughSppis a mechaniecbased index parameter, it is not obtained through
structural grformance analysis. A study is underway at NCSU to investigate the relationship

betweerSsppand FlexPAVEM predictions.
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For purposes of indelsased PEMD, the IVR function is considered as the volumetric
relationship for different gradations at the fix@gkign air void content (i.e., 4.0%) at thes
For the PVR function, three coefficients are considered as the fitting coefficients to calibrate the
PVR. However, at the fixed design air void content, due to thedoteelation of the voids in
mineralaggregate (VMA), voids filled with asphalt (VFA), and fixed design air void content
(Va), the PVR function can be calibrated using only two fitting coefficients. The same concept
can be applied to the IVR function so that it too can be calibrated usingpints.

The IVR function calibration has been validated using a case study. The case study is a
North Carolina 9.5mm Superpave fingraded surface mixture (RS9.5B) with 30% reclaimed
asphalt pavement (RAP), PG-38 binder, and 4.0% design air void caritd-or this case study,
three different gradations were designed for the RS9.5B mixitat#e6.2 presents the
volumetric data for these three gradations. Gradation 1 and Gradation 2 were designed to cover a
wide range of VMA ad asphalt contents. Therefore, these two mixtures can be used to calibrate

the IVR.

Table6.2. Volumetric Propertiefor Three Different Gradations R®.58

Mixture ID Pb (%) Va (%) VMA  %CALUW
Gradation 1 5.6 4.0 17.3 50
Gradation 2 6.5 4.0 15.5 70
Gradation 3 6.1 4.0 16.3 60

Note: Pyis volumetric optimum binder conteMs is design air void content; VMA is voids in
mineral aggregate; and %CALUW is the percentage of the coarse aggregate looseghhit wei

Figure6.2 shows the RSI anghpp values for the conditions given frable6.2. Note that
in Figure6.2 two variables change with each data point: asphalt corRgraid gradation or the

percentage of the aose aggregate loose unit weight (%CALUW). The index values increase as
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the asphalt content increases and the %CALUW decreases. The data from Gradations 1 and 2
(socal |l ed 6two cornersod) ar eFiguie@2tThedlinearsi ng t he |
relationship was verified by identifying an intermediate gradation (Gradation 3), finding the

asphalt content for that gradation to achieve 4.0% air void content, conducting AMPT tests, and
plotting the results. The intermediate conditibat was selected is the current NCDOT mixture
design for this RS9.5B mixture (termed the 6S
denot ed as #&igueb.d These \aiification [@oints are located clas¢hie linear

function. In this example, the measured RSI &pgvalues for Gradation 3 are 3.72 and 21.5,
respectively. The RSI arfélpp values predicted from the line for the Gradation 1 and Gradation 3

data are 3.68 and 22.7, respectively. As a rethdterrors in the prediction of the RSI &b

values for Gradation 3 are 1.1% and 5.1%, respectively. Therefore, the IVR function for this case
study can be used to find the index parameter at 4.0% design air void for different gradations and

asphalt ontents.

143



%CALUW %CALUW
80 70 60 50 40 80 70 60 50 40
6 —— 40 _
® Calibration (a) B Calibration (b)
O Verification OVerification
5 L
Gradation 2 30
4 L .
Gradation 3 Q pradation 2
E 3 L % 20 O Gradation 3
Gradation 1 %] Gradation 1
2 L
10 +
1 L
0 1 1 1 1 1 D 1 1 1 1 1
5.2 55 5.8 6.1 6.4 6.7 52 55 5.8 6.1 6.4 6.7
tyon %Pb
Figure6.2. Index parameters at the fixed design air void (4.0%) for different gradations, (a) RSI,
and (b)Sapp

Equation(6.2) shows the general form of the IMRSI and IVRSapp functions at a fixed
design air void content. As notedrlier, the IVRRSI and IVRSpp functions for the fixed air

void content of 4.0% can be calibrated using two [goint

RSI=ag, +g B (IVR-RSI)
(6.2
Sapp=b, +bH P (IVR-Sapp)
where
b, andUr = IVR-RSI fitting coefficients at fixed design air void (4%), and
bo, andbz = IVR- Syppfitting coefficients at fixed design air void (4%).

Table6.3 shows the IVR coefficients iBquation(6.2) for the RS9.5B mixture. As noted

earlier, these results were obtained from the data for Gradation 1 and Gradation
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Table6.3. IVR Mixture-specificCoefficients

V)
IVR-RSI
2.04 -8.79
b1 b2
IVR-Sapp

11.83 -49.48

6.4.Proposed Framework for Indexbased PEMD

This section presents an example of the proposed-ipalexd PEMD procedure. As
mentioned, two variations of the originabgation used in the RS9.5B mix design were
prepared, i.e., Gradation 1 and Gradation 2. Similar to the predictive PEMD procedure, these two
gradations were produced to achieve the largest VMA difference possible without changing the
mix classification fron a finegraded mix to a coarsgraded mix. Once those gradations were
established, the volumetric optimum binder cont®s) (as determined at 4.0% design air void
content{ f or each of the two gradationser 3bect
the IVR function. Then, AMPT performance tests were performed using specimens fabricated
under tlese two conditions. In the next step, lines are drawn between the index values at two
corners for each of the RSI aBghp. Finally, preestablished tleshold values fo®ppand the
RSI are used to identify the range of allowable mixture designs (gradation and asphalt content
for those gradations that yield 4.0% design air void content).

In this example, the RS9.5B mixture is intended for roadwaystraitfic levels between
10 and 30 million ESALS, so the threshold values are set at E#pf@nd 4 for the RSI (see
Table6.1). Based on the IVRSspp function, theSepp threshold will lead to the minimum asphalt
content of 6.2 percent. Based on the IMRSI function, the RSI threshold will lead to the
maximum asphalt content of 6.27 percent. Therefore, the potential optimum asphalt content is in

the range of 6.21% to 6.27 percent. Because the design air void content ihéxeMA can be
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calculated for this range of asphalt content. As a result, the optimum %CALUW is in the range
of 56 to 58 percentigure6.3 shows the results for the indéased PEMD of the RS9.5B

mixture

%CALUW
60

80 70 30 40

1 12

| e

52 54 56 58 60 6.2 64 66 6.8
%P,

Figure6.3. Indexbased PEMD results for NC RS9.5B mixtu&sp and RSI as functions of

asphalt content and gradation

In summary, tk indexbased PEMD optimum mix desid¢jes between the mixture
design with an asphalt content of 6.21% and an aggregate gradation with %CALUW of 58% and
the mixture design with an asphalt content of 6.27% and an aggregate gradation with %CALUW
of 56 percenh In this example, the optimum asphalt content range happened to be very rfarrow. |
the range of the optimum asphalt content is wider, SHAs can select the optimum asphalt content
based on different factors such as engineering judgment and cost analysis.
6.5. Summary and Future work

This Chapter 6 provides an example of the indaged PEMD approach, which requires
less testing than the predictive PEMD procedbigure6.4 presents a comparative summary of

the proposed frameworks fordexbased and predictive PEMD.
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IndexBased PEMD
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Figure6.4. The proposed framework for the indeased and predictive performance engineered

mix design (PEMD)

Chapter 5 and Chaptérpresent two different proposed PEMD approaches in which the

RS9.5B mixture is used as an example to illustrate the two procedures. In this study, the

optimum mix design obtained from each of these two approaches was compared to the optimum

mixture desigrobtained from the traditional Superpave mix design procedalde6.4 presents

a comparison of the PEMD results and the Superpave volumetric mix design results for the
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RS9.5B mixture. Because the PVR function has been developed for this mixture, the
performance life at any given volumetric condition can be determ8wckral important
observations can be made fr@mable6.4. First, the predictive PEMD performance optimum
(PPO) yields the longest life among all the designs, followed by the-laeed PEMD
performance optimumPlO) and the Superpave volumetric mix design optimum (SVO). Second,
both indexbased and predictive PEMD can balance fatigue and rutting much better than the
Superpave volumetric mix design. Note too that the volumetric properties of the PPO and IPO

mixtures meet all the Superpave volumetric requirements.

Table6.4. Results from Superpaviedexbased anéredictive PEMD

Life (years)
%R, VMA VFA DusttoBinder Fatigue Rutting Combined Differencé

PPO 6.3 17.8 77.6 0.90 154 14.7 14.7 8.7
IPO 6.2 17.2 76.8 1.10 12.6 19.0 126 6.6
SvO 58 163 713 0.97 6.0 20.0 6.0 -

& lmprovement of life from the Superpave volumetric mix design

Limited data were used in the development of the ifitlesed PEMD. As a resuipme
assumptions had to be madéelinearity ofthelVR-Sipp function was assumed and verified by
the case study mixture (RS9.5B); however, the validation of this assumption needs to be studied
by testing more mixture3 herefore, m future, more asphalt mixtures need to be included to
verify the proposed frameworkh& NCSU research team is testing more mixtures from different

climatic locations to set the final frawork for the indesbased PEMD.
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CHAPTER 7. RELIABILITY ANALYSIS OF DAMAGE PREDICTIO N IN ASPHALT
PAVEMENT SECTIONS USING FLEXPAVE ™ PROGRAM AND S-VECD FATIGUE
MODEL

During the development of tiperformancerelatedspecification (PRS) at North Calma State
University (NCSU), the &/ECD modelandthe permanent deformation shiftodel havébeen
acceptedhsefficient mechanistic modgto predict the fatigue and rutting behavior of the asphalt
pavements. These models have been implementddxRAVE™ program to perform the
pavement performance simulation. So far, these mb@deis been calibrated and implemented in
aparticularprocedureHowever there are different sources of uncertainties in real pratiate
arenot captured in the FlexPAVE simulation includingmodel calibration errors, specimen
fabrication errors, measurement errors, and sample to sample variébiiitg.following two
chapters,ite mentioned uncertaintiaseconsolidated systematically into a reliability analysis
that onsiderghe combined effects of theentioneduncertainties on theavement performance
prediction In this study, the Bayesian infereAsased Markov Chain Monte Carlo (MCMC) was
usedt o si mul ate the wuncertainti edheinexttwohe mat er i
chapters present the framework for the uncertainty quantification of the damage and rut depth
prediction in the asphalt pavements. The wtengoabf thereliability analysigs to predict the
%Cracking and rut depth at different reliabjlievels.In this chapter, five different mixtures
with differenttest variationsvere used to develop the predictive models to quantify the
uncertainty in %Cracking. The results show the predictive models can predict the %Cracking

variations at any desd level of reliability.
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7.1.Introduction

Pavement performance prediction is a complex process thathretiegy on
experimental methods. The testing methods and material models involve many uncertainties,
approximations, and variabilities. Many reseaititi®s have been trying to quantify the
uncertainty in the material models and capttgeffecton pavement performance. The material
models are commonly based on the test results, which have some uncertainties such as
homogeneity, specimen fabricati@nd measurement errors. For example, Caro et al. (2014)
showed that the assumption of asphalt mixture homogeneity could be considenedéathe
primarysources of uncertainty pavemenperformancerediction (Caro et al. 2014).

Though heterogeneity icritical, it is impossible to ignore that the asphalt mixture is a
composite material, and thus it is impossible to fabricate multiple specimens that are exactly the
same. So, it ignportant to addregbe sampldo-sample variation in the test proceesirin
order to control the errors mentioned above, the AASHTO standard specifications define a range
of sampleto-sample variability to minimize the errors as much as possible. However, even this
small error can affect pavement performance predictioro(€aal. 2014, Mohammad et al.

2013).

During the development of the performanetated specificationst NCSU (Kim et al.
2020), the simplified viscoelastic continuum damag®'E€D) fatigue model and the
permanent deformation shift model have been dgeeldo predict asphalt pavement
performancever itsdesign life. These models have been implemefwedse in structural level
analysig(pavement performance predictiar§ingFlexPAVE™ program. The software predicts
the asphalt pavements performancdarmoving loads and changing climatic conditions using

threedimensional layered viscoelastic analysis. These mechanical modelsesemvadely
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accepted as a rigorous model to predict asphalt pavement performance (Kim et al. 2020).
However, the FlexPAVE" results show the prediction with 50% reliability, and this program
cannot predict the performance with other reliability levEle reliability analysis in the
pavement performance predictions consists of two critical components:
1 uncertainty quantifidgon in the material models
1 uncertainty quantification in the structural simulations

To quantify these uncertaintiesquiresa systematic study using different mixtures and
structures. For each mixture, the range of variation should be calculated, affddhef these
variations in the structural level should be studied. The main goal of this chapter is to investigate
the impact of the uncertainty in theV&ECD fatigue model on the %Cracking that occurs in the
asphalt pavements predicted by FlexPAVEThe ultimate goal is to predict %Cracking with
different reliability levels, given the input material modelacertainties.
7.2.Uncertainty Quantification in the Material Model

The uncertainty in asphalt material models recently has gained a lot of atteritien
pavement industry. Many research studies have investigated the effect of uncertain material
properties on the asphalt mixt@eerformance. Kassem et al. (2020) used Monte Carlo
simulation to quantify the uncertainty in the dynamic modylay ) mastercurve. They showed
that the uncertainty in the dynamic modulus mastercurve is dependent on the mixture type. They
also showed that using a larger Nominal Maximum Aggregate Size (NMAS) and binder
modification can increase the uncertainty in the dynanudulus mastercurve prediction
(Kassem et al. 2020).

Different studies have been done to quantify the uncertainty inYHeCP® fatigue

model (Gudipudi and Underwood 2016, Kassem et al. 2019, Ding et al. 2020). Kassem et al.
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developed a probabilistic VEC®-VECD) model. This model is capable of predicting the
average viscoelastic response for a given loading con@itidnaptuing the distribution of
these viscoelastic responses. They used Monte Carlo simulation to develegEQ®DPTheir
proposed modealculates the coefficient of variation (COV) of predicted viscoelast#n
(Kassem et al. 2019).

In another studyDing et al quantified the S/ECD fatigue modek uncertainty using the
data for 32 specimens fabricated and tested by different operaheyperformedparameter
estimation and calculated the predictive envelope using the Bayesian infbeseckMarkov
Chain Monte Carlo (MCMC) methodssuminghat the propagation dfiedamage
characteristic curve due to the dynamic modulus uncéyrtsmegligible (Dinget al 2020).
Therefore, the dynamic modulus uncertainty and the damage characteristic model can be
considered independentlyhis studyusedthe same approach to quantify the uncertainty in the
S-VECD fatigue model (dynamic modulugamage characteristics, and failure criterion models).
More information on the methodology can be foim¢{Ding et al. 2020).
7.3.Uncertainty Quantification in the Structural Level

The reliability analysis in the structural level goes back far to 1985 vileefirherican
Association of State Highway Officials (AASHTO) design models were developed. (AASHTO
1985,AlsherriandGeorgel988). Later, in an effort to develop a nationwidechanistie
Empirical M-E) design practice, Timm et al. employed Monte Cantousation in a computer
pavement design tool, ROADENT, to run the reliability analysisea@ninethe effect of input
variations on pavement performance for the Minnesota Road Research Project (Timm et al.

2000).
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Pavement MEY hasbeen known as a robusiol to predict pavement performance. The
reliability analysis on the Pavement MMEperformance prediction was done based on the overall
variability of the measured distresses from treglterm pavemenperformancgLTPP)
calibration database. In this swéire, the reliability level was incorporated using the standard
deviation of the measured data, and was compared with the predicted data. Equatsbhrows
the adjusted distress level based on the reliability level and standard deviation of the measured
data (ARA Inc.). As mentioned, the standard deviation in this formula is obtained from a

database, so this formula cannot capture the effect of pspecfic uncertainties Thyagarajan

et al. 2011).

Distress= Distress+ Z 3 Sttasures (7.1)
where
Distress = predicted distress at the reliability level P,
Distress = predicted distress for a given mean input value (50% reliability level),
Zp = standard normal deviate corresponding to reliability level P, and
Staheasured = stanérd deviation of the measured distress from LEEgtions

Monte Carlo simulation has been known as a robust tool to cover the distribution of
material uncertaintiesToyagarajaret al. 2011). This method could be used to capture the effect
of material unertainty on the Pavement ME performance prediction; however, thgplication
of Monte Carlo using this program seems impracticed tohigh computing time and the large
number ofreplicationsinvolved in the Monte Carlo simulation§hyagarajaret al. D11, Hall et
al. 2012). Khazanovich et alseda Latin hypercubenethodto combine DAKOTA and
Pavement MEV to reduce the number of Monte Carlo simulatiddD8KOTA is a common
toolkit to run uncertainty quantification on mechanical models in engineditimgpugh this
study successfully reduced the number of simulations, the computation time was still impractical
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(Khazanovich et al. 2008Jhyagarajaret al. proposed a methodology to replace the reliability
procedure of Pavement ME They employed the revant part of the program in a staaldne
application. As a result, the computation time was reduced significantly. For the simulations,
threedifferentapproaches of Monte Carlo, the Latin hypercube methodRasdnbluetés 2K+1
pointestimate method we used Thyagarajaret al. 2011).

This research studyevelos a model to quantify the uncertainty in the structural level
using the SYECD fatigue model and FlexPAVE program. As mentioned earlier, the Bayesian
MCMC method was used to generate predictinvelopes, and FlexPAVEto study the effect
of material uncertainty on the structural simulation.
7.4.Framework for the Research Study

Figure7.1 shows the framework adopted in this study to evaluate the effect of material
characterization uncertainty on the %Cracking of the asphalt mixtures predidtkBAVE™
program. In the &/ECD model, the three primary sources of uncertainties comne dynamic
modulus, damage characteristics, and failure critefd) ¢haracterization (Ding et al. 2020). In
the first step, for each of the three mentioned parameters, a range of results that define the
predictive interval at different levels of stdittsl certainty, the sgalled predictive envelope,
was calculated. Each of these three magwisdictive envelopes was generated using the
Bayesian MCMC method. In the next step, the three envelopes were randomly combined. For
example, suppose the predre envelopes for each of the dynamic modulus, damage
characteristics, and failure criterion contain 5,000 sets of model inputs. In that case, the three
groups of 5,000 model inputs for dynamic modulus, damage characteristics, and failure criterion
were andomly sampled without replacement and combined. As a reselto8,000

FlexPAVE™ inputs were generated, and 5,000 FlexPAY/Eimulations using a specific
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structure and loading conditions wegrerformed At the end of the 5,000 simulations, the

%Craking predictive envelope for the particular structure and loading condition was generated.

Dynamic Modulus Test Cyclic FatigueTest
(AASHTO TP 132) (AASHTO TP 133)
v g ' ¥
Dynamic Modulus DamageCharacteristic FailureCriterion Model
Model E*) Model Cvs S (o)
v v 3
CalculatePredictive Calculate Predictive CalculatePredictive
Envelope using MCMC Envelope usingCMC. Envelope using MCMC

RandomlyCombine theéPredictive
EnvelopesE*, C vs $andDR).
v
Generate FlexPAVE" Input.

v
Run FlexPAVEM,

%DamagePredictive Envelope

v

Transfer Function

'

%CrackingPredictive Envelope

Figure7.1. The framework for the uncertainty quantification of %Cracking
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7.5.Running FlexPAVE™ on High-Performance Computer

In this study, the Bayesian MCMC simulation was selected to populate the predictive
envelopes. In order to generate the %Cracking predictive envelope, thousands of FIBAPAVE
simulations should be run and analyzed. As mentioned earlier, tketiom of running
performance prediction programs, such as PavemenY Mid FlexPAVEM, is the computation
time. Runningone case of FlexPAVE on a regular computer (quadre CPU and 8 GB RAM)
takes approximately 30 minutes to calculate the pavemgmbmees and %Cracking. This time
canvary due to the number of asphalt layers and design life. In ordedtmethe execution
time, the feasibility of running FlexPAVE using cloud computing was studied. In the first step,
the NCSU HighPerformance Comyiing (HPC)clusterwas used. In the next step, a message
passing interface (MPI) wrapper watdized. The MP1 wrapper made it possible to run different
FlexPAVE™ simulations in parallel omultiple computing nodes of HP@llowingl000 runs of

FlexPAVE™ simulationto be done in four hours.

7.5.1.Finding the Minimum Sample Size

In order to run FlexPAVE' simulations, the /ECD model inputs werentered intdhe
program as the predictive envelopes generated by MCMC. Although running FleX®AWE
the NCSU HPGignificantly decreasghe runtime, fewer simulations could increase efficiency.
This part of the research triedittentify the minimum number of MCMC simulations
representing the predictive envelopésstribution. Ding et al. suggested 5000 data pdortshe
MCMC generation and considered these data points as the test podolgimerate the
posterior distribution for the-SECD model inputgDing et al. 2020). In this study, the
prediction envelope with the confidence interval of 98%cdaited 984 predictive envelope) for

dynamic modulus, damage characteristic, and failure criterion models for a mixture was
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generated using 5000 data points (Sigeire7.2). In the next steg;lexPAVE'™ was run for

those 5000 inputs. In order to rEtlexPAVE™, the structure ifrigure7.3 was used. The

simulation was done for Raleigh, NC climatic conditicemd the %Damage f@0 years of

desgn life was calculated using 30 million ESALs. This structure was used in the previous

chapters as a standard structure (Ghanbari et al. 2020). FleXPAY4S run on the mentioned

structure and the %Damage for the asphalt layer was calculated durirggitne Ide.Figure7.4

shows the %Damage prediction for all of the 5000 cases.
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Figure7.3. Standard pavement structure used to determme the %Damage in the asphalt layer
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Figure7.4. %Damage prediction by FlexPAVE

In the next step, the %Damagelae end of 20 years was selected as a deemsaking
parameter. The 500fbservations dc¥oDamage at the end of 20 yeamsreconsidered as the
population, and different random sampling with the size of 25, 50, 100, 200, 300, 400, 500, 750,
1000, 2000, 300, and 4000 was done. Then the average of %Damage at the end of 20 years was
calculated for each sample size. The sampling was repeated 30 times on each of the mentioned
sample sizegrigure 7.5 shows the box plot distributions for the average of %Damage at the end
of 20 years using the 30 samples for each sample size. In this figure, as the sample size increases,

the distribution for the average of %Damage at 20 years gets narrower.
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As mentioned earlier, Ding et al. proposed the MCMC technique to generate the
predictive envelope at the material leassuminga normal distribution of the modedsponse in
the predictive envelope (Ding et al. 202@) order to check the normality of %Damage
distribution, the @Q plots for %Damage at 20 years were plotted Fsgere7.6. In this figure,
the data points for each samplee fall in a straight line. In addition to-Q plots,the
D'AgostincPearson test was performed to check the normality of different sample sizes
(D'Agostino et al. 1990). Based on this test, all of the sample sizes shokigdrn7.5 passed

the normality test. As a result, this research assumed the normality for %Damage distribution.
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Figure7.6. Q-Q plots for %Damage at the end2filyears for different sample sizes

In order to fnd the minimum sample size, whickpresent$000 data without losing
significant accuracy, the two statistical test methods were suggested to compare the samples with
the test populations.
7.5.1.1.z-test
As shown inFigure 7.5, there a@ some differences in the average of %Damage at 20
years for each sample size. Aest checks if there is a significant difference between the means

of two samples. As mentioned earlier, 30 different random samplings were done for each sample
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size. In ths study, the #est was used to determine if there is a significant difference between the
average of %Damage at 20 years for different samples at each sample siest vvas done on

all possible combinations for each sample size. All possible comimisatonsist of choosing

every two samples from the 30 samples (435 combinations for each sampléahies].1

shows the #est results for each sample size with a 0.02 significance level (98% confidence
interval). Based on thisble, the sample size of 200 is the minimum sampletis&shows no
dailbtest results. Therefore, based on thest, the sample size of 200 is the minimum sample

size that shows no sensitivity in terms of change in the average of %Damage at20 year

Table7.1. Z-Test Results for Different Sample Size

Sample Size
z-test results 25 50 100 200 300 400 500 750 1000 2000 3000 4000
Pass 381 405 429 435 435 435 435 435 435 435 435 435
Fail 54 30 6 0 0 0 0 0 0 0 0 0
Total 435 435 435 435 435 435 435 435 435 435 435 435

7.5.1.2.Kolmogorov-Smirnov Test

When comparing two groups of samples, in addition to the mean value, the two Samples
distribution shape is importanthe KolmogorovSmirnov (K-S) test is a nonparametric tésat
can be used to compare two samples and check whether these two samples are from the same
distribution Lilliefors 1967). The null hypothesis of this test is that the two samples are drawn
from the same reference distribution. So, if the null hypathesejected, the two samples are
not representative of the same distribution. As mentioned earlier, for each sample size, 30
different random samplings were done. Th& Kest was then done on all possible combinations
of the 30 samples (435 trials feach sample size)able7.2 shows the KS test result for
different sample sizes with a significance level of 0.02 (98% confidence). As shown in this table,

the sample size of 1000 is the minimum sample size witffailsd
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In summary, based on thdaest and KS test resultshe sample size of 1000 was chosen
as the representative sample size of this study. In other words, in order to find the performance

predictive envelope, 1000 runs of FlexPAV/Hs needed for eaatase.

Table7.2. KolmogorovSmirnovTest Results for Different Sample Size

Sample Size
K-Stestresults 25 50 100 200 300 400 500 750 1000 2000 3000 4000
Pass 325 339 345 357 383 406 433 434 435 435 435 435
Fail 110 96 90 78 52 29 2 1 0 0 0 0
Total 435 435 435 435 435 435 435 435 435 435 435 435

7.6.Material and Data

In order to develop the reliability models for FlexPANVE different materials were
selected. For each material, different levels of predictive envelopes for dynamic modulus,
damage chaicteristic curve, and failure criterion model were constructed. The general

information on these mixtures is listedTinble7.3.

Table7.3. Mixture Information

NMAS  Binder Binder — RAP Nug;ber
Mix Content Content Source L Prediction Levels
(mm) Grade Prediction
(%) (%)
Levels
Mixture A 9.5 PG 5828 5.8 30 NC 4 50, 90, 98, and 99.99¢
Mixture B 9.5 PG7622 5.4 20 NC 4 50, 90, 98, and 99.99%
Mixture C 12.5% PG 6422 5.3 30 NC 2 50, ard 98%
Mixture D 12.5 PG 64E28 5.3 20 ME 2 90, and 99.99%
Mixture E 125 PG64-28 4.7 33 MO 3 90, 98 and 99.99%

*Note This mixture is Stone Matrix Asphalt (SMA) mixture

Figure7.7 shows the predictive envelopes for dynamic moduggrsusS, and the
failure criterion D) for Mixture A. This figure shows four different levels of predictive
envelopes. The same approach was taken, and the same (igueasn Appendix Awere

generated for all of the mixtures listedTiable7.3.

161



i R
Dynamic Modulus C versusS D
4
10 ‘ 1] 2510 :
(@) |
107} 08\,
s e 15/
=108} / 006 g =
W ~ 3 1 4
b . S/ . 3 -
10°) 04 05l .
| .
10 02 ole
108 10° 10° 0 05 1 15 2 0 1 2 4
Reduced Frequency (Hz) S %105 Nf «10*
4
108 1 2510
(D)
1 - 2 i
107 | /" 0.8}
= / 315!
o L
= 10° / 006 -
— T 5 ‘//
£ v a1
10% 04: |
5 0.5 4
10° 02 ole
10 10° 10° 0 05 1 15 2 0 1 2 4
Reduced Frequency (Hz) S %105 Nf «10*
4
1087 : : 10 2510
(© | |
107 ¢ ~ 08'
| -
© /// a 15
=105 / 006 = 4
z . 4
i / W) @ !
w08 04
| 05 A
10* 02 0
10°° 10° 10° 0 0.5 1 15 2 0 1 2 4
Reduced Frequency (Hz) S «10° Nf «10*
4
108 R 1] 2510
107 ~ 08\ e
© i O1s
o P 4 7 1.
2 496! - i
=107 / 08 . g o
i p ~ a 1 4
10° & 0.4 p
o 05+
10 02 0
10°® 10° 10% 0 0.5 1 15 2 0 1 2 4
Reduced Frequency (Hz) s «10° Nf «10*

Figure7.7. Dynamic modulusC vs. S andDR predictive envelope for Mixture A based on the

different level of pedictions: a) 50%, b) 90%, c) 98%, and d) 99.99%

7.7.Effect of Structural Factors on %Damage Propagation
In order to predict the %Damage predictive envelope, the structure, climatic condition,

and the traffic level are the inputs to felexPAVE™ simulation.In the previous sections, the
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standard structure was defined (Beégure7.3). In this section, the effect of different structural
factors on the %Damage predicting envelope is studied. The structural factors considered as
follows:

1 Climatic condition

1 Traffic level

1 Asphalt layer thickness

1 Aggregate base and subgrade moduli

1 Aggregate base thickness
This research studysed the dynamic moduluS,versusS, andDR 98% predictive envelopes for
Mixture A to see the effect of different structural factors on the %Damage predictive envelope.
For FlexPAVE™ analysisFigure7.3 was used as the reference structure, and the other
structural elements were changed individually. For example, the reference structure was
analyzed in three different climatic conditions. The three different proposed cities are Phoenix,
Raleigh, andBangor, to see the effect of climatic conditions on the %Damage predictive
envelope. The same approach was taken for the traffic levels, and three different levels of 3, 10,
and 30 MESAL were considered. By studying typical mixtures used in North Caaalihather
locations, different asphalt layer thicknesses, base thickness, and base and subgrade moduli
values were selected and analyZEable7.4 shows the details of the structural factors used in

this study.
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Table7.4. Structurdnformation

Structure Traffic AC Base Base Subgrade
Structural Factor Climate Thickness Thickness Modulus Modulus
No. (MESAL) . . : :
(in) (in) (ksi) (ksi)
#1 Reference Raleigh, NC 30 4 8 30 18
#2 . Phoenix, AZ 30 4 8 30 18
Climate
#3 Bangor, ME 30 4 8 30 18
#4 , Raleigh, NC 3 4 8 30 18
Traffic .
#5 Raleigh, NC 10 4 8 30 18
#6 Raleigh, NC 30 3 8 30 18
#7 AC Thickness  Ralegh, NC 30 5 8 30 18
#8 Raleigh, NC 30 6 8 30 18
#9 . Raleigh, NC 30 4 16 30 18
B Thick .
#10 ase ThiCKNESS - paleigh, NG 30 5 16 30 18
#11 Raleigh, NC 30 4 8 15 18
wmp  BaseModulus  ooeigh NG 30 4 8 45 18
#13 Raleigh, NC 30 4 8 30 5
#14 SGModulus o leighNC 30 4 8 30 10

*The boldnumbersshowthe parameters that are different from the reference structure (structure #1)

FlexPAVE™ simulations were done using all 14 different structures list@cine7.4.

In thenext step, the %Damage predictive envelopes were generated for each of the structures.
Figure7.8 shows an example of a %Damage predictive envelope 8singtures #1, #2, and #3.

This figure shows the effect ofimatic conditiors on the %Damage distribution. The figures

using other structures can be found in AppendiséeFigure A.6 to Figure A.19).
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As noted in the previous chapteiexPAVE™ program calculates the %Damage
monthly; therefoe, the %Damage for all 1000 cases is known at the end of each month. Given
the monthly %Damage for all 1000 cases, the %Damage distribution can be obtained at the end
of each monthFigure7.9 shows the example of %Damage disitibn at the end of 2, 5, 10, and
20 years. In this figure, as the %Damage grows during the design life, the standard deviation

increases.
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Figure7.9. %Damage distribution for different periods during design life

In the next step of the study, the %Damage distribution for each month was obtained. To
present the %Damage distribution, the average and standard deviation of %Damage at the end of
each month for th&@000FlexPAVE™ runs was used. This studias repeated using different
structures listed imable7.4. Figure7.10 presents the effect of various structural factors on the
%Damage distribution using the 98% predictive envelope for Mixture A. This figure clearly
showsthatthe standard deviation of %Damage and the avera@g@aimage are strongly

correlated and this relationship is not dependent on the structural factors.
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moduli values, (e) aggregate base thicknesses, and (f) subgrade moduli valliabléséé)

Figure7.11 showsthe standard deviation of %Damage versus the average of %Damage

using all 14,000 FlexPAVE' simulations from 14 different cases (Seble7.4). It can be

concludedhat the standard deviation of %Damage distribution at any period of design life

correlatestronglywith the average of %Damage at the given period. In this figure, a power

function was fitted to the data and the power relationship obtained.
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In order to confirm the power relationship of standard deviation and average of
%Damage, the same study was repeated on the 98% predict®i®pe for Mixture BFigure
7.12 shows the standard deviation of %Damage versus the average of %sDamage for 98%
predictive envelope3herefore, the relationship between the standard deviation and the average
of %Damage distriltion depends on the material variati&ouation(7.2) shows the general

form of the mentioned relationship.
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Std= & %0)° (7.2)
where
Std = standard deviation of %Damage distribution, and
a, b = fitting coefficients.

Foreachmixture and each prediction levalandb in Equation(7.2) were calculated

using the Curve Fitting toolbox in MATLAB. This toolbox finds the best fit using regression
analysisTable7.5 shows the fitting results for the mixtures in this stulliger optimizing the
coefficients (se@able7.5), it was found that the coefficiebtvaried only slightly by mixture
type. Thus, in &econd iteration, the varialdbevas treated as a universal constant and the data
was collectively reoptimized This assumption simplifies the model without losing much

accuracy. Therefore, a univergalalue =0.544) was found for all the mixtures through the

optimization.

Table7.5. Fitting Results Usindequation(7.2) for Different Mixtures

Fitting with varyingb Fitting with universab (b=0.544
Mixture | Predigion Level a b R? a b R?

50% 0.18 0.501 0.967 0.097 0.544 0.934

Mixture A 90% 0.170 0.513 0.985 0.157 0.544 0.982
98% 0.196 0.545 0.986 0.196 0.544 0.986

99.99% 0.262 0.541 0.985 0.260 0.544 0.985

50% 0.072 0.591 0.970 0.078 0.544 0.968

Mixture B 90% 0.100 0.593 0.980 0.111 0.544 0.977
98% 0.117 0.596 0.982 0.129 0.544 0.979

99.99% 0.133 0.602 0.981 0.150 0.544 0.977

Mixture C 50% 0.015 0.543 0.951 0.015 0.544 0.99
98% 0.145 0.541 0.984 0.142 0.544 0.98

Mixture D 90% 0.232 0.510 0.998 0.207 0.544 0.953
99.99% 0.257 0.593 0.999 0.293 0.544 0.962

90% 0.183 0.509 0.998 0.163 0.544 0.965

Mixture E 98% 0.211 0.538 0.997 0.204 0.544 0.978
99.99% 0.219 0.576 0.997 0.235 0.544 0.940
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7.8.Material Index

In the previous sections, it was concluded that the standard deviation of %Damage
distribution is a function of the average of %Damage. This function is a mix dependent
relationship, and it changes as the variation in the material level changes. In this section and in
the first step, the specific material indices are defined to presemictieeial level variations. In
the next step, the relationship between the defined material indices and %Damage distribution
was studied. In order to develop the material variability index, a systematic study was done to
capture the effect of dynamic mods)udamage characteristics, and failure criterion variations on
the %Damage distribution. The details on the development for each material index are described

below.

7.8.1.Dynamic Modulus

For each asphalt mixture, the dynamic modulus mast&e can be obtainaging the
Asphalt Mixture Performance Tester (AMPT) dynamic modulus test (AASHTO TP 132). In this
test, the storage modulusq at three different temperatures (420 , and 4®5)andor
three different frequencies (0.1, 1, andHZ) is measured. In other words, the results from the
AMPT dynamic modulus test can be summarized into nine measured data points. The variation
in the nine measured data podgtorage modulus is the choice method to define the dynamic
modulus variability index. The dynamic modulus variability index is defined in Equ@tign
Based onhis equation, the variation of the storage modulus at each temperature and frequency

determineshe dynamic modulus variability indeXtynmod).

N 9 ' '
1. E%iij- Ee avgj|
IDynModz_a 4 _'. — 7.3
N i=1j % Efit_avg,j | ( ) )
where
| bynMod = index parameter representing the dynamic modulus variation,
N = number of MCMC simulations,

169



E' i = fitted storage modulus from thetéd curve for thé" dataset at thg"

temperature and frequency, and

E'ft_avg.j = storage modulus from the fitted curve using alNsfpecimens at th&

temperature and frequency.

After defining the dynamic modulus variability indehe effect of dynamic modulus
variation on the %Damage distribution was studied. In order to find the relationship between the
dynamic modulus variability indexoynmod and the %Damage distributioflexPAVE™
simulations were run using the materiatdd inTable7.3 andthe reference structur€ifjure
7.3). For the dynamic modulus, different predictive envelopes were input to FlexPAZar
the damage characteristics and failure criterion models, the mixture specific mean values were
used. Therefore, the dynamic modulus variation was the only variation in these sets of
simulations. In this way, the effect of dynamic modulus on the %Damage distribution could be
studied for different mixtures and prediction lev&lgure7.13 shows the standard deviation of
%Damage versus the average of %Damage for different predictive envelopes for Mixture A.
Equation(7.4) shows he generarelationship for the standard deviation of %Damage and the
average of %Damage. It was found tasis the only variable of this function, so finding this

parameter is the key to find the %Damage distribution.
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Figure7.13. Effect of dynamic modulus variation on the %Damage variation using different

levels of the predictive envelopes for Mixture A

Stebyrwioa = @ { %0 (7.4)
where
StlbynMod = standard deviation of %Damage distribution due to dynamic modulus
variation,
%D = average of %Damage distribution, and
a = fitting coefficient.

This dudy was repeated for all of the mixtures and predictive envelopes listatlie
7.3. For each casey in Equation(7.4) was calalated In addition, the dynamic modulus
variability index (pynmod) for every prediction level was calculated using Equaffds). In the
next step, the abor tried to find the relationship between the dynamic modulus variability index
(Ibynmod) andau. Figure7.14 shows theaa versuslpynmod for the mixtures in this study. Different
points in the same mixture show different levels of the predictive envelope. These results are

from 15 different conditions representing a total D06 FlexPAVEM simulations ¢eeTable

7.3).
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Figure7.14. a1 versuslpynmod for different mixtures

Based on this figure, Equati¢i.5) was developed. In this equati@a,can be calculated

knowing thelpynmod from the AMPT dynamic modulus test.
a = 0.202 I pyoq) (7.5)

7.8.2.DamageCharacteristic

A similar approach described in the previous subsection was considered to find the effect
of damage characteristic parameters on the %Damage distributtbe.flrst step, th€ versus
Svariability index was defined. Equati¢n.6) shows the proposed index that represents the
variability for theC versusScurve This equation calculates the area between the fittessus

Scurve for thé™ specimen (dataset) and tBerersusScurve using all of the samples (datasets).

1 -IEI Sma\x _ (76)
|0vss:Na. NICi Ciit [dS
i=1 o
where
lcvss = index parameter representing the damage characteristic curve variation,
Ci = pseudo stiffness for tH& specimen,
Ci = fitted pseudo stiffness using all of the specimens, and
Shax = S represents the internal state variable @ S=200,000.
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In the next step, the damage characteristic envelopes were inputtEtekR&VE™ program.

For the dynamic modulus afR parametes, the mixturespecific mean values were used. Then,
the standard deviations of %Damage versus the average of %Damage were plotted for all
mixtures and different prediction levelsgure7.15 shows an example for different pretion
levels for Mixture A.Equation(7.7) shows the general function to relate the standard deviation
of %Damage and average of %Damage. Based on this@uaatl for a given asphalt mixture,

if a2 is known, then the %Damage distribution could be calculated at any damage level.

Sttbyes= 3 { %0"™ (7.7)
where
Stcvss = standard deviation of %Damage distribution due to damage
characteristic variation, and
a = fitting coefficient.
1.2 m199.99%Cvss
© 98%-CvsS _ 0.544
© 1r 90%-CvsS y = 0.2179x
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e 08
3 y = 0.1507x0:544
S 06 |
(@)
S i y = 0.1064x0-544
= 04
0.2 y = 0.0415x0-544
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Average of %Damage

Figure7.15. Effect of damage chacteistic variation on the %Damage variation using different

levels ofthe predictive envelopefor Mixture A

In the next stepaz versuslcvsswere plotted for all of the 15 conditions listedTiable7.3.

Therefore, Equatiok7.8) was developed to calculatefrom lcvss
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a, =9.09 3105 (I¢ys) (7.8)

7.8.3.Failure Criterion (D R)

In order to find the effectfdR parameters on the %Damage distribution, a similar
approachd that described in the previous subsections was employed. In the first step, the
variability of theDR variability index was definedinceDR is a single parameter, the standard
deviation ould be a good candidate for the index variabiliguation(7.9) presents the
proposed index that represents the variabilitp®f/alues. This equation sipty defines the

index variability as the standard deviatiorDdfvalues compared to the regres&&d

N 7.9)
RN e (
|DR—\/Nia:.l(Di 'Dfit)

where

Ior = index parameter representing failure criterion variation

DR = DRvalue for thd™ specimen, and

DR = regressedr value considering all of the samples.
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In the next step, the failure criterioDR) predictive envelopes were input to
FlexPAVE™ program. For the dynamic modulus adaersusSparameters, the mixture
specific mean values were input. In this part of the analpSiss the only variation in the
FlexPAVE™ simulations. Then, the standard deviation of %Damage versus the average of
%Damage was plotted for all of the conditions liste@able7.3. Figure7.17 shows an example
of different predicion levels for Mixture A. Similar to the plots for the dynamic modulus@nd
versusScurve, the standard deviation of %Damage correlates with the average of %Damage in

the power form in this plot.

Equation(7.10) shows the general form of this function. For a given asphalt mixtuaeisif

known, the %Damageistributioncanbe calculated at any damage level.

0.7 4 99.99%-DR

0.6 | ©98%-DR y = 0.1259x0-544
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£ | “O0%DR y = 0.1026x054
Q 04 f
2 = 0.0757x054
S 03t y
©
B 02 f

0.1 +

0 1 1 1 1
0 5 10 15 20 25

Average of %Damage

Figure7.17. Effect of failure criterionR) variation on the %Damage variation using different

levels of the predictive envelopes for Mixture A

Stdhg = & { %D>** (7.10)
where
Stbr = standard deviation of %Damage distribution duBRwariation, and
as = fitting coefficient.
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In the next stepas versusipr was ploted for all of the conditions listed ifable7.3.

Figure7.18 presents the mentioned plot. Therefore, Equdfidiil) could be defined as follows:

a; =5.07(IpR) (7.11)
0.25 -
COMixture A
02 A Mixture B
. ) M!xture C a; =5.07(Ipr)
B Mixture D R2=0.9875
0.15 ~ ¢ Mixture E **
& &
01 | A
A
0.05 |
0 : : ' ' '
0 0.01 0.02 0.03 0.04 0.05 0.06

IDR
Figure7.18. as versuslpr for differentmixtures

7.9.%Damage Distribution

In the previous section, three models were developed to calculate the %Damage
distribution usingoynmod lcvss andipr. As mentioned earlier, these parameters were investigated
individually, but in the pavement simulatiohgt%Damage distribution is a function of the
combined uncertainty of dynamic modulas)( damage characteristiazf, andDR (a3). In this
section, the interaction @i, a2, andas was investigated. In the first step, the 99.99% predictive
envelope for gnamic modulusC versusS, andDR was selected. These three envelopes were
randomly combined and input to FlexPAWE The same study was repeated for 98%, 90%, and
50% predictive envelopeBigure7.19 shows the standard deviatiof %Damage versus the
average of %Damage for four different prediction levels for Mixture A. Similar to the previous

graphsapower elationshipis observed.
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Figure7.19. Effect of dynamic modulus, dage characteristic, and failure criteriddf}

variations on the %Damage variation

Equation(7.12) shows the general function of the standard deviation of#ga and

average of %Damage. Based on this equation, the %Damage distrdartlmsn calculated if

atotal IS known.

Stc’ﬂ'otal = a\'otal( %90.544 (712)
where
Stdrotal = standard deviation of %Damage distribution, and
arotal = fitting coeficient.

In the previous section, the models to fagaz, andas were developedlhis section
develos a model o find the relationship betweenoa and the material uncertainty indices, (
az, andag). In order to find the mentioned relationship, a linear regression method was
employed. Equatio(i7.13) shows the general form afotal regression model.

Stdrotal =W 3St%ynMod '“é’ Stgvss W SﬁgR
aro (%D)** = wa (%D ™ +wa( %D °** wa( %
arow (%D) 77" = (%D)***(wa +wa +a)

aTotal :V\ﬂai +W232 *"‘éas

054 (7.13

where
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w1, andwz, ws = linear regression coefficients.

In order to findwi, w2, andws, an experimental plan was design€dble7.6 shows the
experimental plan for the regression analysis. In this study, all possible combinations of the
prediction levels for each mixture were considered. For example, for Mixture A, four different
predictive envelopes for dynamic modulus, foufetiént predictive envelopes for damage
characteristics, and four different predictive envelope®fgparameters are available.
Therefore, 64 possible combinations could be created with varying levels of predictions. For
each condition, the predictive elgpes were randomly combined, and FlexPAY/Bimulations
were done for each combination. In the next sieqw was calculated foraeh combination
using Equatior{7.12). On the other han@y, a2, andas are known from thépynmod lcvss andlpr,
respectively. Thereforeyi, wz, andws for each mixture could be found through the regression

analysis (see Equatidid.13)).

Table7.6. ExperimentaPlan forthe Regression Analysis

Mix Number of Prediction Levels Prediction Levels Number of Conditions
Mixture A 4 50, 90, 98, and 99.99% 4x4x4 = 64
Mixture B 4 50, 90, 98, and 99.99% 4x4x4 = 64
Mixture C 2 50, and 98% 2x2x2 =8
Mixture D 2 90, and 99.99% 2x2x2 =8
Mixture E 3 90, 98 and 99.99% 3x3x3 = 27
Total 15 N/A 171~

*Note: 171 conditions represents11@00FlexPAVE™ simulations

Table7.7 shows the rgression results for each mixture individually. Due to the similarity
of the coefficients for different mixtures, the use of a global set of coefficients was examined.
Therefore, another regression analysis was performed using all of the data, andathe glob

coefficients were obtained. The result of this analysis can be found in the lastTable?.7.
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Figure7.20 shows the results of the predictedi versus fittedarota using the global linear

regression coefficients. The last two column3able7.7 present the mean SSE for two

differentscenarios. The column titleiMean SSBshows the SSE for a respective mixture after

optimizing the mixturespecific weight factors. In this case, the optimization using Mixture C

resulted in the best match with the observed data. The columnditésth SSE for all 171

condition®presents the mean SSE when the mixture specific weight factors were used to predict

all 171 conditions. Since the global calibration was developed using all of these 171 conditions,

the value of SSE in both columns is the sanhBolumns are provided to give the reader a

sense of the overall efficacy of using the globally calibrated coefficients.

Table7.7. LinearRegression Coefficients for Different Mixtures

Mix W1 W2 ws MeanSSE* Mean SSE for all 171 condition
Mixture A 0.32 0.63 0.72 54E-05 2.0E-04
Mixture B 0.26 0.42 0.91 4.8E-06 2.0E-04
Mixture C  0.15 0.35 0.96 4.1E-08 5.8E-03
Mixture D 0.34 0.29 0.92 2.9E-07 5.2E-03
Mixture E  0.24 0.62 0.77 6.3E-06 3.6E-04

All (Global) 0.28 0.55 0.83 3.86-05 3.86-05
*Mean SSE: Average of the sum of squared errors.
03 COMixture A ’.,.'
A Mixture B gl
OMixture C
302 B Mixture D
% ¢ Mixture E
o
© 01 #
//‘A w,=0.28
//’ w,=0.55
e w,=0.83
0 b . !
0 0.1 0.2 0.3

aTotal

Figure7.20. Prediction results obtained from linear regressioalysis
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In the next step, the effect of using the global coefficient on the %Damage propagation

was investigated. In order to find the %Damage distributieddamage is defined in Equation

(7.14).

%Damage = %Damager Z 3 Stgl, (7.14)
where
%Damage = %Damage at the reliability level of P,
% Damage = %Damage for a given mean input value (50% reliability level), and
Zp = standard normalaViate corresponding to the reliability level of P.

In order to quantify the erro¥pError is defined in Equatio(7.15):

7.1
%Error = (DZOQS%' aro[t)eu-zF’(r:;;Jicted - D 2098% 'aTotal) ( 5)
8%- &roral
where
D206 a1 renes = %Damage at the end of 20 years corresponding to 98% reliddilely
USingaTotal-Predicted
D20yg 4, = %Damage at the end of 20 years corresponding to 98% reliability level

usingarotal

As noted earlier%Error was defined to quantifihe overall efficacy of using the
globally calibrated coeffieints. Therefore thi&Error for @ll of 171 conditiongfor two
different scenarios was studied. The first scenario was to investig&teiiner using the
globally calibrated coefficient$n the second scenario, theError using the mixture specific
coefficients was studied. THéError using the mixture specific coefficients can be considered
as thedreferencépoint. Therefore, a comparison of these two scenarios can show the overall
efficacy of using global coefficientEigure7.21(a) shows thé&ocError using the global
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coefficients(scenario 1)Figure7.21 (b) shows théoError using the mixture specific regression
coefficients (scenario 2). Based on this figure, the maxi®akrror for all 171 conditios is
less than 2%. Comparing these two figures can confirm that the global regression coefficients

can be used to find the %Damage distribution.

w,;=0.28 (a) (b)
2 | W,=0.55 2
w,=0.83
1 1
2o h || ||I|| Il |||I|| |||II|I S T A 1 % [ = fla. |||| ||I|||| 1 Mty Lt
g 0 || |||| I|I'l|'||'- T |'i'| eyt 2 0 |||||||| Iy |'I| |||l||"'l"' - B
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= = == = = = = = =
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Figure7.21. %Error defined in Equatiorf7.15) for different mixtures using the regression results

from (a) global regression coefficients, and (b) mixtspecific coefficients

7.10.%Cracking Envelope
In order to calculee %Cracking, the preliminary transfer function for the predicted
fatigue damage was used. The general form of the transfer function is presented in Equation

(7.16) (Wang et al. 2029).

. 7.16
%Cracking= |5<(;) — g (7.16)
1+Cf1 (og ¢3- log% amagée
where
Ci1, Crz2, andCis = calibraton factors and the values of 0.342, 13.97, and 16.38 respectively

Figure7.22 shows the 98% %Damage and %Cracking envelope for Mixture A in the
Structure # condition (se@ able7.4). These data were generated following the framework

presented in this chapter.
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Figure7.22. Predictiveenvelopes for (a) %Damage and (b) %Cracking

7.11.Model Verification

In the final step, the verification of the proposed models was studied. In this part, the
%Cracking envelope und&tructure # loading codition (se€Table7.4) was obtained for all of
the mixtures using two different approaches: In the first approach, the %Cracking envelope was
obtained by FlexPAVE' simulations through HPC. The %Cracking was generated u80Q
FlexPAVE™ simulations, and the 98% confidence interval of the results was considered as the
prediction interval. These results can be regarded asetieeencédata for model verification.
In the second approach, the %Cracking envelope with the rijideuel of 98% was generated
using the proposed models in this chadtgyure7.23 andFigure7.24 show the %Damage and
%Cracking bands using the two mentioned approaches. These figures show the results for the
dest cas@(where global coefficients best match theferencéconditions) and for théwvorgt
cas®(where theéoError is the highest). For th@vorst casébased on the predictive model, the
%Damage at the end of 20 years falls in 158%2% with 98% reliability. However, based on
the FlexPAVEM simulations on HPC, this value falls in 15.8%.6% with 98% reliability. For
the %Cracking at the end of 20 years, the upper band from the FleXPAEC simulations is
40.3%. This value from the predictive model is 41.8%. Therefore, fantbiest casg the error

in predicting the upper band of %Dage and %Cracking is 0.6% and 1.5%, respectively.
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Figure7.24. FlexPAVEM results angbredictiveenvelopes for (a) %Damage and (b) %Cracking

for thedworst casé

7.12.Summary and Conclusion

In this chapter, the framework for calculating the %Cracking predictive envelope was
developed. This framewofkas developed based on th&BECD fatigue model. This model is
implemented irfFlexPAVE™ program. This program can predict the %Cracking at any given
climate, loading condition, and structure. In order to develop the framework, thousands of
FlexPAVE™ simulations were done. Five different mixtures with different levels of prediction
were used. The MCMC method was used to generate the dataset for the FIEXRAYYES.
Three material variability indices were defined, and a model was developed to relaged the

indices to the %Damage distributidfigure7.25 shows the frameworkroposedn this chapter.
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Developing this framework could sasmgnificantexecutiortime and will allow users to find the
%Cracking envelope at any given reliability level.

In order to run the MCMC, 1000 FlexPAVE simulationsshould be done. These
simulations take approximately 500 hours of computing (~20 days). However, with the proposed
framework, there is no need to run additional FlexPA¥Eases and the %Cracking envelope
can be calculated using the FlexPAVEesults forthe %Damage from the mean input values

(~30 minutes).
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Figure7.25. The framework to find the %Cracking predictive envelope
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CHAPTER 8. RELIABILITY ANALYSIS OF RUT DEPTH PREDICTION IN ASPHALT
PAVEMENT SECTIONS USING FLEXPAVE ™ PROGRAM AND PERMANE NT
DEFORMATION MODEL
8.1.Introduction
In the previous chapter, the importance of the uncertainty quantification in the material
and the suctural level was discussed. Then the framework to develop the %Cracking predictive
envelope was presented. Chapeand 3 of this dissertation presented the basis of Stress Sweep
Rutting (SSR), permanent deformation shift model, and Rutting Stragx [{iR5I1).In this
chapter, the framework to develop the rut depth predictive envelope is presented. In order to
develop the framework for rut depth predictithis studyused the simplified FlexPAVE!
algorithm presented in Chapter 3. In Chapter 3, itstasvn that the asphalt lagerut depth is
independent of aggregate base thickness, base modulus, and subgrade modulus. It was also found
that for this model, the variation in the asphalt mixture dynamic modulus does not significantly
affect the rut deftin the asphalt layer (Ghanbari et al. 2020). Therefore, despite the %Cracking
calculation, the dynamic modulus variation is not a critical factor in the rut depth predictive
envelope.
As noted earlier, the main drawback to calaotathe %Cracking pradtive envelope
was the extensive computation time of the FlexPA¥&mulation to rurl000cases of MCMC
generated inputs. As a result, the predictive models were developed to bypass10@aing
FlexPAVE™ simulations. However, with the simplified algiwin developed in Chapter 3, this
concern does not exist for the rut depth calculations. With the simplified version of the
FlexPAVE™ algorithm,1000FlexPAVE™-Rutting simulations can be performed i2 1

minutes on a regular computer (qeaate CPU and &B RAM). So there is no need to develop
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new models to find the rut depth predictive envelope. The rut depth predictive envelope could be
obtained by runnind000cases of simplified FlexPAVE algorithm. In order to verify the
simplified FlexPAVEM, 1000cases of FlexPAVE' simulations were performed in HPC, and
the results were compared to the results from the simplified FlexPAVE

Figure8.1 (a) shows the results obtained by FlexPAVYEimulations on HPC. The same
simulations wee done using the simplified version of FlexPAVESeeFigure8.1 (b)). In the
next step, the results from two different procedures were compared. As a result, the maximum
percent difference in the predicted rut depth obtaineithédywo mentioned methodologies was
0.1%. Therefore, the simplified FlexPAVEWas used to run the structural simulatidfigure

8.2 shows the preliminary framework to calculate the rut depth predictive envelope.

8 ' . . ' 8 . : : .
FlexPAVE ™ (@) — Simplified FlexPAVE ™ (b)

0 50 100 150 200 250 0 50 100 150 200 250
Time (Month) Time (Month)

Figure8.1. Comparison of rut depth calculation obtained by (a) FlexPA\dad (b) Simplified
FlexPAVE™M
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Figure8.2. The framework for the uncertainty quantificatmifRut Depth

8.2.Material and Data
In order to investigate the effect of uncertainty on the permanent deformation in the
asphalt pavements, the SSR test results from different materials were selected. The general

information on these mixtures is listedTinable8.1.

Table8.1. Mixture Information

Mix '\émg)s g?:;é g(;r:](:grr]t CF;ﬁtF;nt Source
(%) (%)
Mixture A 9.5 PG 5828 5.8 30 NC
Mixture B 9.5 PG 5828 6.1 30 NC
Mixture C 9.5 PG58-28 5.3 30 NC
Mixture D 12,5 PG 64E28 5.3 20 ME
Mixture E  12.5 PG64-28 4.7 33 MO
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8.3. Uncertainty in Rut Depth Prediction
Equation(8.1) shows the permanent deformatghift model. This model is calibrated by
the SSR test results. This model will be calibrated using six model coeffidigrits ( B ¢h, p

andd). In this section, three major uncertainties in the rut depth prediction are studied.

8, = &N, 4 i
(N + N 61
N, =N 30"
& =8 1,
a = g(log(xp) 40.39%
a,=(d, 3T &) (8g(s,/R) 0877,
where
Up = viscoplastic strain,
Nred = reduced number of cycles,
ar = total shift factor,
s p = reduced load time shift factor,
ag v = vertical stress shift factor,
3p =reduced load time, s,
Qv = verticd stress, kPa,
T = test temperature, °C
Pa = atmospheric pressure used to normalize the stress, kPa, and

B, N, b ch, amld: = fitting coefficients.

8.3.1.Variation in the SSR Test Results

As noted in the previous chapters, the SSR test procedure $ahewAASHTO TP 134
standard. In this test, the viscoplastic strain at the end of each cycle is recorded. Based on this
standard test procedure, when the difference in the viscoplastic strain at the end of 600 cycles
between two replicates is less than 2586 third replicate is not needédgure8.3 shows the
SSR test result®r Mixture A describedn Table 32. This test was performed with two
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replicates at low temperatur@€ 30 ) and two repli dvdbéds)at |l hnigh
this test, the differences between the viscoplastic strairts/d replicates at high temperature

and low temperature are 23.2% and 21.1%, respectively. Therefore, based on the AASHTO TP

134, these results are acceptable, and the third replicate is not needed. In this section, the effect

of these variations on tlghift model calibration and rut depth prediction is investigated.

.02

0.025 ¢ TH-Replicate #1

- = -TH-Average
0.020 F TH-Replicate #2

s TL-Replicate #1

- - = TL-Average _
0.015 TL-Replicate #2 <
0.010
0.005
0.000

0 200 N 400 600
Figure8.3. Viscoplastic strain versus number of cycles from the SSR test resultéxture A

8.3.2.Variation in the Shift Model Coefficients

In order to calibrate the permanent deformation shift model, the viscoplastic strain versus
the number of cycles for each temperature is needed. So the average of two r@plicates
viscoplastic strains at each temperature is used to calibrate the shift model. In this section, the
effect of sample to sample variation on the shift model calibratistuéed using only results
from measured tests. For the first step, five different approaches were defined based on the
measured results and then used to calibrate the permanent deformation shift model. The first
approach, which is the AASHTO TP 134 stardiprocedure for the shift model calibration, was

to calibrate the model based on the average viscoplastic strains from the two tests at each
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temperature (Approach #1). Approach #2 to Approach #5 used the four possible combinations of
individual replicats to calibrate the shift model (s€able8.2). The shift model was then

calibrated using the five different approaches, and five different sets of model coefficients were
generatedTable8.2 shows the shift model coefficients that were calibrated based on five

different approaches. In this table, the variation of the model coefficients from the measured data

can be observed.

Table8.2. Different Approaches to Calibrate the Permanent Deformation Shift Model

o

Approach Th TL W Ni b p1 d1 d2
#1 Average Average 2.95E03 0.9 0.727 0.66 0.140 -1.37
#2 Replicate #1 Replicate #1 3.00E03 0.7 0.710 0.63 0.124 -0.95
#3 Replicate #2 Replicate #1 2.92E03 1.2 0.748 0.52 0.150 -1.20
#4 Replicate #1 Replicate #2 3.00e03 0.7 0.710 0.79 0.137 -1.64
#5 Replicate #2 Replicate #2 2.92E03 1.2 0.748 0.69 0.172 -2.33

8.3.3.Variation in the Rut Depth Prediction

In this section, the effect of the variation in the model coefficients on the pavement rut
depth prediction was studied using thaglified FlexPAVEM algorithm described in Chapter 3.
In order to carry out the predictiortructure # (see Table 7.2) was selected. This structure was
also used to develop the Rutting Strain Index (RSI) (Ghanbari et al. 2020). In the next step, the
asphalt layer rut depth was predicted for 20 yekigure8.4 shows the simplified FlexPAVE!
simulations using different approaches listedamble8.2. In this figure, the rut depth at the end
of 20 yeardor Approach #2 has the highest value compared to other approaches (5 mm). This
value for Approach #5 has the least value (3 mm). Therefore, the range of 3 to 5 mm is the

expected range of rut depth prediction for this specific test result and structures.
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Figure8.4. Rut depth prediction by simplified FlexPAVE using the permanent deformation
shift model and SSR test

8.4.Bayesianlnferencebased MCMC

In the previous chapter, the framework to predict %Cracking envelope was presented. |
this chapter, the same approach was employed to calculate the rut depth predictive envelope. In
order to calculate the rut depth predictive interval, the Bayesian infebaseel MCMC
methodology was used to generate the model coeffidigmgh 2013)In this method, the shift
model coefficients®, N, b ¢k, amldz) were treated as random variables. The MCMC was
used to generate the probability distribution for each of the six model coefficients;dhkeso
posterior distribution. The posterior distribution shows the credible intertiakahodel
predictions. This methodology can quantify the shift model uncertainties because it provides the
model coefficient densities and can quantify the effect of the model coeffaiemsity through
the posterior distribution.

In the first step1000 sets of the shift coefficient&( Ni, b ¢h, aquldz) were generated
using the Bayesian inferenbased MCMCNo restriction was applied to the posterior
distribution, and the coefficients were generated with the MCMC method without any constraints

on the coefficientdrigure8.5 shows the parameter estimation using the mentioned technique.
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Figure8.5. Parameter estimation results for the shift model coefficients correlations

In the next step, the posteridensities ofs, Ni, b ¢k, amldz are propagated to construct the
distributions of the viscoplastic strain at the test temperatle®(T. andUp @ Tw). In order to
find the effect of this variation on the structural level,2080sets of nedel coefficients were
input to the simplified FlexPAVE' algorithm, and the rut depth over 20 years was calculated
for each set of coefficientBigure8.6 shows the credible intervals of the viscoplastic strain and

the rut depttpredicted by the simplified FlexPAVE usingStructure #.
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Figure8.6. 95% Credible intervalfor Mixture A using unconstrained MCMC for (a)

viscoplastic strain, and (b) rut depth

In the next step, therediction interval data was generated using MCMC methodokagyre

8.7 shows the 95% prediction intervals of the viscoplastic strain and the rut depth predictions
usingStructure #. Although the credible interv@l range in th viscoplastic strain looks small,

this uncertainty has a substantial impact on the rut depth prediction. As mentioned earlier, the rut
depths obtained by Approach #2 and Approach #5 were considered as the extreme cases in the
rut depth predictionHenceit is expected that these two approaches cover the variation in the rut
depth prediction. However, the prediction interval bandigure8.7 is wider than the range

provided by the measured data.
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Figure8.7. 95% Prediction interval®r Mixture A using unconstrained MCMC for: (a)

viscoplastic strain, and (b) rut depth
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8.4.1.Constrained Parameter Estimation

In order to find the reason for the vast range of rut depth prediction intervals, the
variation in the shift modé coefficients was investigated in a more detailed analysis. In the first
step, the range of the parameter estimations tstaart the credible interval and prediction
interval was studied. The posterior distribution variation was then compared to the model
coefficients calibrated using five different approaches Tsdxe8.2). As mentioned in Chapter
2,8, Ni, andb are the three model coefficients to construct the reference curve. These three
coefficients are obtained by fitting the viscoplastic strain versus the number of cycles at the
reference conditionTable8.3 shows the range of these three coefficients obtained from the

measured data, credible interval, and prediction interval.

Table8.3. The Range of Shift Model Coefficients in the ParenEstimatiorfor Mixture A

o

W N d
Min Max Min  Max Min Max
Measured Data 2.92E03 3.00E03 0.7 1.2 0.710 0.748

Credible Interval 2.59E03 3.07E03 0.1 1.7 069% 0.736

Prediction Interval 2.26E03 3.29E03 0.1 1.1 0.691 0.737

As shown inTable8.3, the model coefficients range in the measured data is narrower
than the coefficient ranges in the credible and prediction interval. Therefore, the broader range
for the shift model coefficients in the credible and predictiomwalecould be one of the
possible reasons for the considerable variatidfignre8.6(b) andFigure8.7(b). In the next
step, the posterior distribution was generated in a constrained range. So thesffigients (3,

Ni, andb) were generated limited to the range of the coefficients from the measureigiate.

8.8 shows the parameter estimation to generate the posterior distribution. In the next step, the

195



viscoplastic stiins at the test temperatures were generated using the MCMC posterior
distribution.Figure8.9 shows the credible interval for the viscoplastic strain and the predicted
rut depth using the new sets of coefficients. As expectedatige of 95% credible interval for

the rut depth decreased significantly. Therefore, constraining the coefficients can be a possible

approach to generate the posterior distribution.
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Figure8.8. Parameteestimation using constrained MCMG@r Mixture A
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Figure8.9. 95% credible intervalr Mixture A using constrained MCMC for: (a) viscoplastic

strain, and (b) rut depth
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In the next step, the posteriosttibution for the prediction interval was used, and the
model coefficientsveregenerated by the MCMC method. Similar to the credible interval
posterior distribution, the model coefficients were generated in the same range as the measured
coefficients Figure8.10 (a) shows the 95% prediction interval for the viscoplastic strain at the
SSR test temperaturigure8.10 (b) presents the 95% rut depth prediction interval under
Structure #1. As expectechnstraininghe model coefficists decreased the variation in rut
depth prediction. As mentioned earlier, the SSR test résaltstion for Mixture A was
reported as 23.2% and 21.1% in high temperature and low temperature, respectively. These

variations lead to a maximuwariationof 49.9 in the mixture rut depth.
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*
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Figure8.10. 95% Prediction intervals using constrained MCMC for: (a) viscoplastic strain, and
(b) rut depth
Previousresearch studies showed thigandN represent the primary region, and ).
the slope of the permanent strgimowth in the loglog scale in the secondary region (Choi
2013). Therefore, these three parameters represeasphalt mixture's viscoplastic behaviior
the primary and secondary regions. In Mixture A, the unconstrained MCMC leads to
considerable vartin in B, Ni, andb These variations result mlargervariation in rut depth

prediction. For example, the rangebdfom the measured data is from 0.710 to 0.748 Tsdxe
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8.4). Based on the unconstrained MCMC, this range from the parameter esti(bpti@s from
0.691 to 0.737. As a result, the MCMC temal generate lowds values. As mentioned, {b)
controls the permanent strain growth; therefore, a |@nvalue leads ta higher viscoplastic
strain.On the other hand, lowé$ results in a lower visplastic strain. In Mixture A, the
MCMC generates lowds values in comparison with the measured data. Therdjmadb are
competing against each othetich maycontribute tahe larger variation in the predictive
envelope irFigure8.7.

In Chapte 3, it was found that the structural factors do not have a significant effect on the
rut depth variations. In order to confirm this finding, the asphalt layer rut depth variation for
Mixture A was calculated using a different structure. (Structure #8leT7.4) Figure8.11
shows the comparison of the results for the simplified FlexPA\&mulations using Structure
#1 and Structure #8. In this case, the same results for both structures (masiriaiionof
49.9%) were obtained. Therefore, the findings in Chaptefe8a@ to the independency of rut

depth variation to the structural factor was confirmed.

: Approach 1 (a) ; Approach 1 (b)

Approach 2 Approach 2
8 © Approach3 O Approach 3
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Prediction Interval
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Prediction Interval
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Figure8.11. 95% Prediction intervals for asphalt rut depth using constrained MCMC for: (a)
Structure #1, and (I8tructure #8
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In order to see the effect of variation in the SSR test results on the rut depth prediction,

another set of SSR test results with less variability compared to Mixture A was used, and the

same study was repeatedMixture B, the SSR test reksOvariation is less than the Mixture A.

Similar to Mixture A, the test was performed with two replicates at low temperdiwe3(0 )

and two replicates at high temperatufre{ 5 1 ) .

viscoplastic strains for two replicates at high temperature and low temperaturésand.

n

t

his test

t he

6.9%, respectively. Based on the measured data and using ApgibéaiApproach #5, the

maximumdifferencein rut depth prediction waks.8%. Similar to Mixture A two different

scenarios of MCMC simulations were perforntedjenerate 95% predictive envelopable8.4

shows the range tiie shit model coefficients obtained from the measured dateonstrained

credible interval, andnconstrainegrediction intervalFigure8.12 andFigure8.13 show the

95% predictive envelopes using the umstbained and constrained MCMC, respectively. Based

on the unconstrained MCMC, the maximdifferencein the rut depth prediction wakgl.5%.

For this simulation, the maximudifferenceusing the constrained MCMC was.3%. A

comparison of the results froltixture A and Mixtue B showed that as the variation in the test

results decreases, the variation in the rut depth prediction decreases.

Table8.4. The Range of Shift Model Coefficients in the Parameter Estimfdidvixture B

o

W N b
Min Max Min  Max Min Max
Measured Data 3.69E-03 3.76E-03 05 0.7 0685 0687
Credible Interval 3.37E-03 3.73E-03 0.1 06 0.667 0.689
Prediction Interval 3.23E-03 362E-03 0.1 04 0.667 0678
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Figure8.12. 95% credible intervals using unconstrained MCMC for: (a) viscoplastic strain, and
(b) rut depth
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Figure8.13. 95% credible intervals using constrained MCMC for: (a) viscoplastic strain, and (b)
rut depth

As mentioned earlier, the variation in both high temperature and low temperature affects
the rut depth variation. The sameadysis described in this chapter was performed on Mixture C,
Mixture D, and Mixture EseeTable8.1). Table8.5 shows the variation in the SSR test results
and the rut depth from the measured datalfafahe mixtures in this study. In the next step, the
variation in the predictive envelope was investigated using the constrained and unconstrained
MCMC. The figures showing the predictive envelopes for the mixtures can be found in

Appendix B.
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The resuk show that the variation in rut depth depends on the climatic condition,
variation in low temperature, and variation in high temperaftrasdefining a global function
that relates the variation in the material level to the structural level variatomgslex. A rule
of thumb for the mixtureanalyzedin this study shows that the variation in the rut depth
predictive envelope is 1.5 to 3.5 times of the variation in the viscoplastic strain. However, with
developing the simplified FlexPAVE, thee is nolonger aneedfor developing a predictive
model. The simplified FlexPAVE' algorithm calculates the variation in the rut depth given the

climatic condition and variation in the material level.

Table8.5. TheVariation inTest Results and MCMC Data Generation for All of the Mixtures

Viscoplastic Viscoplastic Rut Depth (From Rut Depth Predictive
Climate Strain@T. Strain@ Ty  Measured Data) Envelope (Constrained

Mixture A NC 21.1% 23.2% 40.0% 49.9%
Mixture B NC 6.9% 4.7% 16.8% 21.3%
Mixture C NC 6.3% 8.4% 17.5% 16.3%
Mixture D ME 0.2% 8.6% 1.5% 7.6%
Mixture E MO 2.5% 1.8% 11.4% 8.6%

8.5. Summary and Future Works

Table8.6 presents the resslof the predicted rut depth after 20 yearsatbof the
mixtures listed irrable8.1. In this table, the range ait depth predictive envelope for all of the
mixtureswascompared using two methoflsnconstrained MCMC and cdngined MCMC) In
the first method, theut depth predictive envelopesre generated using the unconstrained
MCMC. In the second scenario, the coefficients were generated constrained to the measured

model coefficients.
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Table8.6. The Range for Rut Depth Predictiosing Different Methodologies

Rut Depth @ 20 years (mm)

Measured Data Unconstrainec Constrained

Miwe Ayl g Y
MUEE o g b1 57
MweC o 5 2 20
Miwed g 2 19
MweE L 5 a5 a2

The results showed that constraining the shift model coefficients to the measured data
generate a posterior distributiorwith anarrower rang¢hanthe unconstrained MCMC
generation. Therefore, this approach could be used to generate the predictive envelopes for the
rut depth predictionfigure8.14 shows the proposed framework for the rut depth ptieei
envelope.

As mentioned earlier, the shift model coefficients are calibrated using two replicates at
each temperature. The main drawback of the proposed methodology could be constraining the
coefficients to the limits obtained by the measured daterefbre, the limits are forced to the
measured data, which comes from two replicates at each temperature. In order to improve the
accuracy of the test results, a ruggedness study should be done to identify the effect of the SSR
experimental factors on tishift modeds coefficients. As the ruggedness study on AASHTO TP
134 will be done, the effect of sample to sample variability on the model coefficients could be
studied. Therefore, the limits for the Bayesian inferdmacged MCMC could be selected based

onthe more robust analysis.
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Figure8.14. The proposed framework to calculate the rut depth predictive envelope
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CHAPTER 9. SUMMARY AND CONCLUSIONS

This dissertation preseragsesearclstudyconductednthe performance and reliability
analysis irthe asphalt mixture performanoelated specificatio(AM -PRS) In the first stage of
the researchhe permanent deformation shift model aheé SSR test procedure have been
modified.As a result, the accuracy of the shift model prediction incred$edresearch then
continued bydevelopingRutting Strain Index (RSI). This index parameter is a quick atdroof
the rutting behavior of asphalt mixtures. RS rutting index parameter that is based on
fundamental engineering princigland efficient SSR testing. Thparameter captures the effects
of temperature, stress level, and loading time on thegre¥nt deformation of asphalt concrete
using realistidoadingand climatic conditions. The developed rutting indexangood
agreement withhefield observations as well as the engineering judgmentpB@imeter is also
sensitive to mixture factors, duas RAP content, binder content, and volumetric propeRigk.
can be employed by agencies as a tooifdexbasedEMD and quality assuraa purposes.
The FlexMAT™ program can simply analyze the SSR test results, calibrate the shift model, and
calcukte the RSI.

In the next stage of this research, the performanbanetric relationship (PVR) has
been developed. The PVR function predicts the pavement distress (cracking and rutting) due to
the volumetric change. This function is mixttdependent andanbe calibrated by three to five
volumetric conditionsState highway agencies can employ PA&arobusttool for predictive
PEMD andquality assurate purposes.

In the next stage of this dissertation, the framework of the perforrsngteeered mix
design has been developed. Based on this framework, two approaches were takentheapply

PEMD in the PRS: Predictive PEMihdIndexbased PEMD
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The proposed predictive PEMD employs the PVR function. The function will be
calibratel by four different volumetc conditiors of the mixturein question The method will
optimize the mix desighy balancingthe cracking and ruttingonsidering the volumetric
conditions During this researclihe PVRt function has also been developed to predict the life of
the desiged pavement at different volumetric condigoim the PRS, the projespecific life
table can be constructed by PVR and PVRt. As a consequence, the pay adjustment beble can
generatecccordingtd he agneedx i es 0

Theindexbased PEMIEmploys thdatigue and rutting index parametegsphand RSI)

In the proposed method, the optimum mix design will be found by optimizing the IVR function.
IVR correlategheindex parameter to the change in the volumetric condition. The function will
be calibratd by two different volumetric conditiaof the proposed mixturén this research, the
FlexMIX™ program was developed. This program contains the platform for both predictive
PEMD and indexbased PEMD and can simply calculate the optimum asphalt mixtugmndes

In thelast stage of thisesearchreliability analysis in the PRS was investigateadr this
purpose, the study proposgdantifying the uncertainty in the material level(ECD and
permanent deformation shift model) and investigatimegeffect othe material modées
uncertainty on the structural simulation. This research developed a framework to find the project
specific reliability leveldor the rut depth and %Cracking predictiorFiexPAVE™.

During this study, the predictiveodels have be&edeveloped to quantify the material and
structural uncertainty. Irhe proposed framework, thet depth andoCracking envelope can be
calculated using Bayesian inferenebased MCMGCandthe FlexPAVEM results from the

mean input values
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The followingsummarize the conclusions of this research:

T

The SSR test and permanent deformation shift model can be used as an efficient method to
characterize asphalt mixtudesitting behavior.

Temperature, vertical stress, and load time are trigeal componets of the shift model.
FlexPAVE™ program can be used as a tool to simulate these components along with the
depth

RSlis a quick indicator of rutting behavior thaptures the effects of temperature, stress
level, and loading time on the permanent deftram of asphalt concrete using realistic
loadingand climatic conditions

RSlis sensitive to mixture factors, such as RAP content, binder content, and volumetric
properties.

RSIcan be employed by agencies as a tooinfdexbasedEMD and quality assunae
purposes.

The dstresses predicted lilge PVR function havgood agreement with the measurements
from other volumetric conditions that are not used in the PVR calibration.

ThePVR function can be used ihe predictive PEMINdPRSby conducting the MPT
performance tests on a few volumetric conditions.

PVR provides a platform to develdpetpay tables in theRSbased on the predicted
pavement performance.

ThepredictivePEMD method aims to predict the performance across the entire volumetric
space ad determine the performanroptimum mixture by optimizing the aggregate
gradation and binder content for the given set of component materials and the given

aggregate gradation type.
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ThePVRt function can be used to predict pavementTife performanceptimum design is
selected by comparing the pavement lives based on fatigue cracking and rutting.
TheindexbasedEMD method aims to predict tivedex parameter acrossalumetric

space and determine the performanpémum mixture by optimizing the aggate

gradation and binder content for the given set of component materials and the given
aggregate gradation type.

The indexbased PEMD and predictive PEMD performaonpémum designs are predicted
to havealonger service life than the Superpave volumeatptimum designs.

The main drawback of the uncertainty quantification in the pavement simulation programs is
the computation time. With the proposed framework for the reliability anaitysis
FlexPAVE™, this concern does not exist anymore.

In the proposd reliability framework for %Cracking, three matewatiability indices

(Ioynmod, lcvss Ibr) were defind. The material indices showed a good agreement with

the %Cracking variationgt the structural level.

The mixturespecific %Cracking envelope caa balculated using the FlexPAVEresults
from the mean input valuesd the developed predictive moddikereforethere is no need
to run additionakimulations

The proposed predictive models generate the mbdpeeific %Cracking envelope at any
reliability level.

For the rut depth predictive envelope, the constrained MCMC was suggested. The results
showed a good agreement compared to the measured data.

The mixturespecific rut depth envelope at any reliability level can be generated using the

simplified FlexPAVEM algorithm.

207



1 The proposed framework in this research study helps the state highway agencies develop
their performanceelated specifications.
1 With the proposed framework, the agencies can develop the pspgafic pay adjughents

at any dsired reliability level. The projectspecific pay adjustments will lsed on the true

performance of the asphalt mixture.

208



REFERENCES

AASHTO guide for design of pavement structufE335). American Association of State
Highway and Transportation Offalis, Washington, D.C.

AASHTO T 245. (2017). Resistance to Plastic Flow of Asphalt Mixtures Using Marshall
ApparatusStandard Specifications for Transportation Materials and Methods of Sampling and
Testing

AASHTO T 320. (2016). Determining the Permanem¢& Strain and Stiffness of Asphalt
Mixtures Using the Superpave Shear Tester (SSfandard Specifications for Transportation
Materials and Methods of Sampling and Testing

AASHTO T 324. (2017). Hamburg Whe€&tack Testing of Compacted Asphalt
Mixtures. Standard Specifications for Transportation Materials and Methods of Sampling and
Testing

AASHTO T 340. (2015). Determining Rutting Susceptibility of Hot Mix Asphalt (HMA) Using
the Asphalt Pavement Analyzer (AP8)andard Specifications for TransportatiMaterials and
Methods of Sampling and Testing

AASHTO T 378. (2017). Determining the Dynamic Modulus and Flow Number for Asphalt
Mixtures Using the Asphalt Mixture Performance Tester (AMBSTandard Specifications for
Transportation Materials and Methedf Sampling and Testing.

AASHTO TP 116. (207). Rutting Resistance of Asphalt Mixtures Using Incremental Repeated
Load Permanent Deformation (iRLPCHtandard Specifications for Transportation Materials
and Methods of Sampling and Testing.

AASHTO TP 134(2019). Stress Sweep Rutting (SSR) Test Using Asphalt Mixture Performance
Tester (AMPT).Standard Specifications for Transportation Materials and Methods of Sampling
and Testing.

Advanced Asphalt Technologies (AAT), LL2011). NCHRP Report 673: Manuabf Design
of Hot Mix Asphalt with Commentaryransportation Research Board, Washington, D.C.

Akinay, A. E., & Brostow, W. (2001). Lonterm service performance of polymeric materials
from shortterm tests: prediction of the stress shift factor from anminn of
data.Polymer 42(10), 45274532.

209



Akinay, A. E. , Brost ow, W. , & Maksi mov, R
performance of polymeric materials from s
factor of a longitudinal polymédiquid crystal.Polymer Engineering & Sciencél1(6), 977981.

Alsherri, A., & George, K. P. (1988). Reliability model for pavement performalocenal of
transportation engineerind.14(3), 294306.

Al-Qadi, I. L., Ozer, H., Lambros, J., El Khatib, Aingvi, P., Khan, T., RiverRerez, J., &
Doll, B. (2015).Testing protocols to ensure performance of high asphalt binder replacement
mixes using RAP and RA8inois Center for Transportation/lllinois Department of
Transportation.

ARA, Inc., ERES Consudints Division.(2004).Guide for Mechanisti&mpirical Design of New
and Rehabilitated Pavement Structures. Final report, NCHRP Pre§@&. IT'ransportation
Research Board of the NatalmAcademies, Washington, D.C
http://onlinepubs.trb.org/onlinepubstaive/mepdg/home.htm

Americaninfrastructure Report Caf@dIRC 2017),AccessedNov 2020],
https://www.infrastructurereportcard.org/epntent/uploads/2017/01/RoaBmal.pdf

Azari, H., & Mohseni, A. (2013). Effect of sheirm conditioning and lortermaging on
permanent deformation characteristics of asphalt mixtBesd Materials and Pavement
Design 14(sup2), 791.

Bonaquist, R., Paye, B., & Johnson, C. (2017). Application of intermediate temperature semi
circular bending test results to design tanes with improved loadssociated cracking
resistanceRoad Materials and Pavement Desi@8(sup4), 229.

Brostow, W. (2000). Timestress correspondence in viscoelastic materials: an equation for the
stress and temperature shift factdaterials Researh Innovations3(6), 347351.

Burati, J. L., Weed, R. M., Hughes, C. S., & Hill, H. S. (20@®)timal procedures for quality
assurance specificatiorfdlo. FHWA-RD-02-095). TurnetFairbank Highway Research Center.

Buttlar, W., Rath, P., Majidifard, H., Da, E. V., & Wang, H. (2018). Relating DC (T) Fracture
Energy to Field Cracking Observations and Recommended Specification Thresholds for
Performanceengineered Mix Design.-Eircular TRB journal.

210

ho

(
h

2
t



Buttlar, W.G., Meister, J., Jahangiri, B., Majidifard, &,NRath, P. (2018). Performance
Characteristics of Modern Recycled Asphalt Mixes in Missouri, Including Ground Tire Rubber,
Recycled Roofing Shingles, and Rejuvenatbtissouri DOT, 68 77.

Buttlar, W. G., UrraContreras, L., Jahangiri, B., Rath, P., & M#grd, H. (2020). Support for
Balanced Asphalt Mixture Design Specification Development in Missouri.

Cao, W., Mohammad, L. N., Elseifi, M., Cooper lll, S. B., & Saadeh, S. (2018). Fatigue
performance prediction of asphalt pavement based on semicircoldineest at intermediate
temperatureJournal of Materials in Civil Engineerin@0(9), 04018219.

Caro, S., Castillo, D., & Sanch&ilva, M. (2014). Methodology for modeling the uncertainty of
material properties in asphalt pavemedtirnal of materia in civil engineering26(3), 440
448.

Christensen Jr, D. W., Pellinen, T., & Bonaquist, R. F. (2003). Hirsch model for estimating the
modulus of asphalt concret®urnal of the Association of Asphalt Paving Technologi&s

Christensen, D. W., & Bompuist, R. F. (2006)Volumetric requirements for Superpave mix
design(Vol. 567). Transportation Research Board.

Choi, Y. T., Subramanian, V., Guddati, M. N., & Kim, Y. R. (2012). Incremental model for
prediction of permanent deformation of asphalt coredretompressiontransportation
Research Recor@2961), 24 35.

Choi, Y. (2013) Development of a Mechanistic Prediction Model and Test Protocol for the
Permanent Deformation of Asphalt Concrdterth Carolina State University, Raleigh, NC.

Choi, Y., &Kim, Y. R. (2013). A Mechanistic permanent deformation model for asphalt
concrete in compressiodournal of the Association of Asphalt Paving Technolog8&1 7
649.

Choi, Y. T., & Kim, Y. R. (2014). Implementation and verification of a mechanistimg@eent
deformation model (shift model) to predict rut depths of asphalt paveRwesud. Materials and
Pavement Desigri5(supl), 195218.

Cooper, S. B., King, W., & Kabir, S. (2018)esting and analysis of LWT and SCB properties of
asphalt concrete mixtes(No. Final Report 536).

211



D'agostino, R. B., Belanger, A., & D'Agostino Jr, R. B. (1990). A suggestion for using powerful
and informative tests of normalitfhe American Statisticiad4(4), 316321.

Darter, M., Khazanovich, L., Yu, T., & Mallela, J.O@5). Reliability Analysis of Cracking and
Faulting Prediction in the New Mechanistimpirical Pavement Design
ProcedureTransportation research record93§1), 156160.

Ding, J., Wang, Y. D., Gulzar, S., Kim, Y. R., & Underwood, B. S. (2020). Uncértain
Quantification of Simplified Viscoelastic Continuum Damage Fatigue Model using the Bayesian
InferenceBased Markov Chain Monte Carlo Methdaansportation Research Reco6744),
247-260.

EN 1269722. (2003)Bituminous Mixtures. Test Methods for Hibitx Asphalt. Part 22: Wheel
Tracking Brussels: European Committee for Standardization.

Eslaminia, M., Thirunavukkarasu, S., Guddati, M. N., & Kim, Y. R. (2012). Accelerated
pavement performance modeling using layered viscoelastic analysth. RILEM Irternational
Conference on Cracking in Pavemefp. 497506). Springer, Dordrecht.

Fathi, A., Mazari, M., Saghafi, M., Hosseini, A., & Kumar, S. (2019). Parametric study of
pavement deterioration using machine learning algorithmairfield and HighwayPavements
2019: Innovation and Sustainability in Highway and Airfield Pavement Techn(ppg®t41).
Reston, VA: American Society of Civil Engineers.

Fugro Consultants In& Arizona State University2011) NCHRP Report 704: A Performance
Related Speddation for HotMixed AsphaltTransportation Resedr Board, Washington, D.C

Ghanbari, A., Underwood, B. S., & Kim, Y. R. (2020). Development of a rutting index
parameter based on the stress sweep rutting test and permanent deformation shift
model.International Journal of Pavement Engineerjrigl3.

Gudipudi, P. P., & Underwood, B. S. (2016). Reliability analysis of fatigue life prediction from
the viscoelastic continuum damage modeansportation Research Reco2b7§1), 91-99.

Hall, K. D., Xiao, D.X., Pohl, E. A., & Wang, K. C. (2012). Reliabiltyased mechanistic
empirical pavement design with statistical methods. Transportatiearodsrecord, 2305(1),
121-130.

212



Hekmatfar, A., Shah, A., Huber, G., McDaniel, R., & Haddock, J. E. (2015). Modifying
laboratory mixture design to improve field compactiBoad Materials and Pavement
Design 16(sup2), 149167.

Jeong, J., Wang, Y. D., Ghanbari, A., Nash, C., N&tante, D., Underwood, B. S., & Kim, Y.
R. (2020). Pavement performance predictions usinigmeancevolumetric relationship and
evaluation of construction variability: Example of MaineDOT shadow project for the
development of performanecelated specification€onstruction and Building Material263
120150.

Jahangiri, B., Majidifard, H., Mster, J., & Buttlar, W. G. (2019). Performance evaluation of
asphalt mixtures with reclaimed asphalt pavement and recycled asphalt shingles in
Missouri. Transportation Research Reco&6732), 392403.

Jahangiri, B.Rath,P. Majidifard, H.,& Buttlar, W. G. Development of a Performanéelated
Framework for Asphalt Mixture Design for the lllinois Tollway, Journal of Transportation
Research Record, Joress.

Jazouli, S., L. Wenbo, F. Bremand, and T-Khanh (2005). Application of Tim&tress
Equivalenced Nonlinear Creep of PolycarbonaRalymer TestingVol. 24, No. 4, pp. 46367.

Jia, Y., Yang, Y., Liu, G., Gao, Y., Yang, T., & Hu, D. (2020). Reliability assessment of flexural
fatigue failure of asphalt mixture: A new perspecti@enstruction and Blding Materials 257,
119553.

Kaloush, K. E., & Witczak, M. W. (2000). Development of a permanent to elastic strain ratio
model for asphalt mixture®evelopment of the 2002 guide for the design of new and
rehabilitated pavement structures. NCHRF37.

Kassem, H., Chehab, G., & Najjar, S. (2019). Development of probabilistic viscoelastic
continuum damage model for asphalt concrétansportation Research Reco@6735), 285
298.

Kassem, H., Chehab, G., & Najjar, S. (2020). Effect of Asphalt Mixture Coens on the
Uncertainty in Dynamic Modulus Mastercurv@sansportation Research Record
0361198120914292.

Khazanovich, L., Wojtkiewicz, S. F., & Velasquez, R. (2008£PDGRED: Framework for
Reliability Analysis with MechanistiEmpirical Pavement DesigProcedurgNo. 083142).

213



Kim, Y. R, Lee, J., & Wang, Y. D. (2012). MEPDG Inputs for Welvtx Asphalt.Final Report
to NCDOT, Report No

Kim, D., & Kim, Y. R. (2017). Development of Stress Sweep Rutting (SSR) test for permanent
deformation characterizat of asphalt mixtureConstruction and Building Materiald54, 373
383.

Kim, Y. R., Castorena, C., Wang, Y., Ghanbari, A., & Jeong, J. (2CBhparing Performance
of Full-depth Asphalt Pavements and Aggregate Base Pavements FHWZA/NC/201802
Repot.

Kim, Y.R., M.N. Guddati, Y.T. Choi, D. Kim, A. Norouzi, Y. Wang, B. Keshavarzi, M. Ashouri,
A. Ghanbari& A.D. Wargo (2020). Final Report for FA Project DTFH6108-H-00005.

Lanotte, M. A., Kutay, M. E., Haider, S. W., & Musunuru, G. K. (20118proving Pavement
ME Thermal Cracking Prediction using M8pecific Calibration Coefficients for MichigdNo.
18-05074).

Lee, J. S., Gibson, N., & Kim, Y. R. (2015). Use of mechanistic models to Investigate fatigue
performance of asphalt mixtures: effects qftedt mix design targets and
compactionTransportation Research Reco@b071), 108119.

Lilliefors, H. W. (1967). On the Kolmogore8mirnov test for normality with mean and variance
unknown.Journal of the American statistical Associati62(318), 399402.

Majidifard, H., Jahangiri, B., Buttlar, W. G., & Alavi, A. H. (2019). New machine learning
based prediction models for fracture energy of asphalt mixtMiessurementl 35 438451.

Majidifard, H., Jin, P., Ad«Gyamfi, Y., & Buttlar, W. G. (2020). R@ment Image Datasets: A
New Benchmark Dataset to Classify and Densify Pavement Distr@saasportation Research
Record 26742), 328339.

Majidifard, H., AduGyamfi, Y., & Buttlar, W. G. (2020). Deep machine learning approach to
develop a new asphalapement condition indexConstruction and Building Material247,
118513.

McDaniel, R. S., Leahy, R. B., Huber, G. A., Moulthrop, J. S., & Ferragut, T. (Z044).
Superpave mix design system: anatomy of a research progtanNCHRP Project-@2).

214



Mogawe, W., Bennert, T., Daniel, J. S., Bonaquist, R., Austerman, A., & Booshehrian, A.
(2012). Performance characteristics of plardduced high RAP mixtureRoad Materials and
Pavement Desigri3(supl), 183208.

Mohammad, L. N., Elseifi, M., Cooper lll, 8., & Raghavendra, A. (2013). Levels of
variability in volumetric and mechanical properties of asphalt mixtdagnal of materials in
civil engineering25(10), 14241431.

Mohammad, L., & Kim, M. (2011). Development of performance based specifications f
Louisiana asphalt mixtures.

Mohseni, A., & Azari, H. (2014). Effective Temperature for Permanent Deformation Testing of
Asphalt Mixturesinternational Society of Asphalt Pavements. Raleigh, North Carolina

Mohseni, A., Carpenter, S., &3Bngelo, J. (205). Development of SUPERPAVE high
temperature performance grade (PG) based on rutting damage (with discussion and
closure).Journal of the Association of Asphalt Paving Technologigts

Montgomery, D. C(2008).Design and Analysis of Experiment$ Edition. John Wiley&
Sons, Inc., New York

Mun, S., Chehab, G. R., & Kim, Y. R. (2007). Determination of {oenain viscoelastic
functions using optimized interconversion techniqéksad materials and pavement
design 8(2), 35:365.

Montoya, M., Pouramin, M. R., & Haddock, J. (2018). Increasing Asphalt Pavement Density
Through Mixture Design: A Field Project. ksphalt Paving Technology: Association of Asphalt
Paving TechnologistBroceedings of the Technical Sessions

National Asphalt Pavement Assomoem (NAPA). Market Facts. Access@dov 2020].
http://www.asphaltpavement.org/index.php?option=com_content&view=article&id=891

National Cooperative Highway Resrch Program. Mechanistitmpirical Pavement Design
Guide(2004) Transportation Research Board, Washington, DC.

Newcomb, D., & Zhou, F. (2018Ralanced Design of Asphalt Mixtur@do. MN/RC 201822).
Minnesota. Dept. of Transportation. Research Ses\8ckibrary.

215


http://www.asphaltpavement.org/index.php?option=com_content&view=article&id=891

North Carolina Department of Transportati@019. NCDOT Pavement Design Procedure
AASHTO 1993 MethodNorth CarolinaDepartment of Transportation.

Ozer, H., AlQadi, I. L., Lambros, J., Ehatib, A., Singhvi, P., & Doll, B. (2016). Develognt
of the fracturebased flexibility index for asphalt concrete cracking potential using modified
semicircle bending test paramete@onstruction and Building Materiald 15 390-401.

Prowell, B. D., & Brown, E. R. (2007%uperpave mix design: verifg gyration levels in the
Ndesign tabl€Vol. 573). Transportation Research Board.

Robbins, M. M., Rodezno, C., Tran, N., & Timm, D. (2017). Pavement ME D&si§ammary
of Local Calibration Efforts for Flexible PavememMsCAT Rep1-98.

Roque, R., Buttla W. G., Ruth, B. E., Tia, M., Dickison, S. W., & Reid, B. (19%yaluation
of SHRP indirect tension tester to mitigate cracking in asphalt concrete pavements and
overlays(No. WPI 0510755, Final Rept,).

Sabouri, M., & Kim, Y. R. (2014). Developmentafailure criterion for asphalt mixtures under
different modes of fatigue loadingransportation Research Reco@#4711), 117125.

Saghafi, M., Tirado, C., Abdallah, I. N., & Nazarian, S. (2020, August). Considering Pavement
Structure in Laboratory Fatig Cracking Assessment. limernational Conference on
Transportation and Development 20@p. 187199). Reston, VA: American Society of Civil
Engineers.

Schapery, R. A. (1969). On the characterization of nonlinear viscoelastic maRolgiaer
Engineeing & Science9(4), 295310.

Schapery, R. A. (1984). Correspondence principles and a generalizedJ integral for large
deformation and fracture analysis of viscoelastic médtarnational Journal of Fracture2%(3),
195-223.

Sreedhar, S., & Coleri, E. (28). Effects of binder content, density, gradation, and polymer
modification on cracking and rutting resistance of asphalt mixtures used in Qdegamal of
Materials in Civil Engineering30(11), 04018298.

Smith, R. C. (2013)Uncertainty quantificationtheory, implementation, and applicatiof\ol.
12). Society for Industrial and Applied Mathematics (Siam), Philadelphia, PA.

216



Subramanian, V., Guddati, M. N., & Kim, Y. R. (2013). A viscoplastic model fordependent
hardening for asphalt concrete imngpressionMechanics of Material$9, 142159.

Thyagarajan, S., Muhunthan, B., Sivaneswaran, N., & Petros, K. (2011). Efficient simulation
techniques for reliability analysis of flexible pavements using the mechaamspuical
pavement design guid&ournal of Transportation Engineerind37(11), 796804.

Timm, D. H., Newcomb, D. E., & Galambos, T. V. (2000). Incorporation of reliability into
mechanistieempirical pavement desighransportation Research Recod¥3(1), 7380.

Transportation ResearchrCular EC044(2002).Bailey Method for Gradation Selection in Hot
Mix Asphalt Mixture Designlransportation Research Board of the Natioreddemies,
Washington, D.Chttp://onlinepubs.trb.org/onlinepubs/circulars/ec044.pdf. Accessed Jan. 2014

Underwood, B. S., Baek, C., & Kim, Y. R. (2012). Simplified viscoelastic continuum damage
model as platform for asphalt concrete fatigue analys@sisportation resarch
record, 22941), 3645.

Yuan, X. X., & Nemtsov, I. (2018). Local calibration of the MEPDG distress and performance
models for Ontariés flexible roads: Overview, impacts, and reflectibransportation Research
Record 267240), 207216.

Varik, W. R,Huber, G., Pine, W. J., Carpenter, S. H., and Bailey, Rq@2€R2. Transportation
Research Circular-E£044:Bailey Method for Gradation Selection in Hdix Asphalt Mixture
Design Transportation Research Board of the National Academies, Washing@n, D.
http://onlinepubs.trb.org/onlinepubs/circulars/ec044.pdf. Accessed Jan. 2014

Wang, Y., Norouzi, A., & Kim, Y. R. (2016). Comparison of fatigue crackieggsmance of
asphalt pavements predicted by pavement ME and LVECD ProgFraamsportation Research
Record 259(Q1), 4455.

Wang, Y., & Richard Kim, Y. (2019). Development of a pseudo strain exmggd fatigue
failure criterion for asphalt mixturekiternational Journal of Pavement Engineeri@(10),
11821192.

Wang, Y. D., Keshavarzi, B., & Kim, Y. R. (2018). Fatigue performance prediction of asphalt
pavements with FlexPAVE, the SVECD model, and DR failure criteriofiransportation
Research Recor@67240), 217227.

217


http://onlinepubs.trb.org/onlinepubs/circulars/ec044.pdf.%20Accessed%20Jan.%202014
http://onlinepubs.trb.org/onlinepubs/circulars/ec044.pdf.%20Accessed%20Jan.%202014

Wang, Y. (2019). Development of the Framework of Perform&mggneered Mixture Design
for Asphalt Concrete.

Wang, Y. D., Ghanbari, A., Underwood, B. S., & Kim, Y. R. (2019). Development of a
performancevolumetric relationship for as@lt mixturesTransportation Research
Record 26736), 416430.

Wang, Y. D., Underwood, B. S., & Kim, Y. R. (2020). Development of a fatigue index
parameter, Sapp, for asphalt mixes using viscoelastic continuum damageltiteangtional
Journal of Paveent Engineeringl-15.

Wang, Y. D., Ghanbari, A., Underwood, B. S., & Kim, Y.(R020).Development of
preliminary transfer functions for performance predictions in FlexPAVEonstruction and
Building Materials 266, 121182.

West, R. C., Willis, J. R& Marasteanu, M. O. (2013lmproved mix design, evaluation, and
materials management practices for hot mix asphalt with high reclaimed asphalt pavement
content(Vol. 752). Transportation Research Board.

Wenbo, L., TingQing, Y., & Qunli, A. (2001). Timgemperaturestress equivalence and its
application to nonlinear viscoelastic materi@lsta Mechanica Solida Sinidanglish
Edition-, 14(3), 195199.

Witczak, M. W., & EFBasyouny, M. M. (2004). Appendix GG Calibration of Permanent
Deformation Modelsdr Flexible Pavement§&uide for MechanistidEmpirical Design of New
and Rehabilitated Pavement Structures

Witczak, M., Schwartz, C., & Von Quintus, H. (2000)ICHRP Project 919: Superpave Support
and Performance Models Managemeénterim Report, Fedefr&lighway Administration,
National Cooperative Highway Research Program.

Zhou, F., Hu, S., Chen, D. H., & Scullion, T. (2007). Overlay tester: simple performance test for
fatigue crackingTransportation Research Reco@001(1), 1-8.

Zhou, F., Hu, S., & &illion, T. (2012)Balanced RAP/RAS mix design and performance
evaluation system for projespecific service condition(®o. FHWA/TX-13/0-60923). Texas.
Dept. of Transportation. Research and Technology Implementation Office.

218



APPENDICES

219



APPENDIX A. MCMC SIMULATION FOR S -VECD MODEL

Predictive Envelopes for Dynamic Modulus, C versus S, and®for Different Mixtures
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Figure A.1. Dynamic modulusC vs. S andDR predictive envelope for Mixtur& based on the

different level of predictions: a) 50%, b) 90%, c) 98%, and d) 99.99%
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Figure A.4. Dynamic modulusC vs. S, ard DR predictive envelope for Mixtur® based on the
different level of predictions: &0%, andb) 99.99%
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Figure A.5. Dynamic modulusC vs. S, andDR predictive envelope for Mixturg based on the
different level of pedicions: a) 50%b) 98%, anct) 99.99%
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%Damage Predictive Envelopes forMixture A Under Different Structures
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Figure A.6. %Damage vgime using Structure #1
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Figure A.7. %Damage vdime usng Structure #2
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Figure A.8. %Damage vgime using Structure #3
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Figure A.9. %Damage vgime using Structure #4

225



25

207

%Damage

0 1 I I 1
0 50 100 150 200 250

Time (Month)
Figure A.10. %Damage vdime using Structure5#
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Figure A.11. %Damage vdime using Structure #6
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Figure A.12. %Damage vdime using Structure #7
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Figure A.13. %Damage vdime using Structure #8
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Figure A 14. %Damage vdime using Structure #9
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Figure A.15. %Damage vdime using Structure #10
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Figure A.16. %Damage vdime using Structure #11
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Figure A.17. % Damage vdime using Structure #12
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Figure A.18. %Damage vdime using Structure #13
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Figure A.19. %Damage vdime using Structure #14
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APPENDIX B. MCMC SIMULATION FO R PERMANENT DEFORMATIO N SHIFT

SSRTestData and Predictive Envelopes forDifferent Mixtures
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Figure B.1. Viscoplastic strain versus number of cycles from the SSR test results for Mixture A
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Figure B.2. 95% Prediction intervals for Mixture Bsing (a) unconstrained MCMC, and (b)
constrained MCMC
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Figure B.3. Viscoplastic strain versus number of cycles from the SSR test results for Méxture
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Figure B.4. 95% Prediction intervals for Mixtu using (a) unconstrained MCMC, and (b)

constrained MCMC
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Figure B.5. Viscoplastic strain versus number of cycles from the SSR test results for Mixture
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Figure B.6. 95% Prediction intervals for Mixtur€ using (a) unconstrained MCMC, and (b)
constrained MCMC
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