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EXECUTIVE SUMMARY

Research conducted over the past two and a half decades has found that reliance on volumetric
properties alonds insufficient for asphalt mixture designas it can result invaried and
unpredictableperformance. This may be associated with ittweased percentage wdcycled

content and/or the use bindermodifiers. North Carolingreviously addresseatiis shortcoming

with respect to surface ruttingy integratng asphalt pavement analyzer (ARAgstingto mix

design approval$However, focusingonasn gl e per f ormance test can c
resistance to other distresses, such as fatigue crackimgigap has been identified in several

national research projects over the past de@eell as locally duringrojectHWY2002-07.

To ensure asphalt mixtures exhibit sufficient and balanced performance, it is necessary to integrate
tests addressing both rutting and fatigue cracking into mix design pradtleeshosen tests
should also beamenable to quality assurance and quality control activities. The lack of a
consolidategoerformance test for durability assessnrepresents critical gap in achieving an
appropriate balancen North Carolina This research addresses this need by identifying an
appropriate cracking test and esisitihg a framework for its implementation.

For the study described in this reporg@nprehensive laboratory evaluation was conducted on
fourteen mixtures sourced from across the state, utilinidgect Tensile Asphalt Cracking Test
(IDT-CT), Cyclic Fatigue APA, Dynamic Modulus, and Stress Sweep Rutting tests. The study
also included pavement performance simulations using FlexBAWEbridge the gap between
laboratory results and expected field performaifbe. keyfindingsfrom this study are as follows;

1 Performance Variation:The laboratory testing identified significant performance
differences among current NCDOT mixturd® st i ng consi stently id
mi xXture with respect to cracking and a oOwo
the RS9.5B mixesThe RS9.5Dmixturesshowedexceptional rutting resistance.

1 Lab vs.Expected?avement Performancé/hile simulated rutting performance correlated
well with lab tests, the correlation for cracking was more complex. No single laboratory
cracking test perfectly predicted the simulated pavement performance, highlighting the
need for dalancedhpproach rather than reliance on a single index.

1 Influence of Material Source§he plant sourcewas found to be the dominant factor
controlling mixture performance. The specifimder sourcebased on &imited dataset
did not have a statistically significant impactaacking

1 Current PracticesSurveyswith contractorsconfirmed that mix designs rarely fail the
existing APA rutting criteria, and qualielated disputes are infrequent.

Based on the findings difis study, theDT-CT shows promise as a primary performance test for
evaluating cracking resistand®ased on the statistical analysis conducted hergnglaninary
thresholdvalueof 14 was identified. To complement tHisding, thelDT-HT testwas shown to

have promises for gaining efficiency in asphalt mixture rutting evaluation. A small pilot study
identified apotential minimum strengttriterionof approximately150 kPa, 180 kPa, and 215 kPa

for RS9.5B, RS9.5C, and RS® mixtures, respectively. Further evaluation would be beneficial

to explore how these tests and criteria could be integrated into a formal Balanced Mix Design
specification througha phased implementation plan, with the goal of enhancing-temg
pavement durability.



1. INTRODUCTION

1.1.Overview

Asphalt mixture is an engineered material that is subjected to different traffic and climatic
conditions throughodts service life Differentexposure conditions combination with changes

in the material 6s properties with ti me, ma k e
fatigue cracking, thermal cracking, rutting, raveling, and others, affecting the functional and
structural performance of the aspghmdvementDifferent method have been developed in the past

to design asphalt mixtures yield satisfactory pavement performance (NAR®32, Asphalt

Institute 1997).

The current Superpave mix design method was developed during the Strategic Highway Research
Program (SHRP) as a response to the awareness that pavement materials were not providing
satisfactory performanddcDanielet al.2012) Considering the shortcomings of the empirically
based Marshall and Hveem test methods, Contra@03 PerformanceRelated Testing and
Measuring of Asphalf\ggregate Interaction and Mixturesf SHPR was aimed at developing
reliable and reproducible test methods that could be nsgthtracterize asphalt mixtures in terms

of fundamental engineering properties. The SHRP efforts resulted in a hierarchical mix design
system intended to encompass material characterization, volumetric mix design, and performance
testing analysis dependimg the design traffic lev€lCominskyet al. 1994) Level 1 mix design
consisted of a volumetric design with strict attention to the selection of the asphalt binder and
aggregates. Levels 2 and 3 also considered volumetrics in addition to performascndest
predictions that would allow for the mix to be optimized with respect to one more distress.
However, Levels 2 and 3 were, by and large, never implemented presumably due to complicated
test protocols, equipment costs, and the general belief that etrlosnand binder performance

could ensure adequate pavement perform@ha®aniel et al. 2012, Diefenderfer and Bowers

2019) In the early 2000s, gaps in the use of Level 1 mix design started to become evident through
observations of inadequate pavemeasrfgrmance, the incorporation of recycled asphalt materials
into asphalt mixtures, and other factors. These gaps renewed the interest in integrating performance
tests in mix design protocols (also known as performance mix desigth)multiple research

efforts have been conducted to allow for a successful implementation. In NCHRP Prejé¢t 09
Witczaket al.(2002) developedimplified performance test (SPT) methods to address permanent
deformation, fatigue cracking, and leemperature cracking. Howevdhe test protocols and
attention to specific distress have varied across state agencies.

Since the initial deployment of Superpave mixture design, the current procedures for North
Carolina asphalt mixture design have evolved. Currently, the NCDOT requires contractors to
conform to volumetric requirements on the air void content, voids filligkl &sphalt, voids in
mineral aggregate, and other parameters at a fixed, trafftt layerspecific compaction effort.
Recently, RP20120 has tested the dynamic modulus, cracking, and rutting performance of
asphalt mixtures from across North Carolin@duced under the most recent mixture design
guidelines. These mixtures spanned multiple contractors and regions and included surface
mixtures (at both thédow and moderatdraffic categories), intermediate mixtures, and base
mixtures. In all instances, highly variable mixture properties were identified. These differences
were substantial enough that pavement performance predicted by AASHTO Pavement ME Design
(for a single wather station) varied by 80% or more with respect to predicted fatigue cracking and
up to 40% with respect to predicted asphalt concrete layer rutting when the range of material



properties for a single mixture category was considered. Two examples of the differences are
shown inFigure 1 using a thick full depth asphalt (FDA) structure (17 total inches of asphalt
concrete mixture) and an intermediate thickness deep strength pavement (10 total inches of asphalt
concrete mixture and 8 inches of aggregate base course). In both cases eulyattes course

varied. Such variation in performance is, in itself, not a major problem as long as all mixtures meet
a minimum level of acceptable performance. Unfortunately, under the current standards and
practices, testing is not performed to ensuag this is the case with respect to cracking.

Differences like these are not currently captured in North Carolina mixture design standards and
practices, nor are they captured in quality assurance and quality control procedures because direct
assessment of mixture performance is not incorporateckitiiter activity. However, as the data
in Figurel demonstrates, the lack of such capabilities can have substantial implications in design,
performance, and loAggrm management of roadways.
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Figure 1. Predicted performance of three different asphalt mixtures of the same clas4a)
RS9.5C mixtures with a thick ABC pavement structure and (b) RS9.5B mixtures with an
intermediate deep strength structure.

The research described in this repeaisperformed after realizing that current NCDOT practices,
which rely on volumetrics, an assessment of permanent deformation characteristics, and an
assessment of moisture damage potential, may have some shortcarhmg®tential problem

with one primaryp er f or mance test focused on rutting
respect to other distresses may be compromised. This issue has been identified in several national
research projects over the past decadevell as more locally during HWY206@Q7. When these
differences occur, it is necessary to integrate both rutting and cracking tests in order to properly
6bal anceb6 mixture performance.

The most certain way to ensure that asphalt mixtures will show sufficient and balanced
performance with respect to both fatigue cracking and rutting is to integrate both performance tests
into mix design practices and do so with tests that are also aredapatpliality assurance and
quality control activities. The lack of a performance test for cracking (durability) assessment is a



critical gap in achieving an appropriate balance. Other needs that suggest the importance of
performing this research include;

T

Identifying the most appropriate test (or tests) and/or methodology for this pugpese

the equipment, limitations, and existing practices of the state and its contrasteed| as
potential for production assessment.

A test limit/threshold should exist to permit quantitative assessment of the quality of the
materials and to judge whether a mixture is or is not acceptable.

The lack of a formal process for integrating the test methods into mix design and quality
assurance/control practices and recognizes the breadth of mixtures and categories currently
used and how this integration will affect costs and productivity.

1.2.Status of the Literature

There has been substantial work conducted to develop and evaluate BMD. The efforts are
documented in both literature and practice documents and focus on the following topics:

l

1
1
1

Test methods (broadly divided into methods to address durability and methods to address
stability),

States efforts to implement BMD,

Frameworks for implementing test methods into mix design and quality assurance, and
Evaluations of tesmplementatiorcosts.

A completereview of the work conducted in each of these areas is givenpendix A of this
report. Asummary of the relevant findings with respect to each of these fourfalleas.

1.2.1.Summary oBMD Test Methods

The literature review identifiecthany test methods that have been developed and used to evaluate
the durability of asphalt mixture$ablel, adapted from Zhoet al.(2017a) summarizeshemost
relevant and commonly used methodwluding their advantages and limitations second
version of this table with more information also appearfable A9 in Appendix A.Note that
the costs presented in the tabtean estimatdor the equipment used for the given test alone.

Most studiessuggestthat thesimplertest methodsI{FIT, IDT-CT, and SCBLTRC) have the

easiest pathway for BMD adoptiohhesethreetest methods yield index values tlcan be used
to rank different materials aradlsoassess thacceptabilityof a mix design. However, the results
of the test are not amenable to conducting pavement performance predidimliterature review
also found thamultiple studies have concluded th&IT and IDT-CT resultgend to yield higher
index values with higher air void content, which is not éx@ected trend. While intuitively
incorrect,studies go on to make the point thhis result may not be an issioe mix design if the
testing isconductedat a fixed air void conteniOn the other handhis characteristic does make
the testsonideal for QA processes thaeek to evaluate-place density (Jeonet al. 2022)
Trends forthe SCBLTRC test arealsoinconsistent



Table 1. Comparison ofDifferent Cracking Test Methods (Adapted from Zhou et al 2017a).

Test Test Parameter Correlation to field Typl_cal"!'est Key Advantages Key Drawbacks
name standard performance Variability
. 1 No coring, cutting, and gluing 1 The trends with air voids are not consist
IDT-CT ASTM CT I;?lggl(?gp&/(ezsz?tjt Medium-to- is required. with expectations.
D8225 index ' 20é1a) : High 1 The test duration is less than  The test is not amenable to conduct
' minutes. pavement performance predictions.
SCB ASTM Fa|r—to—P.oor (Kimet , 1 The analysis theory identifies § At least twelve specimens are required f
Je al. 2012;Westet al Medium e .
LTRC D8044 2021a) fundamental fracture paramet  a full characterization of the mixture.
. 9 The test requires cut and notched
AASHTO FlI, CRland Fairto G(_)Od (Ozeet Mediumto- 9§ The test duration is amenable specimens.
I-FIT al. 2018; Weset al . . o - . .
TP 124 BCI High for routine characterization f A minimum of six replicates are needed
2021a) . Lo
given the test variability.
1 No cutting require; mix desigr .
AASHTO Unclear due to , specimens can be used as te:ﬂ The test does not explicitly ev'aluate any
Cantabro ML S Medium . ] . fundamental fracture mechanics/contint
TP 108 variability specimens; relatively short tes :
T damage properties.
duration;
1 Allows the prediction of fatigu
AASHTO performance at various 9 Fabrication of the test specimens requir
Uniaxial - conditions. coring, cutting and gluing.
. T 411 R Promisingto-Good . . ; T .
Cyclic Sapp, D Low 1 Results can be combined witt{ Requiresspecialized software for analysi
. AASHTO (Westet al 2021a) ; R .
Fatigue T 400 pavement analysis model.  § Uncertainty in the test duration can be
1 Only three specimens are problematic for routine characterization.
required.
Overlay Promisingto-Good  Mediumto- { Interpretation of the results is T Requires five sample due to inherent tex
Tex-248F S ; ! . variability.
Tester (Westet al 2021a). High relatively simple. : L
i Cutting and gluing is necessary.
- Fabricati f imens and test setu
1 The test mimics bottorap abrication of specimens P
Bendin fati cracking and can be be cumbersome.
Beamg AASHTO N Good as per SHRP Hiah ua;egdu?or aven?ent erformanﬂ The test specimens require significant
\ TP 321 ' 404. 9 forp P amouns of material.
Fatigue predictions.

1

Typical analysis requires multiple tests ¢
different strain levels and temperatures.




Repeated load tests attempt to simulate the process of fatigue damage accuniuiatioin
consequence of performing tests in this manner is that the resulting analysis generally provides
input that can be used peerform pavement performance prediction, in addition to providing an
index to rank or assess the acceptance of asphalt mixtures. The literature suggests that repeated
load testsbending beam fatigue (BBF), cyclic fatigue (CF), and the overlay testg@ble to

capture the effect of mix design properties on the fatigeiformance of asphalt mixtures.
However, some of thmain challenges associated with the implementation of repkestédests

for BMD purposes arthe uncertainty in the time durati of the testAnother challenge is sample
preparation, which can be lengthy due to coring, cutting, and gluing. Further, the training required
to conduct the tests (setting up the equipment, mounting the specimen, etc.) and the data analysis
are relatively more spedized than monotonic tests. Finally, theplementationcost and
laboratory space fothe equipment for BBF, CRor OT is notably higher compared to the
monotonic testswhichmay represent a roadblock for state DOTs and contractors if multiple test
machines are needed to supply the demand for gestin

Beyond durability testinghtre arealsos e v e r a l ways to assess an asf
properly relate to what is expected from the material, a reliable field performance correlation
should exist, but this method should also be simple enough to conduct that it can be implemented
Table2 shows an overview regarding the six testsst commonly identifiedwvith respect to costs

of equipment, sample preparation, and testing thaore detailed version of this table is shown

in Table A15in Appendix A.Broadly, these six tests can be divided into three main categories

1) smaltscale simulationests 2) diametrical monotonic testing, and 3) repeated load testing.

Table 2. Comparison of Different Rutting Test Methods (Adapted from (Zhouet al.2020)
Test

Test name Standard Parameter | Criteria Specimen Preparation
APA AAS?)'I(I;O T Rut depth | Pass/fail Four samples, no cutting, nor gluir
HWTT AAS:;ZO T Rut depthSIP| Pass/fail Four samples, one cut per specim
HT- IDT AASZFEgO T Peak Strength | Pass/fe Three samples, no coring/cutting

ASTM . . ,

IDEAL-RT D3360 RTindex| Pass/fail Three samples, no coring/cutting
Confined AASHTO T FN | Pass/fail or ~ Three samples, one coring per sam
FN 378 predictive model two cuts per sample, membrane

AASHTO RSI, p, p2, th, k| Three samples, one coring per sam

SSR TP 134 Pass/fail or FlexPAVE" two cuts per sample, membrane

The smallscale simulation testsAsphalt Pavement Analyzer (APA) and Hamburg Wheel
Tracking Test (HWTT)gevaluate rutting performance by applying repeated wheel load passes on
the surface of an asphalt sample that is conditioned in air or conditioned under water. The tests
produceresults that are fairly simple to understamd have known repeatability expectatidfer

BMD purposes, these testse most oftenperformed to eithea critical rutting level or until a

preset number of cycles. These tests generally have (or are believed ta $tavey correlation

to field performanceand so these types of tesre often used as a benchmark when generating
new ruttingtestmethodologies.



Indirect diametrial monotonic loading testghe indirect tensiofigh temperature test (IDHT)

and IDEAL Rutting Test (IDEALERT), are relatively simple to perform and have become
increasingly popular due to the low equipmensts easysample preparatiorand overall testing
efficiency. The tests can take less than a day, or even six ,hfvars sample collecting,
preparationand testing, which i& more acceptablaterval for quality assurance and control
protocols. The analysis is based on the marmshear induced in the sample, or on the energy
curve for displacement versus shear strength. From the two described tests, cohesion and friction
angle are the main characteristics assessed. Also, promising correlations ttoadiegl tests

have been siwn.

Mechanistic characterizatioiests Confined Flow Number (CFN) and Stress Sweep Rutting
(SSR), can be analyzed to yield material parameters amenable to pavsemieninance
predictions. The repeated axial tests focus heavily on the stresses directly below the tire but can
mimic both densification and shear phenomenon. Usually, there are performance prediction tools
associated with the tests, which improve the benéthe methodology to rank materidi®om

their index,andto predict an expected rutting thefield. The biggest shortcoming of these types

of testsis the cumbersome sample preparation protocols and the total testing time, which can take
more than a day. The equipment is also more expemsidehe training requirements are greater.

1.2.2.State Effortavith BMD

Many states have completed and/or have active investigations into the development or deployment
of BMD. The most common testiseing adopted forutting and cracking susceptibility are the
HWTT (followed by APA) and the ID-CT (followed by SCBtype tests), respectively. Out of the

18 state DOTghat were identified as developing or implementing BMI2 are using or
considering the use of the HWTT, and 11 are using or considering the use of t6d lid their

BMD specifications. The temperatures at whichsthe&vo mostommon tests are conducted are
fairly consistent, typically 50°C for HWTT and 25°C for theTHZT. The most common awoid

level at which all rutting and cracking performance tests are conducted is 7.0%. A summary of the
durability and stability test details adopted by different stategsmmarized imable3 andTable

4, respectivelynote that more comprehensive versions of these tables appear in Appendix A in
Table A34 andTable A33 respectively) In these tables, the tests used are listed along with the
temperature at which they are conductedyaid level, and set or recommended criteria. Testing
conditions and criteria used or recommended by the states differ for each test and can be affected
by many variablessuch as the binder PG, aging level, traffic, modifier usage, mix type, and
number of design gyrations. To account for that and have an overall summary, the tables often
contain a range of temperatures;\aid levels, or criteria.

1.2.3.Integrating BMD into Quality Assurance

Although necessary, an adequate mix design alone is not a guarantee of satisfactory pavement
performanceand efforts must benadeto integrate performance tests with specifications that
assure that reasonable process and procedures are being followed in the production of the final
engineered product. Depending on the quality characteristics used for acceptance, these
specificationsare often called quality assurance (QA) specifications or performratated
specifications (PRS).



Table 3. State DOTs BMD Cracking Tests Summary

State Test Criteria
Alabama IDT-CT DesignCTingexO A1, ProductiotCTingexO -A0D
California BBF 50% Loss of flexural stiffness at 10 Hz
Georgia IDT-CT CTingexO  -158
lllinois I-FIT FIO &6 0
Louisiana SCBLTRC Je.> 0.50.6 kd/nt
Maine IDT-CT CTnaexO 150
Nebraska SCB FIO 6.0
New Jersey oT Cycles to 93% Load Re(_juction > 1@00
BBF >100,000 cycles at 1500icrostrain 10 Hz
oT Cycles to 93% Load Reduction > 250
New York IDT-CT CTindex> 135
I-FIT FIO 8.0
Ohio IDT-CT CTinaexO 8D
BBF >100,000 cycles at 1500icrostrain 10 Hz
IDT-CT CTinaexO 80
Oklahoma I-FIT FIO 8.0
Oregon I-FIT FI O -850
Texas oT CFEO Ho/inPfand CPR O 0. 4.
IDT-CT CTneexO 105
Utah IDT-CT Not Assigned
Virginia IDT-CT CTinaexO 70
Wisconsin IDT-CT CTingexO 8
Table 4. State DOTs BMDRutting Tests Summary
State Test Criteria
Alabama HWTT Passestom r ut dep20,00 0 10,
IDT-HT IDT-HT strengthk20 psi
California HWTT Passesto122Bim r ut de p26,0000 10,
Georgia HWTT Passes to 12-Bm rut depth and t8IP> 15,00020,000
[llinois HWTT Passesto12Bim r u't de-potoB0 O 5, (
Louisiana HWTT Rut depth at 20,000 cycles <16 mm
Maine HWTT Rut depth at 20,000 cycles < 12.5 mm
Nebraska  G-Stability GStabil i684.$7kd 5. 55
New Jersey APA Rut depth at 8,000 cycles <7/3mm
APA Rut depth at 8,000 cycles <4 mm
New York HWTT Rut depth at 20,000 cycles < 12.5 mm
IDT-HT IDT-HT strength > 30 psi
Ohio APA Rut depth at 8,000 cycles <53mm
Oklahoma HWTT Passesto12-Bm r ut dep20,000 O 10,
Oregon HWTT Rut depth at 3BO0mm@O00 cyc
Texas HWTT Passesto 12Bim r ut dep20,6000 10,
IDT-HT | DT shear strength O
Utah HWTT PassestoXhm r ut d e p20,0600 O 10,
Virginia APA Rut depth at 8,000 cy
Wisconsin HWTT CRD:;kO -8mn?, SN O 2,000




The integration of performandestsinto QA practices can represent a challenge for state DOTs
due to the adjustments and resources to conduct performancen@steutine basis. Further,
guidance is needed for determining minimum sampling frequency (and risks associated), and for
sampling, fabrication and testing procedures that could be unknown to DOTs personnel. These
challengs motivated the development ®FRS 01:Quality Assurance Aspects of Performance
Related Specificatiorand NCHRP 141L07:Guide for Implementing Performance Spieeifions

The general objective of TFRS 01 is to integrate PASSEIggystem of tools based on
fundamental engineering properties for PRS) within a QA system to ensurgfan@sphalt
performance and reduce life cycle cdNEAT 2021) Specifically, TFRS 01 addresses:

(a) the use of the cyclic fatigug&pp and ruttingRSltest parameters, index thresholds, and
acceptance limits in support of performance engineered mix design approaches and to
facilitate further implementation of the tests and performance predictions

(b) material selection and mixture design changes that can impact the test results (cyclic
fatigue, SSR, and their index parameters) and trends associated with owner agency
specified performance thresholds, and

(c) the major elements of a QA system per TREIEcular 235 and associated buyer/seller
and payment risks (TRB 2018).

In addition to the TFRS projediCHRP 10107 researchers are developing a guide that will assist
state DOTs with performance specification implementaiiociuding integrating tests into QA

systems. The guide will Aspecifically address,
as using pilot projects and shadow specifications, establishing appropriate control and
specification limits, gainingpuy-i n f r om agency and industry per

(NCHRP 2022)
1.2.4.Test Costs

One important factor for conducting BMD tests is tihi@l costof performing the respective test

One key component for the total cost is the cost of the testing equipmentissucimarized in
Table5. The numbers shown here represent a sample of national territory sellers from the start of
2023. None of the displayed valuasverstaxes, crating, shipping, discounts that may apmly,
installation With respect tahe testing equipment, there are three main categories:-atand
versions, electromechanical loadifrgme compatible tests, and AMPT compatiiptéures. This
consideration should be carefully taken into account, since some tests can be performed in more
thanone machine setup. For example, kits exist for some tests like the SEIB, &nd IDT-
CT/IDEAL-RT that can leverage modern era Marshall load frames. Atslgast one AMPT
manufacturer includes a range of kits for multiple tests (i.e., CF, SSRANyasedests, OT,
etc.).The costs for these different options are all summarizédlihe5.

In addition to the direct costs of the equipment, other considerations include yearly equipment
calibrations, the need for additional support equipment (saws, coring machines, compactor, etc.),
and personnel training should also be considéféth respect to personnel cogtsis noted that

as test complexity increasele cost of training would increase, but that resources exist for all of

the tests discussed here and that examples of successful training regimes also exist for each of the
tests. A moredetailed summary of the equipment and cost is provided in Appendix A.



Table 5. Summary of Testing Equipment Prices
EM Load-Frame Additional AMPT Additional
Compatible Accessories Compatible Accessories

Test name  Machine Cost

I-FIT $9,006@ yes $700 yes $1,000
SCB $9,006 yes $700 yes $1,000
IDT-CT $9,000 yes $550 yes $600
Cantabro $8,000 no - no -
CF >$72,000 no - yes $10,615
BBF >$32,200 no - no -
oT $55,000 no - yes $4,000
APA >$66,000 no - no -
HWTT >$50,000 no - no -
IDT-HT $9,000 yes $550 yes $600
IDEAL-RT $9,000 yes $900 yes $900
Confined FN >$72,000 no - yes $305
SSR >$72,000 no - yes $305

aCost for general purpose EM lo&dme capable of BMD testing
b Cost for standard AMPT equipment without accessories

1.2.5.Knowledge Gaps

The literature review shows thadnsiderable effort has been made to evaluate various rutting and
fatigue cracking test protocols for integration into BMD. However, key aspects related to the
selection, compatibility, and implementation of these tests remain unresolved. First, theere is n
consensus on the most appropriate rutting or cracking test todadgehcies must balance
simplicity, cost, fundamental insight, and stapecific conditions when making this decision.
Second, most studies have evaluated test protocols in isolatioisjrfigoon either cracking or
rutting. This approach overlooks the need to assess these protocols simultaneously to identify
compatible test methods and opportunities for optimization, particularly when similar specimen
geometries or test equipment can bedufor both distress types. Third, while BMD test methods
can indicate performance, many proposed protocols lack a robust mechanistic framework that links
test outcomes to fundamental engineering propértees essential requirement for integrating
mixture and structural pavement design. Fourth, ambiguity remains regarding which of the
AASHTO PP 105(2024a)approaches (AD) is most effective in improving asphalt mixture
performance. While Approaches A and B retain traditional volumetric design with added
performance checks, Approaches C and D provide contractors greater flexibility but require
confidence in dstbased performance prediction. Fifth, best practices for incorporating
performance testing into quality assurance (QA) are still evolving. Ongoingsgfincluding
NCHRP 10107 and TFRSO01, emphasize that test simplicity and quick turnaround are essential for
QA viability. Lastly, there are no universally accepted performance thresholds for BMD tests, and
results must be calibrated to local materiald anvironmental conditions to ensure validity and
effectiveness.

1.3. Operational Implications of BMD in North Carolina

As part of this research effpdontractors within North Carolina were surveyed to understand their
practices with respect to quality control aheé potential impaadf implementing BMD testing

into mix design and quality control. At the same time, the research team also conducted an
interview with North Carolina DOT personrtelunderstand time constraints and other issues that
may be relevant to BMD implementation.
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1.3.1.Survey with Contractors

The contractor survey included questions related to contrdetoographics, general knowledge
and opiniols aboutBMD, mix design and quality control operations, and finally, information
regarding training and personnAl.total of six contractorsubmitted their responsesith their
identifications not disclosed to the research tearull discretization of theanswers can be seen
in Appendix A.

The contractors surveyed varigdm smallcompanies, witlihree plants doing 300,000 took
asphalt mixper yeayto largecorporations, witHifteen plants doing 1.5 rhion tons peryear.

Some reported working only in North Carolina, while others reportednaigimg contractgor
Virginia or South Carolina. In general terms, seminars and informal talks are the main source of
knowledge about BMD among contractors, while some were aware from actively working with it
for Virginia contracts, two othe sixcontractors indicated that they were not very familiar with
BMD. There is an understanding that BMD might heimprove thequality of mixes, but
contractors seek more freedom to design based on performance, with soadieaints from
actual volumetric design. Some of the concerns listed by contraiétomplementationoccurs
focused onlab space, new equipment, training personnel, and rushed work with having both
performance and volumetric samples to produce and test.

The surveyalso provided information regardirigpw contractors develop a new design or what
triggers them to update the existing ones. Usually, when production trend lines are moving away
from the JMF, they might consider developing or updating a new design. Other contributors to
these are changes in aggregate and sand sourcde piiee or availability. Increase in RAP
content, management of existing stockpiles, having a backup design, or the ability to run multiple
designs were also cited as desiralttatsgies. The general ideateskeep the desigrwhich is

working for each division, and maximize the usesafycledmaterial.Generally, each plant would

have backup JMFs per mix type that would be switched in case of RAS use, or need to reduce
RAP content.

In a usual year, there are about four to ten new designs per company, and it takes about a week to
develop each, if no big issues happen. The target points for asphalt content is usually set based on
experience, on gravities, or on past mixes, with ldtdange Four of the six contractors said that

only one employee is responsilite doingthe designs fothe entirecompanyand worksin a
centralized lab. The other two answered that more than one senior tech would have the capacity to
work on designs inde the company, and they also reported not having only one central lab facility,
but not all plants can do design testing. It takes from one to three years to reach theblengl of

fully trained on mix design.

For Quality Control operations, contractors reported taking about three hours to finish a full series.
The number of techs each company Vergesfrom a three to nineteen employees for production.

To finalize training for Quality Control, it can vary from three to five weeks to almost a year. Some
reported having a specific training program, but most of them are hamdson practice with

senior techs ashe main source of information. The usual procg@seceeds frommoisture
concepts, sample fabricatiotesting, and becoming familiar with NCDOT specifications. There

is generally a ye&y refreshertraining, with NCDOT helping with an organized class program.
Some companies have a higher rotation of employees, while some had only one new tech in the
last coupleof years.
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In the actual NCDOT procedure, contractors are asked to submit specimens for APA test and TSR
results for mix design approval. If there are substantial changes in a specific JMF, contractors are
asked to resubmit themvhich is also rare to occur according to contractAcxording to the
survey,they have noseena mix design failing APA limits, so only the contractor that works with
Virginia contractspre-teststhe mix design for APA before submitting to North CarolD>@T.

TSR testing seems to be a beggoncern to contractors when updating a JMF, usually dae to
change in antstrip suppliers.

1.3.2.Survey witiNorth Carolina DOT

Similarly to the process done with contractors, a set of questions was developed to guide a meeting
with theNCDOT, in order to familiarize the research team withir process of conducting new

mix designs, updating existing JMFs, quality assurance practices, regional and central labs
workflow, and personnel.

On a typical year, there are about 50 new mix designs for mix type RS9.5C, from contractors
across the stat&#heDOT would prefer to add a revision number and keep the original year of the
JMF if no big changesccur. Ideally, there would hep to three or four revisions befassuinga

new mix design number. The actual practice is to update to a current year number on the JMF. The
updates happen throughout the year, waithigher intensity of new mixefom fall to spring
timeframe. A comment wasadeto some contractors having their production trends and quarries

so consistent that they hardly need to change a JMF.

Severaltestsare required as part of a new mix design. While most of them are done by the
contractor, like verifying aggregate gravities, asphalt content of recycle material, total asphalt
content design and mix gravities, tBOT performs the APA rutting testing. For TSR testing,
contractors are required to submit all figgsnerated by the testjuipment. To complete testing

and approving a new mix design can take five to ten workingiddgte spring, summeand fall,

or three to five days winter. APA testing is what drives thegpproval time for mix design$he
turnaround time is about three ddgsintermediate and base mixes, or five to ten days for surface
mixes. Recently, th®OT acquired another APA testing device, which significaintiyproved

their capacityfor testing.

Updating a JMften requiresubmitting test specimemghen significant changes ocg¢such as

a change in quarries, deleting an aggregate source from the d@h@ngng theantistripping
supplier.Altering thesand source or recycle contdyppically results in the issuance afnew
number of JMF. Thetandargrocedure is to rgerify APA rutting and nosproduction TSR, and
production TSR after production begins, bhis mayvary case by casdlinor updates like
adjustinggravities, stockpile blend percentages, or small increments on asphalt costetly
only requirepaperwork resulting in anewrevision number. According to the agency, about 5%
of revisionsrequire resubmission APA samples. Theypical turnaround time to update an
existing JMF is about two to three days.

Regarding APA testing, contractors produce the samples and ship it to the agency, while the testing
is done only at the central Materials anekts Unitfacility in Division 5. TheDOT corroborated

thec o nt r @put tlatthe Mix designs rarely fail the test. Regional labs have the capacity to
operate TSR testing for JIMF update and verification.

Quality control is routinely performed by the
process of assuring quality of the mix. According to the NCDOT Asphalt Quality Management
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System, there are seven approaches for conducting QA: 1) testing verification samples of 20% of
QC sample frequency; 2) testing split samples obtained by contractor of 5% of QC frequency; 3)
periodically observing sampling and testing procedures done iblyactor; 4) directing the
contractor to obtain additional samples at any time or location during production; 6) by conducting
audits; or 7) by any combination of the above. According to the agency, there is no preferred
approach from the seven listed abawor one that isnost used

The testing and verification of quality assurance is dlodependentlp f t he contractor
either the central Materials afstsUnit, or one of the 10 regional labs across the state. The
central laboratory takes over testing for Division 5, while regional labs support one or two
divisions. A full QA series takes about three working hours, with multiple mixes being tested at
once. The ugal turnaround time is one to three working days, depending on the demand.

The current sampling rate of quality assurance can pose a chdtigreysonnel. The central lab

has four employees, fully dedicated to asphalt testing with some specialized by test, while regional
labs usually have two techs that can perform any type of testing, even outhielasphalt range.

There is little turnover of personnel, with mostgencycontractedemployees, but some
promotions can happen. Generally, there are one or two new hires per year, taking up to six months
to train them in the regnal labs or four weeki the central lab. Retraining can occur only if
issues are observed. As part of the validation of the work, AASHTO accreditation is performed
yearly.

When values do not meet the specification for Quality Assurance, the mix would go to a process
called disputethroughwhich a separate sample wolld tested by third pary, usually another

QA labin close proximity. According to the agency, disputes happtna frequency of less than

3%. Some of the reasofar mixes going to disputaight be VMA, #8 sieve, #200 sieve, air voids,

or asphalt contertteing out of assurance limits. Alsaccording to the agency, contractors are
usually proactive regardinproductiontrend lines, so they would perform adjustments on their
own before getting to a dispute resolution. The possible outcomasredection inpay, or on

rare occasionsemovalandreplacement

1.4.Report Organization
This report is organized into seven chapters and six appendices.

1 Chapter lintroduces Balanced Mix Design (BMD) concepts, relevant performance tests,
and efforts by other states. It also summarizes the findings from surveys conducted with
contrators and NCDOT regarding BMD.

1 Chapter 2etails the materials and methods used in the experimental program, showing
the processsused tofabricate specimenshoosemixtures,and sample the mixturet
also lists thecharacteristicof the study materialsThe specific procedures for the test
methods utilized in this report are also included in this chapter.

1 Chapter 3presents the experimental plan and the analysis of the results. Its subsections
cover benchmarking for BMD and AMPT tests, a feasibility study of theHDTtest,a
comparison of laboratory aging protocol impacts on asphalt mixture behaveopsotocol
for shortterm aging of RS9.5D mixtures, cracking sensitivity to asphalt binder sources,
and the pavement performance evaluation using FlexBAVE
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1 Chapter 4discusses the potential outcomes and implications of implementing BMD testing
into mix design and quality assuranPessible scenarios are discussed, with potential pros
and cons of each being described.

1 Chapter Sists the final conclusions and recommendations of the s@iuypter Gutlines
a plan for implementation and technology transtdrapter 7Zcontains the references cited
in this report.

The appendices provide supplementary informatigpendix A contains a detailed literature
review; Appendix Bdetails the survey finding&yppendices C and Bhow individual mixture
testing resultsand statistical analysisAppendix E details the contour results from the
FlexPAVEE simulations damageand ruttingprogressiog and Appendix Fpresents a draft
specification for NCDOT regarding balanced mix design.
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2. MATERIALS AND METHODS

2.1. Study Overview

This study was conducted to address the need for a perforibasee test to evaluate the cracking
resistance of asphalt mixtures in North Carolina, a critical step toward implementing a
comprehensivBalanced Mix Design (BMDiramework. The primary objectives were to identify

a suitable test protocddenchmarkhe performance of current mixtures, and establish preliminary
performance thresholds to ensure kbagn pavement durabilityzigure2 presents a flowchart of

t he r epor The grayddxes wulineutheeéection ofmaterials and methods; the orange
boxes detail the main benchmarking experimental program; the blue boxes describe side studies;
and the green boxes highlight the primary outcomes of this report

Establish

DLC ] thresholds B ) .
»  BMD testing v SSess Impac
. on mix design
Benchmarking | APA i Develop
study specifications .
JMF selection ) \ Assess impact
[ Asphalt supplier on QA
2 ™ cracking study Evaluate
Sample 14 " (subset of mixes) Dynamic _> relationship with
surface mixtures | . ) Modulus performance
v R IDT-HT A
J (subset of mixes) Performance
Verify JMFs b AMPT testing Cyclic Fatigue —p evaluation
Define STOA for (FlexPAVET™)
RS9.5D mixes SSR

(subset of mixes)

Figure 2. Flowchart of the research

2.2.Material Selection and Sampling

This research study involved testing 14 different surface mixtures (RS9.5B, RS9.5C, and RS9.5D
traffic level denominationdistributed across the stal@ select these mixturgbe research team

first worked with NCDOT personnel to identify all active IMFs developed between 2019 and 2022
(515 total IMFs)The limit of considering onlydMFsissued sinc019 was selected due to an
update on JMF® 2018,which changedome mix types definitions. The list was tleattegorized

by mix type (RS9.5B, RS9.5C, and RS9.5D), county, division, region (Mountains, Piedmont, and
Coastal Plains), and RAP content. The objective was to understand which counties had the most
active JMFs per mix type, and their representative RARerds.

Additional filters werethen added to eliminate mixtureaving VMA or VFA values close to the
specification limits, recyckkbinder replacement below 30%, atedeliminate JMFs usinRAS
materias. Finally, a list of five RS9.5B, six RS9.5C, and three RSHBkeswasidentified based
on spatial distribution and variation in material sourceampleas shown irFigure3. Asphalt
binderwassampled from the appropriate terminal sousselfor the same asphalt binder grade
currently in production, according to plant operatéis. the purposes of this report, plants were
anonymized as shown fable6 below.
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Div. 11
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Figure 3. Geographical distribution of sampled component materials

Plants F(RS9.5B)and H(RS9.5C)were verifiedas part of theRP202106, and no change in
asphalt content was needed to achieve the required volumetrics. For the othea plamtser of
mixture verification steps were performed. First, tePRasphalt content was verified using the
ignition oven(afterapplying the calibration coefficient suggested in the NCDOT QMS mpanual
Then the gradations of the individual stockpiles (including RAP) were measured and used to
compute the blended gradation. Nextotgyratory mixdesign samplesvere fabricated and
compacted atach of the IMRasphalt contersind at asphalt contenptus and minus 0.5%om

the design content. The bulk specific gravity of each sample was measured in accordance with
AASHTO T 166(20249. At least two Gim Samples were mixed at the binder content specified in
the JMF, in order to calculate the voletric propertiesThese Gim values were used to compute

the design specimen air void contents. Finalgregatespecificgravities were updated to reflect

the mixture'smeasured maximum specific gravity.

The mix was considered verified if the gradation blesad close to thenespecified, all limits of

VMA, VFA, and dust proportiowere met, andhe air void content wasithin £1.0% of the air

void content requiremenit. the designasphalt content did not meet the volumetric requirements
at the design gyration numb@o for RS9.5B, 65 for RS9.5C, 100 for RS9.5&80)adjustmento

the asphalt content in accordance with the measured results to yield between 3 and 5% air and pass
the other volumetric requements was made. Ultimately, the mix designs for Plaiiig39.5B)

W (RS9.5B) U (RS9.8B andRS9.5C mixes), HRS9.5C) R(RS9.5C) and V (RS9.5D only) were
verified without changeHowever adjustments tthe asphalt contefior Plant Z (RS9.5C), Plant

Y (RS9.5B), Plant V (RS9.5C), Plant T (RS9.5D), Plant S (RS9.5B and RS9.5D), and Plant X
(RS9.5C)were necessario achieve the requirements describedn@ NCDOT QMS manual.
These revised asphalt contents are summariz&ale 6. An adjustment to Plant V (RS9.5D)
stockpile proportions was made to meet the JMF combined gradatioras a resylthere was

no change imsphaltcontent.
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Table 6. Asphalt Content Decision
Plant Mix Type Location @ Original AC (%) New AC (%) Gradation Change

F RS9.5B Div. 4| QO 6.30 same same
Y RS9.5B Div. 6 | QO 6.80 6.87 same
W RS9.5B Div.1| QO 6.30 same same
S RS9.5B  Div. 14 | MO 6.50 6.77 same
U RS9.5B Div. 8 | PI 6.20 same same
H RS9.5C Div. 10 | PI 6.00 same same
Z RS9.5C Div. 3| QO 6.00 6.20 same
\% RS9.5C Div. 5| PI 5.60 5.30 same
X RS9.5C Div. 4| QO 5.60 5.90 same
U RS9.5C Div. 8 | PI 5.60 same same
R RS9.5C Div. 9 | PI 6.10 same same
Vv RS9.5D Div. 5| PI 5.80 same proportions
T RS9.5D Div. 7. | PI 5.60 5.24 same
S RS9.5D Div. 14 | MO 5.80 6.00 same

a2Regions: Coastal Plains @3, Piedmont (PI), and Mountains (MO)

The naming convention for each meonsists of detter indicatingthe plant sourcea letter
indicating NCDOTtraffic designatior{B, C, or D) andtheshortterm aging used in the production

of the samples. For exampf@C (2hCTp r e fthe plamt Zthigh traffic (RS9.5@hixture that

was conditioned fotwo hours athe compaction temperature #se shortterm aging procedure.
Information regarding volumetric characteristaf the mixtures can be found Trable7, in terms

of: virgin binder PG grade, effective asphalt content)(percentage of coarse aggregate (CA),
fine aggregate (FA), natural sand (NS), recycled material (RAP), recycled binder replacement
(RBR), gyrations at design conditionddgn, voids in mineral aggregate (VMA), voids filled with
asphalt (VFA), maximum specific gravity ), and dust proportion (DP)

Table 7. Mixtures Information .

) Pee? CA/IFA/IN RAP
Mixture  Grade
(Virgin) (%) S(%) (%)

FB 5822 6.16 15/11/34 40 0.32 50 18.0 77.8 2427 0.83
YB 64-22 6.79 22/23/25 30 0.22 50 18.9 78.8 2.404 1.02
WB 64-22 6.18 20/24/26 30 0.23 50 17.4 77.0 2422 1.25
SB 64-22 6.72 15/46/9 30 0.23 50 18.5 77.8 2425 0.99
UB 6422 5.71 23/27/20 30 0.26 50 17.2 76.7 2.498 0.98
HC 64-22 5.41 22/33/10 35 0.28 65 16.7 76.0 2524 0.84
ZC 64-22 6.09 22/18/30 30 0.25 65 17.3 76.9 2437 1.02
VC 64-22 5.20 24/46} 30 0.26 65 16.5 76.6 2440 1.28
XC 64-22 5.81 25/45} 30 0.26 65 16.6 75.7 2447 0.94
ucC 64-22 5.28 32/22/16 30 0.29 65 16.3 75.5 2536 104
RC 64-22 6.07 30/30/10 30 0.29 65 17.2 76.7 2455 0.94
VD 7622 5.56 22/59} 19 0.15 100 16.5 75.8 2436 1.17
TD 7622 5.09 30/50f 20 0.17 100 17.1 76.6 2.618 1.25
SD 7622 5.67 31/41/13 15 0.13 100 16.5 75.8 2450 0.84
2 Calculated by the NCSU laboratoRGpecified in the job mix formula

Binder
RBR a Ndesign VMA b VFA b Gmm a DP a
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2.3. Test Methods

Based on the findings from the literature review and current NCDOT practidaditext Tension
Asphalt Cracking TesiDT-CT) andthe Asphalt Pavement Analyzer (APA) were selectethas
main durability and stability tests for this studgspectively This studyalso evaluated the
possibility of benchmarking Indirect Diametral Tension at High Temperaturel{Dtest results
on selected mixtureIhe IDT-HT test was chosen for this purpose becaubastbeen adopted
by other agencies (e.g., VDOT) ahds beerfound to be the most sensitive to compositional
changes in the asphalt mixture compared to the APA, IDRALand Marshall Stability test (Boz
et al, 20%). In additionto the aforementioned BMD testAMPT Dynamic Modulus (DM),
Cyclic Fatigue (CF), and Stress Sweep Rutting (SSR) tests were conducted to compare more
fundamental mechanical results to the index test re3atde8 presents a summary thfetesting
done at each mixture of this study.

Table 8. Summary of Performance Tests

Plant Mix Type BMD Testing AMPT Testing
F RS9.5B IDT-CT, APA DM, CF
Y RS9.5B IDT-CT, APA, IDT-HT DM, CF, SSR
w RS9.5B IDT-CT, APA DM, CF, SSR
S RS9.5B IDT-CT, APA DM, CF
U RS9.5B IDT-CT, APA DM, CF
H RS9.5C IDT-CT, APA DM, CF
z RS9.5C IDT-CT, APA, IDT-HT DM, CF, SSR
\Y, RS9.5C IDT-CT, APA, IDT-HT DM, CF, SSR
X RS9.5C IDT-CT, APA DM, CF
U RS9.5C IDT-CT, APA, IDT-HT DM, CF, SSR
R RS9.5C IDT-CT, APA DM, CF
Vv RS9.5D IDT-CT, APA, IDT-HT DM, CF, SSR
T RS9.5D IDT-CT, APA DM, CF
S RS9.5D IDT-CT, APA DM, CF

2.3.1.Specimerfrabrication

For the mixtures tested in this stutlye fabrication process followed the normal standard method
used in the NCSU asphalt mixture laboratory. Finstlér was collected in-§allon buckets. The
sealed buckets were heated in an oven at 70°C for 8 smthatheywould be thoroughly heated

and initially liquid. The lids were then opened, and the oven temperature was increased to
approximately 125°C for an additional two hauMext, the binder was poured integhllon cans.

An antistripping agent was added in percentages specified bgtihmeix formula and thoroughly
combined using a powered stirrer. Finally, the treated binder was apportioned into smaller cans,
each containing enough material for a single specimen plus a small safety. margin

Prior to sieving, rgin aggregates were placed in large pans and dried in an oven at 110°C until a
constant mass was achieved. The dried aggregates were then sieved and separated into individual
size fraction®n predetermined sieves. The pdetermined sieves, referred tocas sieve, were
established to balance batchiedficiency and quality controlFor the Reclaimed Asphalt
Pavement (RAP), the material was spread in a separate pan to a thickness not exceeding 2 inches.
It was then dried at a lowéemperature of 60°C and stirred frequently until reaching a constant
mass. Mechanical splitters were used to obtain RAP samples for batching.
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Each specimen was mixed and compacted individually to ensure consistency. The individual virgin
aggregate fractions were batched to their target weights and heated overnight in an oven set 10°C
above the required mixing temperature. Thewetgghed RAP wagplaced in a separate pan at

room temperature. Two hours before mixing, the binder cans were placed in an oven set 3°C above
the mixing temperature. All mixing equipment (metal pans, buckets) and compaction equipment
were preheated to their respective mgcand compaction temperatures in separate ovens.

Forty minutes prior to mixing, the RAP was added to the pan containing the hot virgin aggregates,
stirred thoroughly, and returned to the ovEo.begin the mixing process, the hot aggredaé¢

blend was transferred to a mixing bucket. The bucket was placed on a scale, and the precise amount
of preheated binder was poured over the aggregates. The bucket was then secured in a mechanical
mixer andmixed for approximately -2 minutes, until all aggregate particles were uniformly
coatediImmediately after mixig, the loosanix asphalt was spread into a pan, batched to the final
specimen mass, and placed in an oven for g¢bart aging as specified by the aging protocol.

Once the aging period was complete, the material was moved into a transfer device preheated to
the compaction temperature and then carefully poured into a preheated mold. To ensure a uniform
distribution of material, a spatula was inserted approximatght @émes around the circumference

of the mold, with its flat face held against the mold wall. It was then inserted into the center of the
mix 10-12 times in a croskatch (#) pattern. For larger specimeb®Xmm heigh}, the material

was added in two lagrs, and thepatulgorocess was performed after each lift was placed. Finally,

the prepared mold was placed irg@atory compactoand compacted to the target specimen
height. After compaction, the finished specimen wasudedrom the mold and allowed to cool

to room temperature before handling.

2.3.2.Indirect Tension Cracking Test (IBTT)

ThelDT-CT test procedure followad this research was consistent with &&TM D8225 (2019)
standard. Specimens were conditioimednair chamber at 25°C pridp testing. Five specimens
were tested for each mix, with the highest and lowest results trimmed from the azlygés.
was then calculated for each specimen sepanaselgEquation(1) and then averagethe testing
was repeated if the observed range in test results was not belalothable limits calculated
from theVirginia Transportation Research Council Round Robin stitd@pbouchest al 2021,
Boz et al 202). Test specimens were 150m in diameter and 62 mnn heightand were
fabricated with # 0.5 percentir voids. Before compactingpecimens were subjected to short
term oven aging by placing the mixture in aoven for 4 hours athe mixturecompaction
temperature (14& for RS9.5B and RS9.5C mixes). An exception was made for RS9.5D mixes,
where the mixwas first agedor four hours at 143C, but was then heated for an additional 50
minutesto reachthe compaction temperature of 1%3 The use of 4 hours at compaction
temperature fothe shortterm aging protocol was consistent with practices in Virgamd was
decided on in consultation with the project steering committee. It was also closest to the AASHTO
R 3019 protocol for mix design that was in place at the outset of the project (AASHTO 2021).
The extended time, from 2 hours in AASHTO RIBDto 4 lours had been found in Virginia to
aid in managing workflow where limited oven space existatl specimen fabrication for
volumetric analysis, APA testing, Cantabro testing, and-@Ttestingwas performed.
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Wheret is the specimen thicknegsm), D is the specimen diameténm), I7sis the displacement
at 75% of the peak load after the pgaim), Gt is the failure energfd/n?), andmysis the slope at
75% peak load after the pe@/m).

2.3.3.Asphalt Pavement Analyzer (APA)

The APA test procedure followedhe AASHTO T 340 Q023¢ standard and NCDOT
requirements. Two sets of specimens wested a64°C, and the resultsverereported as the
average rut depth after 8,00Mheel repetitions. Test specimens were 150imdiameter and 75
mmin heightandfabricated with 4t 0.5 percent air voids. The shaetrm aging protocol followed
theNCDOT practice ofwo hours at compaction temperature before compacting for all mix types.

2.3.4.Indirect TensiorHigh Temperature Test (IDHT)

TheIDT-HT test procedure follows an adaptation of AASHTO T 283 (2D2Zpecimens were
conditionedin achamberat 51°C to match theSSRtest high temperatur&our specimens were
tested for selected mixeandtheresults are described in terms of the peak stress strength reached
during the testThe est geometryvas the same as thBT-CT geometry (150 mm diameter and

62 mm height at Z 0.5 percent air voidskinally, the shorterm aging protocaolvas the samas

the other rutting testing, so prior to cpattion, mixtures stayed &wo hours at compaction
temperature.

2.3.5.AMPT Testing

Large gyratory samples @BO mmheight andLl50 mmdiameter were€ompacted for fabricating
AMPT tests. For DM and CF tests, four 4in height and 38m diameter samples ¢50.5%

air voids) were cored and cut from the larger gyratory sarhjde.for IDT-CT testing, RS9.5B

and RS9.5C mixtures were shtgtm aged in an oven for four hours at 1@ ®rior to compaction
while RS9.5D mixtures were shdadrm aged at 14& for four hours and then heated to 463

for 50 minutes prior to compactioRor the SSR test, each large gyratory sample resulted in a
single cored and cut specimenl&0 mmheight andLO0 mmdiameter (7 0.5% air voids). For

the SSR testing, the shaerm aging protocol followed the previous rutting performance test
samples (two hours d43°C prior to compacting RS9.5B and RS9.5C, and two hats63C

for RS9.5D).

Dynamic ModulugDM) Test

TheDM test procedure followethe AASHTO TP 132 20239 standard for each combination of
frequency (0.1, 1, 10 Hz) and temperature (4, 20C10rhe acceptability of the test resultais
confirmed by checking the data quality indicators and d2S limits identified by Undeetvabd
(2023) FlexMAT™ version 2.1.4.6 was used to analyze the data and fit to 2S2P1D model.

Cyclic Fatigug(CF) Test

CF testwas performed in accordance wiASHTO T 411 @Q024&) standard The testing
temperature washosen based on thnder gradg€18°C for RS9.5B and RS9.5C, and°Zlfor
RS9.5D). Both DMprior tested and netested specimens were used to characterize each material,
as long as three replicates per mixture met the required repeatability limits. AfterSgyotalex
values were calculated using FlexMRTversion 2.1.4.®y setting the location &aleigh, NC.

StressSweep RuttingSSR)Test
The SSRtest procedure followethe AASHTO TP 134 2023h standard.Two replicates per
temperature per mix were tested. The difference between the two replicates at the end of the tests
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was less than 25% for all the results reporBased on the analysis conducted in in Underwood
et al. (2021) he high and lowtest temperatures were selected as 51°C and 29°C, respectively

FlexMAT™ version 2.1.4.1 was used to calculate RSI index, using Raleigh, NC, as the location
for climatic conditions.
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3. EXPERIMENTAL RESULTS

3.1.Overview

The experimental prograras described in the previous chaptas carried out using the mixtures
described irSection2.2 The results of these experiments are presented in the following sections
and in the followingrder:benchmarking evaluaticsf BMD and AMPT testsIDT-HT feasibility

study, shorterm aging study with RS9.5D mixtures, binder sowcacking sensitivity, and
FlexPAVE™M performance evaluation.

3.2.Benchmarking

This section presents the results of the comprehensive laboratory testing program conducted on
the fourteen laboratory mixed compacted asphalt mixtures evaluated in this study. The
experimental plan was designed to assess mixture performance with regpacking esistance,

rutting, and modulusThe following subsections detail the results from lindirect Tension
Cracking TestIDT-CT), Asphalt Pavement AnalyzeAPA), Dynamic Modulus PM), Cyclic
Fatigue(CF), andStress Sweep RuttifSR) tests

3.2.1.BMD Testing

Indirect Tensile Asphalt Cracking Test

The results from thdDT-CT testfor all fourteen studied mixtureme summarized irFigure4.

The bars show th€Tingex from three replicates (trimmed from five results), with the error bars
indicating the range between maximum and minimum valdéesseen in this figure,dth the
RS9.5B and RS9.5C groups show a wide range of results, from aff#gt8 to a lowof 9.3. The

WB mixtureshowed the lowest valuarhile the RS9.5D group presented consistent results but at
a lower scale than the other mixtures.
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Figure 4. IDT-CT results for benchmarking study.

A non-parametric box plot was used to identify potential outliers within the dataset. Based on the
median and interquartile range (IQR), the outlier thresholds were defined as any value falling
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outside the calculated boundaries. The upper boundary is defintdt #srd quartile plus
1.5xIQR and the lower boundary is definedthefirst quartile minusl.5%IQR For the analysis
focusing on the RS9.5B and RS9.5C mixtures, no data points were flagged as outliers using this
method

Based on total and effective asphalt contdiatb(e 6 and Table7), it was expected that RS9.5B
mixtures would achieve slightly better performance than RS9.5C mixtures, which was not
observed. In addition to that, the lower performance of the polymoeified RS9.5D mixtures is
likely not due to their binder contentledtr, sinceghese values wer@milar in range to the RS9.5C
mixtures.

The following paragraphs present a statistical discussion of ThIDresults; detailed statistical
outputs can be found in Appendix C. As part of the standard procedure, a preliminary test for
equality of variances was conducted prior to eachveene ANOVA. If the equal variance
assumption was not rmeperformad foNthe statiscal compafssnt w
oneway ANOVA test( U = 0 corffiinid significant statistical differences among the individual
mixtures p-value < 0.001)and asubsequent Tukey HSD test identified seven statistical groups.
The topperforming group included mixtures XC, YB, ZC, and HC, while the Ioypesforming

group consisted of UC, WB, and all RS9.5D mixtures.

To further investigatéhe IDT-CT results mix type was selected as a treatment factor in a separate
ANOVA, which verified significant dierences among the three typps/@lue< 0.001). The post

hoc Tukey HSD test identified only two statistical groups: one containing RS9.5B and RS9.5C
mixtures(averageCTindex Of 18.5) and another containing RS9.5D mixtufaserageCTindex Of

11.2) Note that these results are different from FHWA/NC 2033oroject which did identify
statistical differences between ®5B and RS9.5C mixtures. The differences could be due to the
fact that the FHWA/NC 20283 project leveraged plant mix specimens, which had an overall
higher value than the lab mixed samples tested Mse, the FHWA/NC 20233 dataset has a

mix of high and low RBR mixesncluding some where the RBR was high enough to warrant a
binder grade change in the JMF. Finally, the dataset gathered in this project and the one gathered
in FHWA/NC 202303 are relatively small (5 RS9.5B mixes and 6 RS9.5C mixdseicurrent
project and 4 RS9.5B mixes and 3 RS9.5C mixes in FHWA/NC-P323and these differences
could simply be related to random sampling issii&ss result validated the visual observation
that the RS9.5B and RS9.5C groups were statistically similar. This outcome wasduwdded

by excluding the WB mixture and RS9.5D mixtures andurening the test, which again found no
statistical differencebetween RS9.5B and RS9.5C mixturps/élue = 0.382). Additionally,a

model including both mix type arsburce region as factors found no statistical differences among
source regions for the fourteen mixtures in this stypeyajue = 0.196)

A comparison of thes€Tingex resultsand findings from other states confirms thatTHECT
performance is regi@lly dependen{seeTable 3 from Sectionl.2.2. There are a few possible
explanations for why the values in the North Carolina dataset are lower than other states. First, the
aging protocol adopted is somewhat more severe than most other states. Aging at four hours at the
compaction temperature resuligoroperties that appear to be more extreme than plant production.
FHWA/NC 202303, which has been performed in parallel to the current effort, but evaluated plant
mix materials has found a consistently higlindex value from planimix materials. In fact,
mixtures FB and HC were included in both studésl in this caséhe CTindexvalues from plant

mixed materialsvere approximately 60.1 and 4Q.8spectively. These values are higher than
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those obtainedrom the labmixed, labcompacted values reportedkigure4 by a factor of 3.2
and 1.9respectively The lab aging protocol is not the only reason for the low vaespite this
study adopting Virginia's shetérm aging protocols, the results were unexpectedly different
Virginia has also adopted the four hour on temperature protocol and has estabtistesti@d
value of 70 (Bowers and Diefenderfer 2018h the Virginia work, his value corresponded to
approximately the 1% percentile of the benchmark mixtures thegtéd Using a similar 1%
percentilewould yield a preliminarghreshold of approximatel¥4 for North Carolina.

Another potential explanatidor the low values ishattheselectedrS9.5B and RS9.5C mixtures
hadhighRBR valuesranging from0.23to 0.32. Thesdigh RBRsare common in North Carolina,
but would represent relatively high values in matster statesFor context, 73 percemntf states
specifya maximum allowable RAP content in surface mixtures betwke2® and0.30, placing
the materials used in this study at the upper end of national pr@ctistorena and Costa, 2024)
At these RBR valueghe NCDOTallows contractors to useirgin PG 6422 asphaltbut many
other statesequire contractors teeduce the binder gradeurthermore, the FHWA/NC 20233
study found thaton averageplantmixed, labcompacted mixtures with a PG-28 and RBR
above0.30 had higheCTingex values than mixes using PG-82 at RBR 0f0.30 or lower.This
difference was found to be statistically significdftiWWA/NC 202414, currently underway as of
this writing, has reported data on {afixed, labcompacted specimens that shows when a RG 58
28 binder is used in a given mixture that @ikngexvalues are highe¢han when a PG 622 binder
is used in the same mixture.

Asphalt Pavement Analyzer

The APA test was also conducted on the fourteen mixtures of this Stgiyre 5 shows the
average result of the left and right wheel path rut depth from the APA test obtaine@ atiayloer
8000.The dashetines indicate the NCDOT thresholds for the mix typése error bars indicate
maximum and minimum value# lower rut depth means a moretting-resistantmixture. All
mixturessuccessfully passed theaspectivahreshold, and most woul@lsosucceecven under
the strictestimit of 4.5 mm (for RS9.5D. Different from IDT-CT results there is a higher
consistency among the results within eatk typegroup.

The samenonparametric box ploprocedurewas used to identify potential outliers within the
APA rut depthdatasetFor the analysis focusing on the RS9.5B and RS9.5C mixtYiBesyixture

was verified to be an outlier to tdataset. Visually, RS9.5C mixtures perform slightly better than
RS9.5B mixtures; however, if YB is treated as an outlier, both groups perform similarly, with rut
depths between 2.3 mm and 4.1 mm. The RS9.5D mixtures seem to behave differently, showing
superiorperformance.

A clear trend exists between total and effective asphalt coftailie andTable7) and rut depth.

The YB mixture, with the highest asphalt content, performed the worst. For the RS9.5C mixtures,
there is a nearly linear correlation where higher asphalt contents correspond to greater rut depths.
This trend is not that clear for RS9.5Dxtuires, possibly because the polymardified binder

used in them enhances rut resistance, potentially masking the effects of varying binder content.

The following paragraphs present a statistical discussion oAfi#erut depthresults; detailed
statistical outputs can be found in Appendix C. As part of the standard procedure, a preliminary
test for equality of variances was conducted prior to eactwageANOVA. If the equal variance
assumption was not medrformed folthe btatistiCalscompdNiEDN.A wa s
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Figure 5. APA results for benchmarking study.

A oneway ANOVA test( U= 0 cobffbmed statistically significant differences among the
individual mixtures -value < 0.001). A subsequent Tukey HSD test identified seven distinct
statistical groups. The highest rutting gragmtainednly YB mixture, while the togperforming
group(with thelowest rut depthgonsisted ofJC andall threeRS9.5D mixturesAs expected, @
ANOVA usingmix type asa treatment factor confirmed statistical differences among them (
value< 0.00). The posthoc Tukey HSD test revealedhat all three mix typewerestatistically
different from each othewith average values of 4.1 mm, 3.1 mm, and 1.0 mm to RS9.5B, RS9.5C,
and RS9.5D mixturesespectively To validatethis, a follow-up ANOVA excluding outliers the

YB and RS9.5D mixturesyas performedwhichthenrevealed no statistical differences between
RS9.5B and RS9.5@rous (p-value= 0.153).Additionally, a final model including mix type and
source region found no statistical differences among source rdgiotie fourteen mixtures in
this study p-value= 0.163)

3.2.2.AMPT Testing

Dynamic Modulus

TheDM test wasonductednthe fourteen mixtureatthree temperatured,(20, 40°Q and three
loading frequencief0.1, 1, 10 Hz)Figure6 presentsheresultingdynamic modulug|E*|) master
curvesin both loglog and semlog plots.In the figure, the lines represehe 2S2P1Dnodel fit,
while the markerindicatethe experimentadatapoints

A visual analysis of the dynamic modulus master curves reveals distinct characteristics for each
mix type. Within the RS9.5B group, which shows a wide range of results)NBianixture
exhibited a higher modulus than the other four mixtures (FB, YB, SB, and Ed)the RS9.5C
group,theZC,HC, VC, and RC mixture®rm a main clustemwhile UCwasdistinct with ahigher
modulus In theRS9.5D group, SD and VD mixturbshave nearly identicdl/, while TD mixture

had a higher modulusA comparison between the groups suggests that while the RS9.5B and
RS9.5C typesveresimilar, the RS9.5D mixtures appedto be stiffer overall.
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Figure 6. DM results for benchmarking study:.

The following paragraphs present a statistical discussion dDiheesults; detailed statistical
outputs can be found in Appendix As part of the standard procedure, a preliminary test for
equality of variances was conducted prior to eachveaye ANOVA. If the equal variance
assumption was not met, a Welchoés ANOVA was
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Aoneway ANOVA (U = 0.05) was conducted on the
temperature (4°C, 20°C, and 40°C) to identify differences among the mixtures. The analysis found
statistically significant differences at all three temperatyreslue< 0.001 for all). A subsequent

Tukey HSD poshoc test revealed several key groupings. The TD and UC consistently exhibited

a statistically higher modulus than the other mixtures at all temperatures. The WB mixture was
statistically similar to this @ group at 4°C but performed in a lower statistical group at 20°C and
40°C. At the lower end of the performance spectrum, the group with the lowest modulus contained
the HC, FB and SB mixtures at both 4°C and 20°C. At 40°C, the lowest modulus group consisted
of the FB, YB, and ZC mixtures.

An ANOVA was conducted with mix type as the treatment factor to identify differences in
dynamic modulus at each temperature. The analysis found no statistical difference among the mix
types at 4°Cyt-value= 0.216). However, at 20°C and 40°C, significant differences were observed
(p-value = 0.014 andp-value < 0.001, respectively). A subsequent Tukey HSD test for these
temperatures revealed ththe RS9.5Dmixtures exhibited a statistically higher modulus than the
RS9.5B and RS9.5C mixtures. This evaluation corddihat theRS9.5BandRS9.5Cmixtures

have a statistically similar modulus across all tested temperatures.

A final model including both mix type and region from within North Carghmaere the material
was sourcea@s factorsfound that theregional sourcéad a statistically significant effect on the
dynamic modulus at all three temperatures: 45@alue= 0.018), 20°C gg-value= 0.032), and
40°C (p-value= 0.007). The poghoc Tukey HSD analysis provided more detail on these regional
differences. At both 4°C and 20°C, materials fromgleelmontregion were statistically different
from those in thenountaingegion. At 40°C, materials from tipgedmontregion were statistically
different from those in theoastal plainsegion.This regional inconsistency is in agreement with
findings from RP20120 (Underwoocet al, 2021) for North Carolina surface mixtures, in which
piedmont region materials were statistically different from the othedsGtand 20°C while
coastal plains materials were statistically different from the oth&@°at

Cyclic Fatigue
Cyclic Fatigue test was performed on the fourt@@xtures with the resultings,pp andDR indexes

shownin Figure7. Thenumbersexpresghe representative values, while the error bars represent
maximum and minimum value8 higher indexndicatesa better fatigue performanc®imilar to

the IDT-CT results, thdRS9.5B grouppresentd varied performance, ranging from 18.3 to 25.0
for Sipp, and 0.431 to 0.578 f@R index In contrasttheRS9.5D groushowed consistently high
values forboth Sipp andDR. The top performinggroup ofmixturesfor this testwasFB, HC and

RC, which differed from CTindex results where YB, XG and ZC mixtures achieved higher
performanceOn the other handhe WB mixture was consistentiyne worseperforming mixture
across all cracking indexe€ Tindex Sipp @andDR).

The following paragraphs present a statistical discussion o€keesults; detailed statistical

outputs can be found in Appendix As part of the standard procedure, a preliminary test for
equality of variances was conducted prior to eachveaye ANOVA. If the equal variance
assumption was not met, a Welchdéds ANOVA was p

A oneway ANOVA test( U= 0 co@fffmed statistically significant differences among the
individual mixtures for bottgpp andDR indexes p-value < 0.001 for both). A subsequent Tukey
HSD test identified five distinct statistical groups in each oagh, significant overlap between

the intermediate level$-or example, HC, VD, and UB mixtures were contained within all five
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Tukey groups for th&yppindex,indicating their performance was not statistically distinguishable
from a wide range of other mixturéd/hen the analysis was grouped by mix tythe ANOVA
found no significant differences eith@&pp (p-value = 0.092) obR (p-value = 0.184).
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Figure 7. CF results for benchmarking study

A final mode] including both mix type and source regipiiound that source region had a
statisticaly significant effect on botlSpp (p-value= 0.048) andR (p-value= 0.018) The post

hoc Tukey HSD analysis revealed that $ay, index,the mountains region differed from those in

the coastal plains region. FBR index, materials from the piedmont region differed from those in
coastal plains regiorRP201920 (Underwoodet al, 2@1) findings also suggest that there are
regional differences when evaluating CF test results for surface mixtures in North Carolina, in
which all regions were different from each other.

Stress Sweep Rutting

As shown inTable8, the SSRtest was conductesh a selected group of six mixtures to provide a
more mechanistic and fundamental evaluation of rutting resistance. The, nesadenteds the

RSI indexin Figure8, indicate that higher indexcorrespond$o agreatersusceptible mixture to
rutting. Consistent with the APA results, the YB mixture exhibited a distinctly poor performance.

The performance ranking of the mixtures based on the RSI was identical to the ranking from the
APA test, showing agreement between the two .té#gitenYB mixture wastreatedasanoutlier,

no cleardifferencewas observedbetweenRS9.5B and RS9.5C mix tygehowever,the VD

mixture (the only RS9.5Dnix tested clearly performedbetter than the other&ince the test
yieldedonly one index value per mixture, a statistical comparison among the mixtures was not
performed.
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Figure 8. SSR results for benchmarking study

3.2.3.Summary of Benchmarking

In total, 14 mixtures from different locations North Carolina were testeasing the IDFCT,

APA, DM, and CF testsA subset of six of these mixtures was also tested using the SSR test
method The performance conclusions for each test, based on stati&ticay HSDgroupings
(Appendix C and D)are summarized ihable9. The table lists the mixtures contained in the top
and worstperforming Tukey groups for each respective test res&®egarding cracking
performancetheWB mixture was consistently identified as a poor performer across multiple tests,
while theHC mixture was consistently among the top performers. For rutting resistand the
mixture consistently performed poorly, whereasRI&9.5Dmixtures were consistently identified

as having excellemerformance.

Table 9. Individual Mixture Perform ance

High
Index Performing Mixtures Criteria Mixtures
Criteria
CTindex highestindex XC, YB, ZC, HC lowestindex WB, TD, SD, VD, UC
SippandDR highest index FB, SD, RC, HC, SB lowest index WB, XC, ZC, VC
APA rut depth lowest rut deptt SD, vD, TD highest rut dept YB
RSI lowest index VD highest index YB
DM at £C  highest modulu: TD, UC, WB lowest modulus SB, FB, HC
DM at 2CC highest modulu: TD, UC lowest modulus FB, YB, SB, ZC, HC
DM at 4C highest modulu: TD, UC lowest modulus ZC,YB, FB

Regarding the mix types, a primary finding was that after removing statistical outliers, no test
method identified a significant difference between #®89.5B and RS9.5C mixtures. The
distinction forRS9.5Dmixtures was less consistent; whitest testslearly differentiated them,

the CF test and DM at 4°did notfind a statistical difference between the RS9.5D group and the
other two.

The influence othesource regiomvasalso not consistent across all performance tests. Neither the

IDT-CT nor the APA test found any significant differences among the regions. However, the DM

and CF tests did identify some specific differences. DM results differentiated the piedmont from
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the mountains (at 4°C and 20°C) and from the coastal plains (at 40°C), whiig ithaex also
distinguished the piedmont from the coastal plains. Séndex was the only metric to identify
a difference between the mountains and coastal plains regions.

3.3.IDT -HT Feasibility Study

ThelDT-HT test is a simple and rapid alternative for evaluating rutting resistance. Its advantages
include inexpensive equipment and a streamlined procedure using gyaamopyacted specimens

with no cutting or gluing require@ diametric load is applied at a constant rate, with the resulting
peak tensile strength used as the performance metric. Due to its simpliciyTHT is well-

suited for quality assurance testing and is often used as a pass/fail criterion that correlates well
with other rutting performanceests.Additionally, the IDTFHT test has been found to be more
sensitive to changes in mixture composition than other stability tests such as the APA; IDEAL
RT, and Marshall Stability test (Ba al, 20295.

Figure9 shows the IDTHT strength resultfor the five mixtures selected fthis evaluatiopnwhere

a higher strength value indicates better resistance to ruffing error bars indicatthe range
between maximum and minimum valu€onsistent with the other rutting tests, & mixture
performed worse than the other mixtures, although the differemagless pronounced here. The
overall ranking of the mixturasasin agreement with the APA and SSR test results, demonstrating
the high consistency of this simpler test method
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Figure 9. IDT -HT results for selected mixtures

A oneway ANOVA test( U= 0 cobffmed statistically significant differences among the
individual mixtures g-value < 0.00). Interestingly,a subsequenposthoc Tukey HSDtest
showedthat each mixturef the five mixtures was statisticaldijstinctfrom each otherThis level

of differentiationwas superior to the APA test, which, due to its higher variability, could not
distinguish between certain similarly performing mixturBlsis consistencyvasalso proven by
the high R valueswhenplotting the test results against each othsrshown irFigure10.

Finally, based on the strong correlation between the APA aneHD1Tests, the NCDOT rutting
thresholds were translated into preliminary BT strength criteria. The APA limits of 9.5 mm,
6.5 mm, and 4.5 mm for RS9.5B, RS9.5C, and RS9.5D mixtures cantespto minimum IDT
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HT strengths of approximately 150 kPa, 180 kPa, and 215 kPa, respectively. It is noted that further
work to refine and evaluate these preliminary limits should be done. These current values do not
consider issues like variability in the two testsr the ability to discriminate mixtures. In addition,

the powetlaw relationship implies that the IDT strengths do not change much with APA rut depth
increases above approximately 6 mm, which needs to be considered in light of the inherent test
variability of thelDT-HT.
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Figure 10. IDT -HT results correlations with other rutting tests: (left) APA; (right) SSR.

3.4.Comparison Laboratory Aging Protocol

Through coordination efforts between this project and FHWA/NC 2R 3nixtures FB and HC
were evaluated using both latixed, labcompacted specimens and plamiked, labcompacted
specimengPMLC). In both caseghe aggregate and RAP materials were obtained on the same
day that the loosenixture was sampled@nd the asphalt binder was sampled as close as possible
to the binder acquisition date for the day of production mixtNoge that for the PMLC case,
samples ofloose mixturewere transported to NQ@§ where they were then reheated and
compacted to the appropriate air void content.

Figure 11 shows the results d@Tindex Values for these two mixtureAs shown, the laimixed
specimens aged for 4 hours at compaction temperature showed notablZTagralues than

the PMLC specimens (approximately 52% lower in the caseCoduttl 70% lower in the case of

FB). These results suggest that 4 hours of aging at the compaction temperature is a much harsher
condition than what occurs in the plahkigure12 shows the results from the APA testing. In this

case, the aging condition of the lab mixed samples was 2 hours at compaction temperature

the differences are much smaller. Analysis in this case shows that while the FB mixture and HC
mixtures are different, there is no statistically significant difference between the PMLC specimens
and the labmixed specimens agéadr 2 hours.
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Figure 11. Comparison ofCTindex Values from PMLC and lab-mixed, lab-compacted
specimens for FB and KC mixtures.
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Figure 12. Comparison of APA values from PMLC and lab-mixed, lab-compacted
specimens for FB and KC mixtures.

3.5.Short-Term Aging Protocol Variation on RS9.5D mies

NCDOT job mix formulasspecifydifferent compaction temperatures, and consequently, different
shortterm aging conditions for nemodified and polymemodified surface mixtureg.ypically,

the compaction temperature for npalymer modified mixtures i443°C and for polymer
modified mixturedgs 163°C Thus, protocols based on aging at compaction temperature are likely
to have a greater effect on the properties of polymedified mixtures than they will onon
polymermodified mixtures.In order tomoreequitablycompare both mix types, a separate study
was conductedo identify theeffects of aging polymemodified surface mixtures at a different
temperature than thmn-polymermodifiedmixtures and to propose a shtgtm aging procedure

for polymermodified mixtures.
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This investigationfocused on twdrS9.5D mixturs, sourcedrom Plant Tand Plant V For the
Plant Tmixture,shorttermaging was conducted using thmdistinctprotocols: 1)aging forfour
hours at 143C and then compactireg 143C (4h143) 2) aging forfour hoursat 143C followed
by an additional 50 minuted 163C (4h143+C7) before compactigrand3) aging forfour hours
at 163C (4h163)and then compactinghe Plant V mixture was onlgvaluated using onlthe
4h163 and 4h143+CT conditions. After compactibe, mixtures were subjectedl@T-CT, DM,
and CF testswith the detailed procedures for these tests described in SBQi@lindexand Sipp
results are shown iRigure13, with the DM resultsshownin Figure14.
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Figure 13. IDT-CT and Sapp results for RS9.5DSTOA study.
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Figure 14. DM test results for RS9.5DSTOA study.

Regarding IO-CT test resultsthe CTingex decreases with the more severe agiogditionsfor
both plant source#At-t est (U = 0.05) was performed for
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the 4h143+CT condition results in a statistically higB@&idex than 4h163 for both VD (85%
higher) and TD (169% higher) plants. The Plant T mixture at the 4h143 also had a statistically
higher result than TD (4h143+CT). Interestingly, the pairwisst also suggested that there is no
statistical difference betweeviD (4h163) and TD (4h163LTindex results; however, for the
4h143+CT condition, the Plant V mix yields a 29% hig@&dexcompared to Plant T, with the
difference being statistically significant.

For Spp, the trend is similato thatfor CTindex Results were proportional with the aging timath
4h143+CT results being statisticallyigherthan 4h®3 for both VD (122% higher) and TD (47%
higher) Statistically, TD (4h143 andTD (4h143+C7) have thesameSypp results according to a
pairwise ttest As seen before with ID-CT results, there is no statistical difference between TD
(4h163) and VD (4h163). On the other hand, for 4h143+CT condition, Plant V mix yaeiiz
higherSppindex result than Plant T mistatisticallysignificantly different

For the DM test results, the modulus at the 1 Hz frequency and at each tested tempé@ture (4
20°C, and 40°C) was compareading a pairwise-test The trend is also cleaaging at4h163
conditionsresuls in a statisticallyhigher modulughanthe other conditions for both VD and TD
andfor all temperaturesThe TD (4h143+C7 mixture also shows airwisestatistically higher
modulus valughan theTD (4h143 condition atall temperaturesWhen comparindpoth plants

TD (4h163) had statistically higher modulus thanVD (4h163), andTD (4h143+CT) had
statisticallyhigher modulus thawD (4h143+CT)at all temperatures

For a broader evaluation of the effects of stenn aging conditioning on all the generated data,
atwo-way Analysis of Variance (ANOVA)te¢tU = 0. 05) towesauatetieerefteafc t e d
both independent variablestapt sourceand aging conditionThe statistical test was done for
CTindex Sepp, @and DM at 1 Hz for 4C, 20°C, and 40°C independentior the aging condition
treatment, all fiveanalysesshowed that theravere statistical differences among the aging
conditions p-value < 0.001 for all) A Tukey HSD poshoc test was conducted on each
independent variable separatesiowing that each aging conditiaasin a different group from

each otherForCTindex the order fromhighestto lowestresultwas4h143, 4h143+CT, and 4h163.

For Sypp, the order from higher to lower resultes4h143+CT, 4h143, and 4h163. For all three
temperatures, the order from higher to lower modulas4h163, 4h143+CT, and 4h143.

Regarding plant source treatment, hoth cracking indexes, themasno statistical differentiation
for plant sourcdéreatmenip-valueof 0.078 and 0.187 faCTindexand Sypprespectively), meaning
that both plants exhil@tindex resultdhat are statistically theame. On the other harfdy DM
results, all three temperatures found statistical significgme@l(le< 0.001) for plant source. A
Tukey HSD poshoc test was conducted, which identified TD as resultinghigher modulus
than VD for all thee temperatures.

In summary, thehoice ofshortterm aging conditionsignificantly impacted the resultgvhile
mixes from Plant T and Plant V showed similarity in cracking performa@i€guséxand Ssypp), the
modulus results showed that thegrenot the same. pplying the AASHTO R 30619 standard
aging condition of fouhours at compaction temperature (163p@&ved to be too severe, as it
aged the materials to a point that the cracking performancstatasicallyindistinguishable. On
the other hand, the less harsh condition of four hours atClgdus 50 minutes to reach
compaction temperature) revealed statistical differences between Plant Traimds/cracking
performancesThe current AASHTO R 3@2 practice of aging at 135 for 2 hours was not
evaluatedased onriput from the project steering committBased on thedendings, the research

34



team decidedo apply4h143+CTas a condition teubsequent testingf RS9.5D mixedor this
project.

3.6. Sensitivity of Cracking Index Results toAsphalt Supplier

According to NCDOT procedures, contractors are allowed to switch binder suppliers without
notifying the NCDOT a long as the anstripping supplier and PG grad® not also change.
However, it is not clear if this practice hagpacton the cracking potentiagiven the variability

of asphalt binder supplies in North Carolina. TherefoadlpWwing a recommendation from
NCDOT, the research teamonducteda separate experiment to evalulte effect ofasphalt
supplier changes omurface mixtureproperties The experiment consed of using the five
terminal sourcefA, bB, bC, bD, and bE)f PG 6422 sampledluringthe projeceandfrom three
different companiesThe earliest binder sampling was done in September of 2022, while the last
one was done in July of 2023. Each source was sampled only once.

To establish a baseline for subsequent analysis, this study characterized the rheological properties
of the PG 6422 binders using a Dynamic Shear Rheometer (DSR) with a parallel plate geometry.
The evaluation included testing the binders in both thegiral (unaged) state and after short

term aging via the Rolling ThiRkilm Oven (RTFO) method (AASHTO T 24@0239. Low
temperature testing characteristics were not verifiede testing protocol consisted of
Performance Grade (PG) verification and MukipStress Creep Recovery (MSCR) tests,
conducted according to AASHTO T 3P3 (2024b) and AASHTO T 35@19 (2023f),
respectivelyTablel0presents a detailed summary of the characterization, presenting the average
results of two replicates. The repeatability was verified to meet all specified Waithown all
binders are graded with a high temperature grade of PG 64 according to the AASHTO M 320
system. In the AASHTO M 332 system bA and bE are considered PG 64H while all others are PG
648S.

Table 10. Binder Characterization for Binder Supplier Sensitivity Study.
Binder Source
bA bB bC bD bE
( kKF 2020 1.763 1.953 1.768 1.764
Original binder/G*) si n & (kF 0966 0864 0948 0871  0.850
Original binder, Failing Temperature 69.7°C 68.8°C 69.6°C 68.8°C 68.7°C
RTFO binder|G*/ si n 0 ( kP 5.084 4.200 4.802 3.939 6.232
RTFO binder|G*/ si n 4 ( kP 2.380 1.988 2.270 1.869 2.908

Test Condition

-

Original binder|G*|/ si n U

RTFO binder)G*/ si n U ( kP 1.161 - 1.117 - 1.413
RTFO binder, Failing Temperature  70.7°C  69.2°C  70.3°C  68.7°C  72.3°C
RTFO binder, Js.2 (kPa') at 64°C 1.988 2193 2055 2517 1520

Performance Grade (AASHTOM 320) PG64 PG64 PG64 PG64 PG64
Performance Grade (AASHTO M 332) PG 64H PG 64S PG 64S PG 64S PG 64H

The job mix formulaof four different RS9.5B mixturewastested using three different binder

(no changes in gradation or binder contefatfjowing a stattically designed experimental plan
summarized inMable1l Theresearchteagener ated this design by fi
Design to create an-Aptimal design to estimate the main effects of the two categorical factors:

binder source and plant source. The team structured the experiment in four blocks of size three,
ignoring the interaction effect for this analyditie design ensured that the original JIMF condition

for each plant source was included in the experiment; for example, the Plant Y mixture with binder

bA had already bedested as part of the RP20@3 project.
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Table 11. Experimental Program of Binder Supplier Sensitivity Study:.
Binder Source

Plant Mix Type bA bB bC bD bE
Y RS9.5B JMF X X
w RS9.5B JMF X X
S RS9.5B X JMF X
U RS9.5B JMF X X

The CTindexaverageesults fromhe variants shown imable11 areshown inFigurel5, with error
bars representing maximum and minimum val#esshown, the results vary substantially across
the different combination#ixtures fromPlants Y, S, and donsistently producelgigherCTindex
results ranging from about20 to 25 units.In contrast the Plant W group was &lear
underperforrer, with all three mixes registerinQTingex Valuesbelow 10regardless of the binder
source Visually, no binder source was clearly outstandimgvever, source bA seems to result in
slightly higherCTindex values while sourcebB seems to result in slightiower CTingexvalues

Atwoway Analysis of Variance (ANOVA) test (U
of both independent variables: plant source and binder sduregesults are shown Trable12.

The test concluded that there are differences among plant spwaeé< 0.001) and also binder
source p-value of 0.008). Sincalifferences were seen, a posic Tukey honestly significance
difference (HSD) test was performéal identify the statistical differentiation among treatment
factors. For the first treatment, there are two stati$yichfferent groups: one containing Plants

U, Y,and S, and another one containing Plant W. For the binder source treéteé&nkey HSD

test revealed that bindbA produced a statistically high€indexthan binder bB. No other binder
pairings siowed a significant difference.

Figurel6 shows the dynamic modulus |E*| master curves for all combinations of plant and binder
sources. From both seslg and loglog plots, there is a visual consistency within each plant
group, indicating little influence from binder source, especially appBreRtants S and U groups.

The overall mixture source (i.e.: production plant) seems to be the dominant factor controlling the
mat erial 6s stiffness properties compared to
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Figure 15. IDT-CT results for asphalt supplier experiment.

Table 12. Summary of Statistical Analysis of Binder Supplier Sensitivity Study.

Difference in Means, tweway ANOVA (U=0. 0
Attribute Prob>F
CTindex | DM (4°C) | DM (20°C) DM (40°C) Sapp DR
Plant Source | <0.0001| <0.0001 <0.0001 <0.0001 0.0484 | 0.0002
Binder Source | 0.0077 0.0010 0.0182 0.0007 0.8107 0.1553
Tukey HSD Letter Grouping
Binder Source | CTindex | DM (4°C) | DM (20°C) DM (40°C) Sapp DR
Binder bA A A A B C
Binder bC A B A B A B A B C
Binder bD A B B A B A -1 -1
Binder bE A B B A B A B C
Binder bB B B B B
Tukey HSD Letter Grouping
Plant Source CTindex | DM (4°C) | DM (20°C) DM (40°C) Sapp DR
Plant Y A C D DA B | A
Plant S A C C C A A
Plant U A B B B A B A
Plant W B | A A A B B

! Statistical Analysis not shown.
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Figure 16. DM test results for asphalt supplier experiment
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Using experimental data at 1 Hz and from ti€,420°C, and 40°Gemperatures, avo-way
ANOVA t es't ( Uvas=con@uct&d 30 identify differences among both plant and binder
sources. The analysis showed that the plant source had a statistically significant effect on all
temperaturesptvalue < 0.001 for all). The binder source also showed significant, though less
pronounced, effects at@ (p-value= 0.001) 20°C(p-value= 0.018) and 40°Qp-value< 0.001).

A subsequenfTukey HSD poshoc test clarifiedstatistically different groups among the
treatments. For the plant source, a consistent trend showed up at all temperatures. Plant W had the
highest modulus, followed by Plant U, with Plant S and Y having the loweshétmnder source,

the effect was not consistent across all temperatures. At 4°C and 20°C, binder bA was the stiffest,
while at 40°C, binder bada higher modulus. At 4°C, bA had a higher modulus than bB, bD
and bE, with no other pairings showing a significant difference. At 20°C, blsstadistically

higher modulus than bB, with no other binder pairings showing a significant difference. At 40°C,
bD hal a higher modulus than bB and bA, with no other binder pairings showing a significant
difference. This lackf aconsistent trend explains why the binder effect was not visually apparent
on the overall master curves and confirms plant source as a predominant factor controlling material
stiffness.

Figure17 shows the resultin®R and Sipp representative index results from the CF test, while the
error bars represent maximum and minimum values. Like@JTresults, bottDR and theSspp

index indicate that the Plant W group underperformed compared to the other groups, with average
values about 0.440 f@R and 18.05p, ForDR, the Plant Y group showed the highest variability,

but also present the highest single value, 0.565 with the bE binder. Plant S and Y groups stand out
with the highest values f&pp, While the Plant U group showed a consistent performance with
results around 20.
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Figure 17. CF results for asphalt suppler study
Atwo-wayANOVAt est (U = 0.05) was c obothplanttaeddindero e v al

sourceon DR andSypp. The analysis confirmed that the plant source hsigtisticallysignificant
effect on bottDR (p-value< 0.001) andS,pp (p-value= 0.048). In contrast, the binder source had
no significant effect on eith@ndex value A subsequentukeyHSD posthoc detailed plant source
differences. FoDR, Plant W was statistically lower than all other plants. &ggindex, Plant W
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produced a statisticalliower value than Plant S, however, motherbinder pairings fiowed a
significant difference.

In summary, the plant source was a more dominant factor in mixture performance than the binder
source. Plant W consistently showed wagreentialcracking performancend ahigher modulus

at all temperatures. Among other mixtures (Plants Y, S, and U), there is no clear indication that
one is better than the other. The binder source, which was the focus of this study, had a limited
impact. Its effect was either not statistigasignificant OR and Siypp index value3, showed
inconsistent trends across different temperatures (dynamic mypdaiosly revealed significant
differences between binders bA and bB. Therefore, for the binders sampled in this project, there is
little evidence to suggest that swapping between binder sources significantly affects the
performance testing results. This conclusion should be considered with caution due to the narrow
time frame of binder sampling.

3.7.Performance Evaluation

While evaluating mixture properties on their own is usé@iperformancean be either magnified

or minimized when applied in a pavement structure. Therefore, to estimate the service life of the
selected materials, pavement performance simulations were conductethesiegPAVEE 2.2
performance modeTwo characteristic structures were chosen for the analysis:defutth asphalt

(FDA) pavement and a pavement with an aggregate base course (ABC), each with a thick and thin
variation. The specific layehicknesses, traffic inputs, and material characteristics used in the
simulations are detailed ifiable 13, Table 14, andTable 15, respectivelyln total, twentyfour
simulations were performed using the climatic file for Raleigh, NC.

Table 13. Pavement Structures used in Pavement Simulations

Thickness (in.)

Structure

type Abbreviation SLjArfgce Intermediate AC Ii‘:"ge ABC Subgrade  Total
FDA thin FDAtn 3 - 4 - Infinite 7
FDA thick FDAtk 3 4 10 - Infinite 17
ABC thin ABCitn 3 - - 8 Infinite 11
ABC thick ABCtk 3 4 - 10 Infinite 17

Table 14. Traffic Characteristics used in Pavement Simulations
Thickness type Daily ESALs Growthtype  Growth Rate (%)  Speed (mph)

Thin 2000 Linear 0.4 60

Thick 6000 linear 0.4 60

Table 15. Material Characteristics used in Pavement Simulations

Material Poisson Ratio Moduli (psi) Source Original Naming
Surface AC 0.30 - This project  YB, WB, ZC, VC, UC, VD
Intermediate AC 0.30 - RP201920 Pl_RI19.0C
Base AC 0.30 - RP201920 MO_RB25C
ABC 0.35 29008 Default Aggregate_Base -A-a

Subgrade 0.40 10878 Default Subgrade A6

The primary focus of the simulations was to evaluate the six surface mixtures that had been fully
characterized by both the CF and SSR tests. To isolate the performance of these surface layers, all
other material properties were kept constant acrossmalllaiions. The intermediate and base
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asphalt layers were selected from the NCSU database to represent an average performance, while
default FlexPAVEE materials were used for the unbound aggregate base and subgrade.

3.7.1.Rutting Predictions

Figure 18 showsthe predicted change in surface layer rutting during the different pavement
simulations set to 0.5 inches ake maximum value of yaxis. Structures containinghée YB

mixture showed the most significant rutting, in some cases reaching depths equivalent & over
inches, two-thirds of the layer's thicknes$Structures with he ZC mixture also exhibéd
pronounced rutting, with the surface layer alone contributing up tdhorakof its thickness in rut

depth. It is important to note that these values do not represent total pavement rutting, as
contributions from the supporting layers areamtounted for in this analysisppendix E presents

the contribution of each layer separately in full scale.

Structures withite VC and WB mixtures presented very similar rutting levels, wistauctures

with theUC andVD mixtures were the best performers, with rut depths of less thatreotiand
onetwentiethof the surface layer thicknesgspectivelyThe performance ranking of the mixtures

in the simulation is highly consistent with the results from all laboratory rutting tests (APA, SSR,
and IDT-HT). However, while all tests identifiethe YB mixture as a poor performer, its
exceptionally high rutting pential was most clearly captured by the APA and SSR tests.
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Figure 18. Rutting in the surface layer from FlexPAVE™ simulations for the structures:
(top-left) FD thin, (top-right) FD thick, (bottom -left) ABC thin, (bottom-right) ABC thick .
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3.7.2.Fatigue Damag®redictions

For fatigue crackingonly thedamage in the top 1f3f the pavement structure (referred to as the
0 Top Da ma g eiocg the bettors padf hh@damage icompounedby theintermediate

or base aspha(Saleh 2022)Figure 19 shows theexpected damage over twenty years for the
analyzed structurebat contain both CF and SSR testing

An analysis of theepavement simulations shows that structures contathieg/B mixture had

the worst longterm performance, which aligns with its poor results in the@Tand CF cracking
tests(discussed in more detail in Sectidr7.3. Although the WB mixture was in the group with

a higher dynamic modulus, which can help minimize strain, its g@mageesistance appears to
have outweighed this benefit. The {pprforming pavementamong those mixtures where both
CF and SSR were performedere those containinthe VC mixture followed closely by the
pavementsvith theYB mixture. Thisoutcomewas notable, as the YB mixture was a top performer
in the IDT-CT test but had intermediate results in the CF test. Finally, a cluster of mixtures with
average performance was observed, containinyEtheZzC, andUC mixtures
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Figure 19. Top percentdamage from FlexPAVEM simulations for the structures: (top-left)
FD thin, (top-right) FD thick, (bottom -left) ABC thin, (bottom-right) ABC thick .

Additional simulations were performed to evaluate fatigaageon the mixtures that were tested
for DM and CF, but had not been tested in the SSR. Simulations can be performed in FIEXPAVE
with only DM and CF properties because the rutting and cracking simulations do not interact. The
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results, shown ifrigure20 as percent Top Damage, indic#t@tthis second group of mixtures

had superior fatigue performance compared to the first. For example, the best performer from the
first group (structure with VC mixture) had 29.0% damage in the FDtk structure at 20 years, while
the worst performer from the @and group (structure with HC mixture) had 28.4% damage in the
FDtk structure at 20 years. This overview highlights the necessity of evaluating a large and diverse
group of mixtures to avoid drawing potentially misleading conclusions from a limited ssetple
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Figure 20. Top percent damage from FlexPAVEM additional simulations for the
structures: (top-left) FD thin, (top-right) FD thick, (bottom -left) ABC thin, (bottom -right)
ABC thick.

0%

Collective analysis of the data figure 19 and Figure 20 revealed four distinct groupss
demonstrated for the thick ABC pavementigure2l. Only the thick ABC pavement is shown,

but the same groupings emerge for all pavement structures evaluated. Adhsestnjdtures
containing theVVB mixture were the worst performers, followed bfaa performinggroup that
included theUC, ZC, and VD mixtures. A third large cluster of mixtures with moderate
performance included the YB, VC, HC, FB, SB, and RC mixtures. On the other hand, the best
performing group exhibited excellent durabildyer time consisting of structures with theC,

TD, UB, andSD mixtures
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Figure 21. Comparison of pavement performance simulations showing grouping for ABCtk
pavements

3.7.3.Summary of Performance Evaluation

In total, 56 simulations were performed coverfiogr structuregndthe evaluation of six mixtures
from different locationsn North Carolina for rutting and4 mixtures forfatigue cracking. The
performance conclusiongre summarized inTable 16 for rutting andTable 17 for cracking
Quialitatively, the structures containing the surface mixturee divided intoexcellent,good,
moderate, fair, and poor performanessdiscussed aboveor each testhe Tukey grouping was
alsocategoricallydivided into eithergood (contained in the teperforming Tukey group)poor
(contained in the worgierforming Tukey group)r moderate (neither good nor poor performing)
For example, based on the results showrainle C1, mixtures with an averagéTingexabove 21.5
are considered good, mixtures with an ave@@miexbelow 14.0 are conserved poor, and mixtures
with averageCTindexbetween 21.5 and 14.0 are considered modekpfeendces C and D present
the summaryf Tukeygroupings foBMD and AMPT test, respectively.

Table 16. Summary of Rutting Ranking.

Surface| SurfaceRutting at 20 Years (in.) Performance

AC FDtn FDtk ABCtn ABCtk FlexPAVE™ APA SSR IDT-HT
VD 0.11 0.16 0.08 0.15 Excellent Good Good Good
ucC 0.22 0.32 0.15 0.30 Moderate = Moderate Moderate Moderate
WB 0.26 0.39 0.17 0.37 Moderate  Moderate Moderate -
VC 0.29 0.42 0.20 0.40 Moderate = Moderate Moderate Moderate
ZC 0.65 1.04 0.43 0.97 Fair Poor Poor Poor
YB 1.40 2.39 0.90 2.24 Poor Poor Poor Poor

The results highlight thenportant balancen mixture performance. For example, B mixture

was afair performer against cracking criteria but was the worst performer in rutting tests and
simulationsOn the other handheWB mixture showedmoderateutting resistancbeut delivered

the worstperformance in crackintgsts and simulation3 his demonstrates that oveptimizing

for one property can negatively impact another. The ultimate goal is not to find a single "best"
mixture, but to establish reb&e criteria that improve overall performance and service life when
multiple distresses are considered.
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The rutting behavior from the simulations was in excellent agreement with all laboratory tests. For
cracking however, the findings were more comples summarized infable 17, which
summarizes the categorical ratings from all the mixtures from FlexPAVE;ODTand CF
Starting with theRS9.5Dmixtures, the pavement simulations showed thaStb@ndTD mixes
delivered exceptional performance, while ¥® mix was among thdair performers. This
outcome was not clearly predicted by the laboratory index tests &oHeT-CT test, all three
RS9.5D mixtures were grouped together with the loWdstexresults. The CF test, however, was
more discriminating. It identified the SD mixture as a top performer but suggested the TD mixture
would perform worse than the VD mixairThe pavement simulations indicate that the higher
dynamic modulus of the TD mixture likely reduced the strains within the struotyeoving its
performance enough to place it in the top tier. This result highlights the important interaction
between a material's stiffness and its cracking resistance.

Table 17. Summary of Fatigue Damage and DurabilityRanking.

Surface Top Damage at 20 Years (%) Performance

AC FDtn FDtk ABCtn  ABCtk | FlexPAVE™ IDT-CT CF

SD 6.7 10.5 4.7 3.7 Excellent Poor Good
uB 8.3 11.0 6.1 4.6 Excellent Moderate Moderate
TD 7.9 10.9 6.0 4.6 Excellent Poor Moderate
XC 10.6 11.9 7.8 5.9 Excellent Good Poor
RC 19.4 18.4 19.8 20.7 Moderate Moderate Good
SB 21.0 19.3 21.3 22.3 Moderate Moderate Good
FB 22.0 19.7 22.3 23.1 Moderate Moderate Good
HC 22.2 19.8 22.7 23.6 Moderate Good Good
VC 21.5 19.6 22.6 23.7 Moderate Moderate Poor
YB 24.3 20.7 24.8 25.4 Moderate Good Moderate
VD 26.2 22.6 27.1 29.1 Fair Poor Moderate
ZC 27.9 22.6 28.6 29.2 Fair Good Poor
ucC 26.3 22.7 27.9 30.1 Fair Poor Moderate
WB 29.5 24.4 314 33.5 Poor Poor Poor

For the mixtures categorized in the fair performance simulation group (VD, ZC, and UC), a
comparison to lab data reveals a reasonable correlatiollT hexture ranked as one of the worst
performers in the IDICT test and as bottoawverage in the CF test. THEC mixture also
performed poorly in the CF test; however, its higjingexdirectly contradicted the fair pavement
simulation finding.

Within the moderate performance simulation group (RC, SB, FB, HC, VC, and YB)CIDT
correctly identified VC, HC, FB, SB, and RC mixtures as average performers. However
seconehighestCTingexfor YB mixture was contradictory. CF test results classified YB and VC as
low-average performers, yet it ranked FB, RC, SB, and HC iopgperforminggroup forSepp
andDRindexes. This discrepancy for the latter mixes may be attributed to their statistically lower
dynamic modulus.

Finally, in the norRS9.5D mix excellent performance simulation group (UB and XC), the
laboratory correlations were again inconsistdiite XC mixture's top ranking in the I[DCT
aligned with the simulation, but its poor CF test result did@ntthe other handheUB mixture's
averageto-high ranking in both cracking tests did not fully predict its excellent final pavement
performance.
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While individual tests like the ID-CT and CF are valuable for screening, no single test perfectly
predicted the final pavement cracking performance from the FlexBA\sinulations. The
different performance rankings between the lab tests and the final simulation emphasaze that
combination of testss likely necessary to fully characterize a mixture's poterdiavever, based

on these findings, when the RS9.5D mixes are not considered, mixtures evaluated as pgor in IDT
CT showed Poor to Fair performanceRlexPAVEM, and mixes shown as Good from IBOT

were generally Excellent to Moderate in the FlexPAN/Bimulations.
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4. | MPLEMENTATION IMPLICATIONS

4.1.Overview

Implementing performance testing requires significant investment from both contractors and
agencies. This includes the cost of testing equiprreew and maintenance on existing ones)
dedicated laboratory space, aralitine training for technicians to ensure tests are performed
correctly and consistently. Simpler tests like HOT and IDFHT can ofte be performed using

the same lading frames that labs already possess for TSR purposes, making an easier the path to
implementation.

As presented in the literature review (Appendix AASHTO PP 10520248 outlines a stagk
approach foBMD implementation. The process begins with the selection of relevant performance
tests, establishing preliminary thresholds, #rel choice of amverallimplementation approach

(A, B, C, or D) to integrate performance tests with existing volumetric requirements.

A second stage ia trial period known a8 s had o wi ngo, i n which contr a
for approval undethe existing volumetric system while also conductpgrformanceests for
informatioral purposes only. This process allows both the agency and industry to become familiar

with the test procedures and to build a database of performance reslidtaing this, thethird

stageis the full implementationof mix design, where a proposed design should rbeght
performance thresholds and any apgilexolumetriccriteria

Once the process established for mix desighe focusshiftsto productionA similarii s h a d o wo
period for quality assuran€¢®A) is initiatedto gather data on plaproduced material, which may
differ from labproduced mix design material. This stage is important to gather production
variability data, refining lot sizer and QA limitsinally, if desired thefull implementationin QA

can link performanceesultsto payadjustmentactors, providing financial incentives for high
performing materialand penaltiefor materialghatfail to meet requirements.

For NCDOT,implementing any proposed scenarios would require a review and revision of its
Quality Management System (QMSpecifically, ®ction 61Qwhich relates té\sphalt Concrete
Plant Mix Pavementsvould need to be updated. The primary change would be the addition of
IDT-CT performance criteria into Table 6B0 Mix Design Criteria. Adraft examplellustrating

how this revision could look ipresented in Appendix FMore detailed discussions of the
implementation issues for mix design &4 are preented below.

4.2.Mix Design Specifications

Based on the review of state practices given in Appendix A, the simplest pathway to BMD
implementation is via Approach A, where volumetric analysis is completed as nandakest
verification is done after ensuring that existing volumetric requirements are met. This approach is
also consistent with how the NCDOT has currently implemented APA testing thleus is an
existing precedent. Howevaewjthin this approachthere are different pathways for distributing

the additional work. Thusgptdiscuss thémplications of integrating the IDTCT into the current

mix design procesé$ive potential implementation scenarmsreconsideredThesescenariosre
differentiated primarily by who takes responsibifity the testing (the contractor or NCDOT) and
what type of material should be shipped (compacted specimens;nhigser component
material).A summary of the scenariosgésen inTable18 below. Each of the five scenarios can

be contrasted against the curr eNrott hd tngt €& ccefn atrh
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this scenario, the contractor produces specimens for both TSR and APA, tests for TSR, and ships
APA samples to NCDOT for testing. The agency checks TSR and volumetric values for
compliance, issuing the final job mix formula.

Table 18. Summary of Responsibilities from Alternative Mix Design Scenarios.

L Scenario

Test Responsibility? D/NP 1 5 3 4 5
Produce looseénix C C C C C C

Reheat - - - - - -

TSR Fabricate specimens C C C C C C
Test C C C C C C
Compliance Check A A A A A A

Produce loosenix C C C C C A

Reheat - - - - A -

APA Fabricate specimens C C C C A A
Test A A A A A A
Compliance Check - - - - - -

Produce loosenix - C C C C A

Reheat - - - A A -

IDT-CT  Fabricate Specimens - C C A A A
Test - C A A A A
Compliance Check - A - - - -

a8C indicates contractordés responsi bi |I-meapsthatA

the step is not required under the given scenario.
b D/N refers to the Dd\othing scenario.

The first two scenarios build updhe currenbaseline by incorporating the IBTT testinto the
mix design process$n Scenario 1, the contractor would be responsible for all aspects ofthe ID
CT, including mixing, specimen fabrication, and testing. Bipisroaciplaces thenajority of the
reource burden on the contractor and may result in issues with resfsmbr@tory spacevhich
was an issue that was highlighted as a conicettme industry surveySectionl.3.1). While some
contractos mayalreadyposses®ading frame machines capable of performing the aelslitional
resourceswould still be required forpersonneltraining annual accreditatignequipment
calibration, andnaintenanceThe additional resources to the contraeter consideretligh, as
preparing and testing IDCT specimens is expected to add a full day to the contractor's workload
(Zhouet al.,2020). For th&dCDOT, the additional resources asatively Lonv and would consist

of updating specificationsnanaging newompliance issues, dealing with dispuitsd approving
labs and periodic validation of labs conducting 0T testing

Scenario 2on the other handvould result ina morebalancedvorkload. This scenaritollows
the current APApattern where he contractor produces the IBOT specimens and ships them to
NCDOT for testing This approachbetter divides the responsibilities but still requires the
contractor to have additional oven and lab space for specimen fabridatibis scenariothe
demands for additionabntractoresources are considengderateto-High, as itwould produce
samples for both APA and IDTT, and ship them to tHeCDOT. The TSR process remains the
sameAs for theNCDOT side, the responsibilitigacludeconducting théAPA and IDT-CT tests
Theresourceshat would be needed for those tasks would include the ssmeSaenario 1, plus
training personnelpbtainingannual accreditatiofiffwhen IDT-CT becomes an accredited test)
equipmentalibration,equipmenimaintenanceand the need to manage receiving and cataloging
additional specimen testingowever, since the NCDOT already has a system in place to manage
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specimen receipt and testjrapd since the personnel time required to perform a suite 6ODT
testing is relatively low, the additionaésourcesrequired from the NCDOTare considered
Moderate.

A third alternative (Scenario 3 envisionedo addressome of theontractor lab space concerns
and give theNCDOT greatecontrol over specimen aging thelDT-CT test In this alternative,
the contractor handles TSR and APA the same as is currently done. FQTIOMe contractor
mixes the component materials, but does not proceed to compact specimens. Instead, the contractor
would send enough loosrixture to the NCDOT for its personnel age and compact IDTT
specimens. In this case, tbentrat¢or's additional resources are considetsav, asthey would
only be required to produce and slopsemix material for the IDTCT test This scenaricshifts

the specimen fabrication workload to tR€EDOT and introducesnetechnical concern regarding
the effects of reheating the loose mix, which may require further resapcitentially develop
adjustment factorgDiefenderferet al. 2021a) Lastly, the additional resources on the agency
would be consideretModerateto-High, as the expectedneday turnaround time for IDICT
production and testinggould beaddedto theexisting mix design approval timeline

Scenario £xpands the previous concepthmaving the contractor ship loegsax material for both
APA and IDT-CT tests. Compared against the EMothing Scenario, hie contractod s
responsibilities actually decrease since there is no need to compact APA speCionsaguently
thoughthe agency workload increasess it must now fabricate and test b&tRA and IDT-CT
specimens. The tradeoff is that tNeCDOT gains a higrer degree of control over testing
conditions The impacts to the agency are consideredet@reater than in Scenario 3, but only
marginally so because the work to fabricate APA specimens could be done sequespiatially

if the different aging times used for APA and HZIT were maintained. Thus, the resource impact
from Scenario 4 is considered to be HighMloderate. To offset some of these impacts, it may be
possible tosplit some of the required IDTT compaction and testirtg regionallabs since the
testing equipment required is much less specialized and expensive than the APA

The final option, Scenario 5, grants the agenegrly full control over themixture fabrication
process. The contractor would only be required to ship batched component materials, with the
agency responsible for all mixing, specimen fabrication, and performance testing. While this
minimizes the contractor'duties substantially it presents the most significant logistical and
resource challenges fdine NCDOT. This scenario would potentially increase treed for lab

space, material storage, and a substhmcrease in the time required for each mix design
approval.Thus, the impact to the NCDOT would be High in this case.

A summary of thedded resources to each side emwtrol implications for each implementation
scenario is presented Trable19. The final columngontrol over testing conditiongates the level
of agency oversight, considering whether the agency performs ochjasksthe test results,
controls sample fabricatipand shorterm aging.
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Table 19. Summary of Time, Cost andControl from Alternative Mix DesignScenariosper

Mix Design

. Contractor Added NCDOT Added Control Over

Scenario ) ..
Resources Resources Testing Conditions
Do-nothing scenario None None +

Scenario 1 High Low ++
Scenario 2 Moderateto-High Moderate +++
Scenario 3 Low Moderateto-High ++++
Scenario 4 Reduction High-to-Moderate +++++
Scenario 5 Reduction High +++++++

4.3.Impacts on Quality Assurance

A primary challenge for implementing performance testing in quality assurance is the significant
increase in turnaround tim@&ased on the agency survey, NCDOT's current turnaround for
assuranceseries is one to three days. While th&{0T test itself is rapid, the entire process
sample fabrication from loosaix, conditioning, and testingan take a full day. Similarly, the
APA test can takep two days to completéZhouet al, 2020) This timeline is longer than the

few hours required for volumetriests, making leby-lot performance testing impractical under
current procedure8ecause of thiimeling there are few examples states fully implementing
performance testing for routine quality assurai@aifornia and New Jerseyhowever provide
valuable model®n how to approach this issugnd their practicesre discussed in detail in
Appendix A under the sectidntegration of Performance Test into QA Practices

Also relevant to QA is the fact thagiformance tests can exhibit higher variability than volumetric
tests, increasing the risk for both the agency (accepting poor material) and the contractor (having
good material rejecteqYvanget al 2023) That variability comes from sample fabrication and/or
allowed gradation and binder content variability during production. Further research is needed to
establish precise thresholds, but solutions include adopting relaxed QA thresholds compared to
mix design or imfementing pay adjustment factors.

Four implementatioalternativescenarios arglentified from the literature and ongoing research

for integrating the ID-CT into the Quality Assurance process. All of these scenarios askatne
IDT-CT testinghas been adopted for mix design. The first scenario is adttong" baseline
condition that represents the current state of practice. In this scenario, the agency keeps the usual
750ton sampling frequency, measuring only volumetric properties to cbhedompliance with

guality control values.

QA-Scenario Iproposes implementing the TECT for initial mix approval, withtestingwaived
during routine production. This approach would allow N@DOT to re-verify the performance

of a Job Mix Formula (JMF) that has been inactive for an extended period, while preventing
additional testing burdens during production. For #iiproacho be effective, the agency would
need to determine whether the performance thresholidhéoe-verification should be the value
from the original JMF approval or the established state threshold of 14lt is likely that an
adjustment would need to be made if initial mix approval were done on the basis ohplat
materials.

The next two alternatives rely on Performafmated Specifications (PRS), which are discussed
in detailelsewherdWestet al.,, 2023).The first of these scenarioc®A-Scenario 2) would utilize
a performance prediction model. This approach invalwsscalibratinga function to relate the
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mixture performance indicesCTindex and APA rut depth) toestablisked Asphalt Quality
Characteristic$AQCs) like asphalt binder content, gradation, and volumetrics., Tin@ensecond
step these AQCs are measuredring productiorand usedo predict performancmdex values

The initially calibrated relationshipvould allow the agency to predict how theTHZT would
performduring production by monitoring routine volumetric results, without needing to run the
performance test. In this model, the variatio volumetrics provides oversight for the predicted
IDT-CT performance.

The secondPRSbasedscenarioQA-Scenario 3involves tracking existing AQCs and using these
values along with prdefined deviationso trigger periodic performance testirigor instance, a

high binder content could trigger a rutting test (APA or4BT), while a low binder content could
trigger adurability-relatedtest (IDT-CT). This strategy focuses performance testing on lots that
are most atisk. Because the testing would be less frequent, this approach allows for the practical
implementation of performance tests at any level of sophisticafloere is some evidence that
such an approach could be practieal statistical analysis performed in this study and conducted
in FHWA/NC 202303 showed strong correlations between gradation parameters and/or binder
content and performance test resiftthile QA-Scenario 3 would likely be easier to implement,

an upfront study would be needed to establish the AQC deviations that would be appropriate to
trigger testing. Such a study would not be needed withSQé&nario 2 since the relationship
between AQCsind performance indices would be determined on a miktysraixture basis.

QA-Scenario 4 wouldncorporate performance testing into routine quality assuraither in
combination with existing AQC determination (part@drformanceébasedspecification) or in
replacement of those AQCs (i.e., pyerformancebasedspecification) This approachpresents

the most significant logisticand thus implementation challenfgg North CarolinaDOT, but

could potentially have the highgsayoff. To make this approach practical, strategies from other
states could be adopted, such as redgfisampling rates for larger lot siz&uch adjustments
would involve making areful consideration dbalance between risk for the contractor and the
DOT and the resulting impacts on pridde payoff for QAScenario 4 could be gater freedom

to the contractor, few potential points of contractual conflict (since several AQCs would be
eliminated), and better overall certainty in the expected performance of asphalt materials.

4.4.Efficiency Opportunities

In view of making the process more practitiaére are opportunities that could create efficiencies
and or flexibilities in the process that could aid implementation. Firsimplementation of a
BMD approach where volumetric requirements are relaxed when test results show acceptable
behaviors could provide contractors with more flexibility and developilbuyestingwise, te
correlations shown ifigure10 suggest thalDT-HT could be used as a screening tioolrutting

in place of the more timeonsuming APA testThis path may not mean that thBA is completely
eliminated as it could still be uséar verificationor for cases showing marginal performance in
the IDT-HT. This stepwould require establishinfprmal IDT-HT thresholdslt is noted that at
least one other study has found a strengelation between both tests (Betzal., 205). A
practical consideration is that the IEMT test requires an active operator, whereas the APA test
can be run unattendeédlso related to testinghe IDT-CT could potentially serve as a modified
dry-strength component of the TSR test, which could significantly reduce theaticheample
preparation required for moisture sensitivity testMgrificationand validatiorstudies would be
required.In both of these cases, IBdT or IDT-HT implementation, more of the testicguld
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possibly be shifted toegional labsThisapproactwould distribute the workload from the central
lab and could be efficient, as regional labs likely already possess the necessary equimuent for
testing.
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5. CONCLUSIONS AND RECOMMENDATIONS

5.1.Conclusions

Based on the findings of this study, the following conclusions were reached:

T

For performance testing, simpler monotonic tests, like-@T were favored by many
states for theirpracticality and lower cost, but they are not suitalite pavement
performance prediction.

Thereexisteda preferenceacross agencig®r usingHWTT for rutting and IDFCT for
durability as performance testing.

Contractorsn North Carolinaarereceptiveto the concept of BMIX it results ingreater

design freedomThereexistpractical concerns regarding the cost, lab space, and training
required for implementation.

In North CarolinaAPA testingwas indicated to beéhe primary time bottleneck in the mix
design approval process.

The proposed protocol for aging mixtures at the compaction temperature for four hours
prior to IDT-CT for RS9.5B and RS9.5C mixtures produ€8thdexvalues lower than those
observed from plant mix. Conversethe 2-hour aging protocol prior to APA testing of
laboratoryproducedmixtures resulted in similar rut depthspgantproducednixes.

The standard shetéerm aging protocol (4 hours@mpaction temperature/astoo severe

for polymermodified mixesandresultedin artificially low cracking resistance values. A
less harsh condition (4 hours at 143°C plus time to reach compaction temperature) yielded
more reasonable and discriminating results, leading to its adoption for all subsequent
RS9.5D mixture testing in the gject. It is noted that both the 4 hours at compaction
temperature and 4 hours at 3@3approach appear to create harslyargconditionghan

plant production.

The average and T'9ercentileCTingex values for RS9.5B and RS9.5C mixtures in North
Carolinawereestimated to b&8.5and 140, respectivelyThe RS9.5D mixtureshowed

an averag€TindexOf 11.2

North Carolina surface mixturegsily pass their respective APA rutting reqmentsThe
average APA rut depth for RS9.5B, RS9.5C, and RSW&4.1 mm 3.1 mm and1.0

mm, respectively.

TheAPA testdifferentiatel theperformance of thRS9.5D mixtures from the other groups,

but did not differentiate betweethe RS9.5B and RS9.5C mixturd?ut depth was also
found to correlate with effective asphalt content.

The RS9.5B and RS9.5C mixturdsd similar dynamic moduli across the temperatures
and frequencies evaluatddhweverthe RS9.5D mixtures hadatisticallyhigher modulus

at intermediate and higkmperatures

No statistical differencen CF results was identifiedmong the three mix typ€RS9.5B,
RS9.5C, and RS9.5D)

The influence of theource regiomvas not statistically significant for the To.CT and APA

tests. However, for thBM andCF tests, the source region was found to be a statistically
significant factor, though the specific regional differences were not consistent across all
temperatures and metrics.
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The IDT-HT testcorrelated well with the APA (R= 0.99 and the SSR test results’(R

0.95, while also providingsuperior statistical differentiation between mixtureEhe
powerlaw relationship does suggest diminishing differentiability from BT at lower
strength values.

Pavementrutting performance simulationsorrelatel strongly with all rutting-related
laboratory test results (APA, SSR, IEAT). The YB mixture consistently ranked as the
worst performer with the highest predicted rut depths, while the UC and VD mixtures were
among the best performers, confirming the reliability of the lab testgalaatefor rutting
resistance

The correlation between laboratory tests and simudathgeerformarme wascomplex

andno single lab test perfectly predicted the final pavement performance rankings from
FlexPAVEE .

The IDT-CT test accurately separated the poor performing RS9.5B and RS9.5C mixes, but
could not differentiate between good and moderapelsforming mixes based on the
relationship to FlexPAVE" predicted performance

The effect of asphalt binder souraas either limited (ifferentiating only two of five
sources in théDT-CT), inconsistentif theDM results), omot statistically significantin

the CF results).Thus, within the study limitations, the current practice of interchanging
binder sources may not significantly impaasphalt mixturecracking or stiffness
performance

5.2.Recommendations

Based on the conclusions stated in the previousseation, this research makes the following
recommendations:

T

If the NCDOT chooses to adopt IBOIT as part of its mix design criteria, it is
recommended that the testing limit be set atdt4RS9.5B and RS9.5C mix typeand
aging be done for 4 hours at the compaction temperature prior to compaction. It is also
recommended that the NCDOT invest resournesvaluating the efficacy of this value
using data from field projects.

This study evaluated mixtures at a fixed aging condition (4 hours at the compaction
temperature), but also found that @&ngexvalues obtained after this condition were lower
than those from PMLC specimens (based on two mixtures)., TIuBDT-CT is
implemented in QA processesdditional resources should be extended to more
comprehensively evaluate the differences betweermiabd and labcompacted and
PMLC specimensas well as the impact of reheating PMLC specimens.

Where applicablepreliminary IDT-HT strength criteria of approximately 150, 180, and
215 kPa for RS9.5B, RS9.5C,chRS9.5D mixtures can be used, but more work should be
done to validate and verify these values.

Investigate the feasibility of a modified TSR procedure where tHeQD serves as the
dry-strength component, potentially reducing the time and sample preparation required f
moisture sensitivity testing

Evaluate conducting the simpler performance test$I0 and IDFHT) at the regional
labs instead of only the central lab. Thligproachwould distribute the workload and
improve efficiency, as regional labs likely already possess the necésadiryg frames

for TSR testing
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T Conductp | ot A mikhdesigonde evaluate the feasibility of implementing tHer -

CT and APA for mix design. During this period, performance tests would be run in parallel
with existing volumetric measuremeifitg informational purposes onlfor this purpose,

it is recommended that the shadow designs be performed using primarily Scémabte3

19) as this balances the resource burden on contragtoles providing the agency with a

high degree of control over the final performance test conditions. However, consideration
should also be given to trying the other scenarios as well.

1 Develop a practical training guide and certification program for technicians on the proper
procedire for conducting the IDTCT.

1 Calibrate the proposed hybrid "trigge@’A method by evaluating howsualvolumetric
variability affects performance resul®his would identify the key volumetric indicators
(e.g., binder content, VMA) that best predict changes ir@ and APA performance
and establish the specific deviation thresholds tloatidvtrigger a performance test
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6. IMPLEMENTATION AND TECHNOLOGY TRANSFER PLAN

The Materials and Tests Unit of the NCDOT will be the primary users of the outcomes of this
project. The experimental data and preliminary threshold values that this research has produced
can be used by the NCDOT to improve their asphalt mix design prandsmay be used to
improve quality assurance practic&sis could lead tamproved asphalt pavement performance

and lower longterm costs for North Carolina roadways. The findings of this research will be
communicated to the NCDOT in the form of this agp the appendices and supplementary
information, and a closeout meeting with the project panel.

For follow-up activities, the research team believes that the NCDOT could coafim=ting
resources fothe following activities:

T

T

= =

Expand the number of lalmixed,lab-compactednixtures tested to get better coverage of
contractors and regions;

Evaluate more plarmixed, lab compacted mixtures to better understhedeffects of
plant production and reheating on the results;

Develop training resources for NCDOT personnel on performing@D festing; and
Evaluate the viability of using ID'HT as a more efficient testing method than ARAd
evaluate the viability of usinpetesting currently used for determining the tensile strength
ratio for IDT-CT purposes.
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APPENDIX A. DETAILED LITERATURE REVIEW
Introduction

Asphalt mixture is an engineered material that is subjected to different traffic and climatic
conditions throughout their service life. The different load scenarios due to traffic, climate, or both
simultaneously, in combination with changes inthe mdtediass pr oper ti es wi t h
mixtures susceptible to distresses such as fatigue cracking, thermal cracking, rutting, raveling, and
others, affecting the functional and structural performance of the asphalt pavement. Further,
different methodologis have been developed in the past to design asphalt mixtures that yield
satisfactory pavement performance, such as the Hveem, Marshall, and Superpave methods (NAPA
1982, Asphalt Institute 1997). In general, these mix design methodologies seek sufiiatt a
binder to be added to the mixture to ensure durability without compromising the stability of the
mix to withstand traffic loads.

The Marshall mix design is the most widely used mix design method worldwide because of its
simplicity and relatively low cost. The detailed procedures vary from state to state but typically
the methodology uses volumetric criteria and results from thehdiustability test to select the
optimum asphalt content. The main disadvantages associated with this method are related to the
compaction method and the lack of relationship between the Marshall stability and pavement
performance. Similar principles afellowed with the Hveem mix design method, but the
compaction method, measures of performance, optimum asphalt content criteria, and other
considerations differ. More details can be found in Asphalt Institute (1997).

The Superpave mix design method was developed during the Strategic Highway Research
Program (SHRP) as a response to the awareness that pavement materials were not providing
satisfactory performanddcDanielet al.2012) Considering the shortcomings of the empirically
based Marshall and Hveem test methods, Contra@03Q PerformanceRelated Testing and
Measuring of Asphalf\ggregate Interaction and Mixturesf SHPR was aimed at developing
reliable and reproducible test methods that could be used to characterize asphalt mixtures in terms
of fundamental engineering properties. The SHRP efforts resulted in a hierarchical mix design
system intended to encompasatetial characterization, volumetric mix design, and performanc
testing analysis depending on the design traffic I6@eminskyet al. 1994) Level 1 mix design
consisted of a volumetric design with strict attention to the selection of the asphalt binder and
aggregates. Levels 2 and 3 also considered volumetrics in addition to performance tests and
predictions that would allow for the mix taeboptimized with respect to one more distress.
However, Levels 2 and 3 were, by and large, never implemented presumably due to complicated
test protocols, equipment costs, ahd general belief that volumetrics and binder performance
could ensure adequate pavement perform@ha®aniel et al. 2012, Diefenderfer anBowers

2019)

In the early 2000s, evidence of nadequate pavement performance, the incorporation of recycled
asphalt materials into asphalt mixtures, and other factmewed the interest in integrating
performance tests in mix design protocols (also known as performance mix design) and multiple
research efforts have been conducted to allow for a successful implementation. In NCHRP Project
09-19 Witczaket al. (2002), simplified performance test (SPT) methods addressing permanent
deformation, fatigue cracking, and léemperature cracking were proposed as a final stage in the
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Superpave volumetric mix design; however, the test protocols and attention to specific distress
have varied across state agencies throughout the recent years.

In the early implementation of the Superpave mix design, more attention was given to improving
rutting resistance and many state agencies incorporated rutting test requirements The adjustments
made to the mix designs to meet rutting specifications affélseedurability of the mix. Further,

many agencies have indicated that cracking and raveling have become the main distresses
controlling the service lives of asphalt pavements (\Weal 2018a)This observation has driven

national attention to seek neapproaches that balanoeu | t i pl e modes of di st
approach is often called balance mix design (BMD) and has been defined by the FHWA BMD
Task Force as:

fAsphalt mix design using performance tests on appropriately conditioned specimens that
address multiple modes of distresses taking into consideration mix aging, traffic, climate
and location within the pavement structare

Several test methods of varying complexities, analysis procedures, and costs have been developed
in recent years to address rutting and fatigue cracking. This document presents a comprehensive
review of the different test methods that have been proposBdfD implementation, integration

of performance tests into QA practices, expected equipment costs for a testing laboratory, as well
as current state efforts for integrating performance tests into mix design.

BMD Performance Tests

Test methods for BMD generally fall into one of two categories; 1) tests used to evaluate the
durability and 2) tests used to evaluate the stability of an asphalt mixture. For durability tests, the
focus is primarily on the ability of the mixture to redetigue cracking and for stability tests the

focus in on rutting resistance. The tests vary according to the precise method of test, analysis
procedures, historical background and development, and cases where the method has been used.
The following sectias describe the tests according to these four characteristics.

Durability Test Methods

The durability of asphalt mixtures has been a concern since the development of early mix design
methodologies. Hveem (1943) defined durability as the ability of asphalt materials to retain their
original properties. A similar definition was given laterfagn (1967), who defined durability as

the longterm resistance to the effects of aging. In general, the durability of asphalt mixtures has
been historically associated with the materi a
and environmentdoads.

Performance test methods with different levels of complexity have been developed and proposed
to characterize the cracking resistance of asphalt mixtures. The test methods can be categorized
into two main categories depending on the nature of the loaccaipuh; monotonic tests and
repeated load tests. Monotonic tests are test methods that use a constant rate of loading and are
generally based on fracture mechanics principles. Perfaen@st methods such as the 10T

(also referred to as just IBCT), I-FIT, SCBLTRC, and others fall in this category. Repeated

load tests, including the Uniaxial Cyclic Fatigue Test, Bending Beam Fatigue Test, Overlay Test,
and others, are cyclic tests that attempt to simulate the process of fatigue damageatiocumul

due to repeated traffic.
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In the next sections, different durability test methods proposed for BMD implementation are
reviewed. The review of each test method includes the method of calculation and description, the
historical development, and a summary of studies using the tdsbandihe summary of studies

using each test method is mainly focused on the sensitivity of the test to asphalt mixture component
properties or proportions (asphalt binder content, additives, recycled materials), air voids and
aging, as suggested by FHWAHIF-19-103 (Hajj et al.2019)

[-FIT

Method and Calculation Description

The lllinois Flexibility Index Test €FIT) is a monotonic performance test used to determine the
cracking resistance properties of asphalt mixtures based on Mode 1 fracture mechanics principles.
The test is conducted on a-B0n thick semicircular bendindSCB) specimen with a #m deep

and 1.5mm wide notch using a loading rate of 50 mm/min at a temperature of 25°C (AASHTO
TP 124). The-FIT setup and specimen geometry are showfigare Al.

N
15.0+£1.0

150.0+ 1.0

500+ 1.0 . = 15101

L 150+ 1.0
(a) (b)
Figure A.1. Overview of I-FIT test; (a) instrumentation and (b) specimen geometry.
(Rivera-Pérezet al.2021).

One of the material parameters determined-ByTlis the fracture energyss, which represents

the energy dissipated through crack propagation. This parameter is calculated as the area under the
load-displacement curve normalized by the ligament area (the product of the ligament length and
thickness of the specimen) andisafunotn of t he material 6s strengt
Pmay and ductility (defined by the maximum displacemé¢AtyQadiet al. 2015, BatiojaAlvarez

et al. 2019) The fractureof energy is used to define multiple performance indicators such as the
Flexibility Index 1), Cracking Resistance Inde€RI), and the Balanced Cracking Indé&3Q)

as summarized iable Al. The development of the test and motivations for each cracking index

will be discussed in the subsequent section.
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Table A.1. Summary of Performance Indicators from I-FIT .

Index Equation? Significance Reference
3G A higherFI corresponds to i :
Flexibility Index, FI Fi =%4A higher flexibility and less g%'lgad'et al.
¢ m brittle behavior.
. . A higher CRI indicates a
G
Cracking Resistance CRI=— better asphalt mixture in (Kaseeret al.2018)
Index,CRI . :
max terms of cracking resistanct
Balanced Cracking BCl _Gr A higherBCl indicates a (Majidifard et al.
Index,BCI 100 Lrs higher cracking resistance. 2021)

a2m = postpeak slopeA = Calibration coefficient for unit conversion and field aging shift. Defined as 0.01 fo
mixtures evaluated in the ICT RA28 project; and.;s= Displacement corresponding to the 75%afx

Historical Development

The FFIT protocol was developed under the ICT RIZB project to evaluate the cracking
resistance of asphalt mixtures with high contents of recycled matgiaf@adiet al.2015, Ozer

et al. 2016) Originally, the main output from the test was Feof the asphalt mixture. Thel

was developed to describe the fundamental fracture process and overall pattern-of load
displacement curves and its underlying theory is inspired by the rate of crack growth definition by
Bazant and Pratt (1988) for concrete enels (Al-Qadiet al. 2015) Three different versions of

the FI were explored in the study and the selection of the final form was done based on the
empirical correlations between the index and the approximate crack velocity. It considered the
condition that as the asphalt mixture becomes more brittle (and more praeking) the speed

of crack propagation increases. The final form of Fheés calculated using the fracture energy
normalized by the slope at the inflection point or guestk, as showmiTable 1. In the earlier
works, theFl was able to discriminate the cracking performance efdat plariproduced asphalt
mixtures and field cores with varied mix design variables e.g., binder grade, RBRzetet al.

2016) Further studies by Lingt al.using mix designs commonly used in Wisconsin showed that
the FI was effective in discriminating between mix design factors and laboratory @gnget

al. 2017) Similar results were also found by Nenwital.(2020).

A subsequent study by Kasesral. highlighted that thé&| has limitations that can complicate its
calculation and further implementation by highway agencies. The main issugstedifficulty

of determining the inflection point in some test restiljghe variability associated with the test,
andiii) the characterization of brittle mixtur@<aseeret al. 2018) Consequently, th€RI was
proposed as a surrogate to provide a greater distinction between asphalt mixtures with less
variability and easr calculation. As shown in Table 1, t&&®lis defined by the fracture energy
normalized by the peak load. Majidifaetial. argued that the use 6RIis problematic due to the
inherent difficulty in characterizing the cracking resistance in polymadified mixtures (or
others) that have high peak log@i4ajidifard et al. 2021) In their work, theBCl was proposed
and calculated as the product between the fracture energy and thindoaisplacement
corresponding to the time when 75% of the peak indlde postpeak region is reached.

Brief Summary of Studies using the Test Method
The FFIT has received considerable attention due to its capacity to rank asphalt mixture cracking
performance. The topics studied in recent years include the effect of air voids and binder properties
(Kim et al.2012, Linget al.2017, BatiojaAlvarezet al.2019, Aliet al.2020, Nematet al.2020,
Ishag and Giustozzi 2021, Jeomrg al. 2022) the effect of specimen geometry and test
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configuration (RiveraPérezet al. 2021) test thresholdgAli et al. 2020) and overaging
proceduregLemkeet al.2018, AtQadiet al.2019) Table A2 presents a summary of the effects

of different factors on theFIT-derived indices. In general, the literature suggests that the expected
trends of different factors on the cracking indices, except for the effect of ds, wohich are
discussed below.

BatiojaAlvarezet al.investigated the effect of air voids on the cracking resistance ofipiaat],
field-compacted specimens using the (BatiojaAlvarez et al. 2019) In general, a positive
correlation was found between air voids &di.e., higher air void content produces higkér
values. In subsequent studies, Jeengl.found a similar trend using thd, CRI, andBCI and
plantmixed, labcompacted mixture§leonget al.2022) The literature indicates that the indices
from I-FIT suggest a amterintuitive trend of cracking performance with air voids. Majidifatd

al. examined a particular asphalt mixture where this trend was observed and found that the increase
of air voids increased the fracture enerby, and decreased the peak load and-pesk load
(Majidifard et al.2021) This inconsistent trend led to the development of equations to correct the
sensitivity of FI with air voids. Barry proposed an equation based on the normalization of the
fracture energy and pepeak slope using 7 percent as the reference air void content (Barry 2016).

Table A.2. Summary of Findings using the {FIT Method .
Topic Findings Reference
(Kaseeret al.2018, BatiojaAlvarez
FI, CRI,andBCl increase with the et al.2019, Majidifardet al. 2021,

Air voids

increase in air void content. RiveraPérezet al.2021, Jeongt al.
2022)
Binder FI, CRI,andBClincrease with the (Ling et al. 2017, Kaseeet al. 2018,
content increase in binder content. Majidifard et al.2021)
Softer FI, CRI,andBClincrease with the (Kaseeret al.2018, Aliet al.2020,
binder use of a softer binder. Maijidifard et al.2021)
Crumb
rubber Fl, CRI,andBC_:I (_Jlecrease Whgn (Majidifard et al. 2021, Rattet al.
N crumb rubber is incorporated into
modificatio . 2022)
N the asphalt mixture.
Oxidative Fl andCRIdecrease with oxidative (Kaseeret al.2018, Ling and
aging aging. Buchanan 2022)
Recveled FI andCRIdecrease with the (Bahiaet al.2016, Fakhri and
matgrials incorporation of recycled materials Ahmadi 2017, Kaseest al. 2018,
into the asphalt mixture. Zaumaniset al.2019)
Loading rate Fl sr_\ows a dependency on the (RiveraPérezet al.2021)
loading rate.

The adjustment on the individual parameters yielded dinear relationship betwedd and air
voids AV), as shown in Equatiof2). Similarly, Kaseeet al. proposed Equatio(B) to adjustFI
using 7 percent as the reference air void corftcaseeret al.2018)

0.0651

FI AV- Corrrected — FIl &———— (2)

AV - AV?
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3 /-0
AV
Ali et al. studied the effect of different binder PG grades onFthef specimens with 4.0% air
voids. It was found that thiel decreased with the increased higimperature PG of the binder,
except for the mixture with the PG-22 binder where a high&l was obtained compared to the
mixture with the PG 7@2 binder(Ali et al. 2022) Similarly, Ishaq and Giustozzi conducted a
study to investigate the effect of binder properties offrttoalculated using specimens with 5.0%
air voids (Ishag and Giustozzi 2021 hél'study included a neat binder and binders modified with
amincwax additive, plastomers, plastoméitsers, elastomers, and elastomibers. It was
found that the mixture containing only elastomers exhibited the highdstiowed by the mixture
with elastomers and fibers, amim@x additive, neat binder, plastomers, and plastdibers.

SCBLTRC

Method and Calculation Description

The SCB test method developed by the Louisiana Transportation Research Center (LTRC),
referred as SCBTRC, is a fracture mechanitmsed test used to evaluate the intermediate
temperature cracking resistance. The test procedure is described in ASTM DB84#st is
conducted at the climatic intermediate temperature using a loading rate of 0.5 mm/mimon 57
thick semicircular notched specimens. This protocol includes the evaluation of three different
notch depths @Bnm width), 25 mm, 32 mm, and 28 mto, determine the critical strain energy
release rate as per Equat(din

FI =FI

AV- Corrrected —

3)

al ¢u

J. = -836 %E 4

WhereJ:is the critical strain energy release rates the notch depthy is the sample thickness,

is the strain energy to failure adtd/dais the change of strain energy with notch depth. The latter

is calculated by fitting a regression line that represents the relationship between strain energy and
notch depth. Theoretically, only two notch depths need to be tested to caltiiddéehowever,

three notch depths are specified to improve the accuracy of the calculation and account for
measurement and theocati uncertainty. A highedc corresponds to generally better cracking
resistace.

Historical Development

The SCBLTRC was developed by the Louisiana Transportation Research Center, however, the
underlying principles of the SCBTRC test originated from the work of Rice (1968) who
developed thé-integral concept to evaluate fracture characteristics of elastoplastic materials. Mull
et al.utilized the concept af; to evaluate the fracture resistance of crumb rubber asphalt mixtures
(Mull et al. 2002) In their study, the SCB configuration from gyrat@mgmpacted cylindrical
specimens was employed instead & tihreepoint bend beam configuration that was previously
used by others to characterize fhef asphalt mixtures.

The relative ease of sample preparation and testing procedure motivated researchers at the LTRC
to conduct irdepth evaluations of the test method. These efforts ultimately resulted in the

i ncorporation of the SCB t es tfthaser¢searcheaffarts wili an a 6

be briefly summarized in the subsequent section.
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Brief Summaryof Studies using the Test Method

As mentioned earlier, most of the research studies conducted using tHeT®CBmethod were
conducted by the LTRC in their effort to address the lack of a rapid, simple, and practical cracking
performance test. However , greaupsihave adss beenuealzead the
validate the test protocolable A3 presents a summary of findings using the SAMRC test

method.
Table A.3. Summary of Findings using the SCBLTRC Method.
Topic Findings Reference
Oxidative Oxidative aging induces an adverse effect on (Kim et al. 2012, Coopeket
aging cracking resistance usirdg al. 2015)
Jeincreases with the addition of RAP in WMA (Zaremotekhasest al
mixtures; however, the data showed high 2022) '
variability, thus complicating the interpretation
The mixture containing RAP/RAS exhibited a
Recycled high(_—:*chthan the reference virgi_n mixture. (Zhouet al 2017a)
materials The incorporation of 5% RAS qhd not
substantially change the cracking resistance ¢ (Cooperet al.2015)
the mix compared to the reference condition.
Asphalt mixtures containing no recycled asphi
pavement exhibited improveld. (Cooperet al.2014)
Mixed trends are found concerning the effect ..
RAP onJ., the results seem to be mix dependt (Kim et al.2012)
Asphalt  Jcincreases with the increase of asphalt binde (Zhouet al. 2017a)
content  content. ]
Jc decreases with the use of WMA additives in (Kim et al.2012,
asphalt mixtures. Zaremotekhasest al. 2022)
Asphalt Jc decreases with increasing REOB content.  (You et al.2018)
binder/  J.is higher in mixtures containing SBBodified (Kim et al. 2012, Coopeet
mixture  pinder than in mixes without SBS modification al. 2015, Zhowet al. 2017a)
mod An engineered rejuvenating additive improvec
the cracking resistance of an asphalt mixture (Elseifiet al.2012)
with 40 percent RAP.
IDT-CT

Method and Calculation Description

The IDT-CT is a monotonic performance testpand estimatéhe cracking resistance of asphalt

Lo

mixtures without cutting or notching the test specimens. The test is conducted at an intermediate

temperature using a loading rate of 50 mm/min. Test specimens for mixtures with a NMAS of 19
mm or small are 62am thick aml for mixtures with a NMAS larger than 19 mm, the specimens
are 95 mm thick (ASTM D8225). The cracking tolerance indexCBkdexiS calculated using
parameters based on the ladidplacement curve and specimen dimensions, as shown by Equation

(5).
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Wheret is the specimen thickneds,is the specimen diametéysis the displacement at 75% of

the peak load after the ped,is the failure energy antsis the slope at 75% peak load after the
peak.

Historical Development

The IDT-CT protocol was developed undére NCHRP IDEA Project 195, which looked to

develop a cracking test for asphalt mix design, quality control, and quality assurance. In general,

the test is similar to the traditional Indirect Tensile Strength Test; however, the interpretation of

the results dfers in terms of the rationale used to define cracking resistance ind&he CTindex

isderived fromtheload i spl acement curve and its form is i
of crack growth by Bazant and &al2al7b). Thisttd88 ( B
has gained considerable attention in recent years among Departments of Transportation (DOTS)
and practitioners given its simplicity, practicality, efficiency, repeatability, relativelyclost

equipment, and purportedly good correlatwith field cracking performandg@®iefenderfer and

Bowers 2019, Seitllaret al. 2022) Figure A2 shows a general overview of the test and typical
results.

(o)

Test temperature: 25°C

Force (kN)

£

Loading rate: 50 mm/min.

0 — Specimen: cylindrical

Displacement (mm)
(a) (b)
Figure A.2. IDT-CT overview; (a) loaddisplacement curve andb) test setup and
conditions (Zhou et al 2017b)

Brief Summary of Studies using the Test Method

Since the development of theTBCT andCTindex Several research efforts have been conducted to
evaluate the ability of the index to discriminate the performance of asphalt mixture with different
mix design characteristics, e.g., asphalt binder type, air voids, etc. This section will span a review

of studies where the sensitivity of tli&Tingexto multiple mix design factors is evaluat&dble
A.4 summarizes many of the relevant studies.

Chowdhuryet al. evaluated the sensitivity of ti&Tindexto the asphalt binder characteristics using

two virgin binders, a binder modified with Elvaloy and PPA (PBM), a binder modified with crumb
rubber (CRMB), and a binder modified with a warm mix additive (SMB). The-@O was
conducted at temperatures of 15, 25, and 35°C and it was found that the PBM and CRMB mixtures
exhibited CTindex values significantly higher than the other mixtures at all temperatures
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(Chowdhuryet al. 2022) Wu et al. conducted a study evaluating the effect of three commercial
polymer additives in China on the cracking resistance of asphalt mixtures measured bl-the ID
CT at multiple aging leveléWu et al. 2021) The results suggested that polymer modification
increases th€Tindex0f the base material, which was attributed to the higher ductility and lower
crack propagation speed obtained through the binder modification. Howevé@Tith& values
decreased progressively with letegm aging time. After 15 days of lortigrm aging (as per
AASHTO R 30), all the mixtures seemed to have sinlldingexand the authors attributed this
result to degradation of the additive during the conditioning period. Similar findings were reported
by with SBSmodified bindergAli et al.2022)

Table A.4. Summary of Findings using the IDT-CT Method.

Topic Findings Reference
No statistical difference was founa CTindex - -
Air voids  with air voids from 2.5% to 5.5%. (Mivehchiet al.2022)
CTindexincreases with the increase of air voic (Zhouet al 2017b)
Binder CTindexincreases with an increase in binder (Ling and Buchanan 2022,
content content. Mivehchi et al.2022)
gi?]fézrr CTindexincreases with the use of softer binde (Zhouet al 2017b)
CTindexiS NOt able to capture the favorable
Crumb effects of crumb rubber incorporation into tt (Rathet al.2022)
rubber asphalt mixture.
mod CTindexincreases with the incorporation of
crumb rubber into the asphalt mixture. (Chowdhuryet al.2022)
The expected bump @Tingexdue to high (Habbouche and Diefenderfe
Polymer  polymer modification is not observed. 2021)
mod Polymer modification has a favorable effect (Zhouet al. 2017b)
on thec-rindex
Oxidate  Oxidative aging has an adverse effect on th
aging CTindexOf the asphalt mixtures evaluated. (Zhouet al 2017b)
The incorporation of recycled materials (Zhouet al 2017b, Rojeet al
Recycled decreases th€Tindexbut only marginal 2021, Ling and Buchana
materials reductions are found when the contents of 2022, Mivehchiet al 2022,
recycled materials are relatively low. Zalghoutet al 2022)
Loading  There is no significant effect of the loading
rate rates evaluated in the study on @iBndex (Habbouchet al 2022a)

Although multiple studies suggest that theTHOT can capture the effects of polymer
modification, Habbouche and Diefenderfer presented a compari€mafof polymermodified

(PMA) and high polymemodified (HP) asphalt mixtures and found that th&-OT could not
detect the expected impact of high polymer modification in improving the cracking performance
of surface mixtures (Habbouche and Diefenderfer 2021). A study byeRaltltoncluded that the
IDT-CT is not able to capture the favorable effect of ground tire rubber modification on the
cracking resistance of asphalt mixtures, where a distinctive fracture behavior is oljRarthed

al. 2022)
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Zhouet al.investigated the sensitivity of ti@&Tindexto discriminate the cracking performance of
asphalt mixtures containing RAP and RAS. They produced two mixes, one with 20 percent RAP
and the other with 15 percent RAP and 5 percent RAS (2hali 2017b). The results from the
IDT-CT test indicated a significant drop in t&ndexvalues when compared to the control mixture
without recycled asphalt material$his trend agrees with a more recent work by Ling and
Buchanan, where it was found that @i&ndexdecreases roughly by 20 units per 1 percent increase
of recycled binder replacement (Ling and Buchanan 2022). Zalghaliindicated no statistically
significant changes i€ Tindexwhen adding 15 and 20 percent RAP to asphalt mixtures designed
using the Maricopa Association of Governments Guideli@daiyhoutet al.2022)

Cantabro

Method and Calculation Description

The Cantabro test is an asphalt mixture durability test procedure conducted using the Los Angeles
abrasion testing machine as per AASHTO TP 108. The test is conducted at intermediate
temperatures and for the test, asphalt specimens are placed into Hienatiram without steel
spheres and subjected to 300 revolutions é83fpm. The mass loskI() of the specimen during

the agitation is used as an indicator of durability and it is expressed as a percentage of the mass of
the specimen before the teStuation(6).

ML = (A -B) F00%/A (6)

WhereA andB are the mass of the specimen before and after the test respectively.

Historical Development

The Cantabro test has been used worldwide as a performance assessment for durability and to
identify the minimum asphalt binder content for ojggaded friction courses (OGFC) or porous
friction courses (PFQ)Cooleyet al.2009, ArambulaViercadoet al.2016) The literature review
suggests that the Cantabro protocol has been gaining increased attention to evaluate durability in
other types of asphalt mixtures e.g., dense grade mixtures, cold recycled mixtures, etc., due to its
simplicity, cost, and efficiecy (ArdmbulaMercadoet al.2020)

Brief Summary of Studies using the Test Method

Several research efforts using the Cantabro test for dense graded mixtures have been conducted by
researchers at Mississippi State University (MSU) and collaborators since 2009. An exhaustive
review of the literature until 2017 is presented by €bal.and a summary of the most relevant
findings is presented ihable A5 (Coxet al.2017)
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Table A.5. Summary of Findings using the Cantabro Method

Topic  Findings Reference
ML increases with an increase in air voids. Howev(Doyle and Howard 2011,
the trend is not clear for mixtures with 19.0 NMAS 2016)
ML significantly increases with aging either by
Agng  AASHTO R 30 (5 days at
protocol OGFC aging protocol (7 days at 64°C) with respec

un-conditioned samples at comparable air void lev
RecycledML tends to increase with the increase of recycled(Celauroet al.2010, Doyle
materials materials content. and Howard 2016)
Asphalt (Doyle and Howard 2016,

ML decreases with increasing asphalt content.  Vila-Cortavitarteet al.
content 2018)
ML increases with the addition of 18% crumb rubk
and 15% TB rubber and decreases with the additi
4.5% SBS, 8% HDPE, and 24% Gilsonite with res
to the control condition.
Mixtures containing high polymer (HP) binders ha
lower ML than mixes containing conventional SBS (Habboucheet al. 2022b)
polymermodified binders.
ML increased with the adabn of recycled (Vila-Cortavitarteet al.
polystyrene. 2018)
ML decreases with the addition of fibers in mixture :
containing 70% of recycled asphalt concrete. (Su and Hachiya 2008)

Uniaxial Cyclic Fatigue (CF)

Air voids

(Doyle and Howard 2016)

(Zhouet al 2021a)

Asphalt
mod

Fiber

Method and Calculation Description

The CF test is a repeated load performance test that is used to determine the cracking resistance
properties of asphalt mixtures. It is most commonly coupled with the simplified viscoelastic
continuum damage theory-§8CD). The test is conducted usingAsphalt Mixture Performance

Tester (AMPT) on cylindrical specimens. AASHTIO411is typically used when the NMAS of

the mixture is 19 mm or smaller. For larger NMAS mixtures, AASHTO T 400 is used. b T
protocol uses a 3Bim diameter by 11gnm tall speimen while T 400 uses a 100 mm diameter

by 1363mm tall specimen. The basic test protocol is the same in both test methods and consists of
a repeated, tension only actuator controlled sinusoidal displacement at 10 Hz. The test temperature
is generally aroond 21°C, but varies according to the performance grade of the binder used in the
mixture. It should be noted that there exist other uniaxial test protocols that use similar principles
and setups, such as the methods developed by the University of Nattingie Arizona State
University, among others. However, this review will focus exclusively on the methods and
development of the test protogpecified in AASHTO T 400 and 411 Two key test outcomes

are obtained from the CF testise damage characteristic curve, namedhleematerial integrity

(C) versus damageS| curve, and the pseugmergybased failure criterionDR, calculated as
indicatedby Equationg7) and(8).

c=1-G,s» (7)
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Nf
Where C11 and Cy2 are fitting coefficients of the power modé#l,is the number of specimens,
Sun{1-C) is the integral area below the curve of@lversus cycle number until the failure cycle
andNy, is the number of cycles to failure. The results of the CF test allow for the calculation of the
Spp parameter, Equatio(®), which measures the amount of fatigue damage the material can
tolerate considering the eff edGastoveheet all2@1, mat er i
Wanget al.2022) A higherSppvalue indicates higher fatigue cracking resistance.

1
o, #ioD" &
a (Sipp) % 9
S,, =1000° " ¢ * ©)
‘E*LVE’SADp *

WhereUis the damage growth raiais the timetemperature shift factor at a given temperature
andE Lveis the average representative dynamic modulus.

Historical Development

The development of the CF test protocol originates from the work oeKah(1997) and Daniel

and Kim (2000). Kim and his coll eagues wused
constitutive behavior of asphalt concrete with damage in uniaxial tension mode. It was found that
the constitutive model was able to successfutlgdt damage growth of the asphalt concrete
under monotonic loading. Later, Daniel and Kim used the continuum damasgd constitutive

model developed by Kinet al. to developa prediction methodology and test procedure to
characterize fatigue of asphalt concrete subjected to various loading and environmental conditions
(Kim et al. 1997) Under the auspices of the NCHRP-I® project, a direetension uniaxial

fatigue test method using -#dBm diameter and 15Mm height specimens and -specimens

LDTVs was developed. It was found that a single characteristic curve can be produced from cycli
and monotonic loading, i.e., the damage characteristics of the asphalt concrete arelémdeyen

the mode of loading. Underwoed al. developed the soalled simplified viscoelastic continuum
damage model building on the work of Daniel and Kim to address certain shortcomings of the
previous formulations and to allow for rapid
fatigue response(Underwood et al. 2012) For a more rigorous review of the\&CD
development, the reader is referred to previous drderwoodet al.2010, 2012)

Several efforts have been also made to develop failure criteria for asphalt mixtures under fatigue
loading. Sabouri and Kim developed an endrgged failure criterion, referred as the average
dissipated pseudo energy rate criteriorG8yto overcome the shortcomings of previous failure
criteria that were either arbitrary or not f
modulus to 50 percent of its initial value, or that depend on the mode of loading (Sabouri and Kim
2014). Intheir study, itwas found that th&R criterion was unique for a given mixture regardless

of the temperature (if viscoplasticity effects were not encountered) and strain amplitude. However,
Wang and Kim noted that tH8® model is significantly impacted by test variability because the
model parameters are obtained using linear regression in a double logarithmic scale (Wang and
Kim 2019). This fact and other limitations of t& criterion led to the development Bf or

average reduction in pseudo stiffness up to failure.
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Brief Summary of Studies using the Test Method

Several research efforts have been conducted to evaluate the fatigue characteristics of asphalt
mixtures using the CF test, however, the number of studies is relatively lower compared to the
other durability test methods reviewed herein. It is speculatgdthis is probably because the
equipment and personnel training required to conduct the CF test are more specialized and less
accessible compared to other test methddble A6 presents a summary of research studies using

the test method for fatigue evaluation of asphalt mixtures.

Table A.6. Summary of Findings using the Uniaxial CF Method

Topic Findings Reference

Air voids Syppdecreases with an increase in air void content fc (Jeonget al.
9.5mm and 19.dnm NMAS asphalt mixtures. 2022)
SippandDR decrease with the increase of letegm (ZSaIehet al.

L ) ) 020, Wanggt al.

Ox_|dat|ve oven aging time. 2022)

aging For different types of mixtures evaluated, DR decre: (Zhanget al.
with the increase in oven aging time. 2019)
SyppandDR decrease with the increase in RAP conte! (Wanget al
The effect of using a softer binder with RAP is 2022)9 '

Recycled captured in th&ppparameter.

materials In general, the use of RAP decrease fatigue

performance by means Gf, however, the addition of (Sabouri and Kim
RAP up to 15% does not seem to significantly affeci 2014)
fatigue performance.

?c?r?tr(]:rl:: Seppincreases with binder content. (ZVC\)/;;)get al.

Thg utlllzat_lon of WMA additives seems to deteriora (Kim et al.2017)

fatigue resistance by meansGf.

The use of a WMA chemical additive increased the (Spadoniet al
Asphalt tolerance to fatigue damage with respect to the cont 2022a) )
binder/ HMA using Sypp-

mixture mod. The incorporation of recycled plastic with graphene
and plastomeric compounds yielded logypvalues  (Spadonket al
compared to the reference SB#®dified asphalt 2022hb)
mixture.

Bending Beam Fatigue Test

Method and Calculation Description

The BBF test is a repeated load performance test used to characterize the cracking resistance of
asphalt mixtures (AASHTO TP 321). The test consists in subjecting an asphalt mixture beam
specimen of 50 mm x 63 mm x 380 mm to controlled sinusoidal dispéatesh a frequency of

10 Hz. The test setup and specimen dimensions are presefiiigdiia A3. The displacements

are applied at two third points to produce a uniformly distributed moment at thgpamdof the

beam. The strain selected is constant throughout the test and is generally between 250 to 750
microstrains for conventional asphalt mixtswdhe number of cycles to failure is defined as the
point at which the stiffnes§, multiplied by the number of cyclebl, is a maximum. Typically,
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the generic interpretation of fatigue is used but is worth mentioning that there exist analytical
approaches to interpret BBF results using VECD theory.

Historical Development

The standard BBF procedure (also called the-fmint bending test or thirdoint loading test)

was based on the work conducted by researchers at the University of California Berkeley and at
the Asphalt Institute. For the University of California, the sggecimens consisted of beams of
38.1 mm x 38.1 mm x 381 mm, while The Asphalt Institute used larger specimens of 76.2 mm x
76.2 mm x 381 mm. In the early development of the test protocol, a pulsating loading of 0.1
seconds and a frequency of loading 00 epetitions per minute were appligchngellaet al.

1990) The current specimen size (AASHTO TP 321) and several modifications to the test
equipment were proposed during the SHRP program. Some of the specific changes included
improvements in the linear and torsional bearing to maintain zero moments at thenosam e
automation of temperature and test control, data acquisition, data reduction, among other
significant modifications. Further, sinusoidal loading could be now applied at up to 25 Hz, with
temperatures ranging betweelD°C to 40°C. This set of modifications improved the repeatability

of the test and reduced the overall testing time (Monosmith 1994).

380 mm

-
<

v

Specimen  Load Load
63 mm

A I 50 mm

Reaction Deflection Reaction
| | @ (b o
Figure A.3. BBF overview; (a) test configuration and (b) specimen cross section (Kiet al.
2011)

Brief Summary of Studies using the Test Method

A summary of relevant findings using the BBF protocol is present&dlie A7. The reader is
referred to the expanded fatigue test program of SHEBPfor other results that support the
relationship between mix properties and laboratory fatigue response (Monosmith 1994).

Overlay Test

Method and Calculation Description

The Overlay Test (OT) is a repeated displacergentrolled performance test developed by the
Texas transportation institute and is used primarily to evaluate reflective cracking resistance of
asphalt mixture overlays. However, there have also been appigan the area of BMD and
pavement performance simulations. The test procedure is described in the Texas Department of
Transportation (TXxDOT) procedure 48 F. The protocol consists of gluing the test specimen

to an apparatus that has a fixed and ahde steel plate attached to a ram. The specimen geometry
and apparatus setup are showRigure A4. The ram moves to induce a triangular loading pattern

that seeks to simulate the opening and closing of cracks at a frequency of 0.1 Hz and temperature
of 25°C. The number of cycles to failufe, is defined when a 93% reduction of the maximum
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applied load occurs. It should be noted that although there are devices specifically developed for
the OT test, the test can be also conducted in an AMPT.

Table A.7. Summary of Findings using the BBF Method
Topic Findings Reference
An increase in air voids from 4 to 6 percent reduced the (Fakhri and
Airvoids  fatigue life of the asphalt mixture by 4.2 to 5.2 dependin

the binder grade. Kheiry 2009)
N N . . : (Islam and
Oxidative  Oxidative aging decreased the fatigue lives of asphalt Tarefder 2015,

aging mixtures. Izadiet al.2018)

In general, fatigue life decreases with the increase of R/(Kim et al
and/or RAS content, independently of the base binder u2018a, Dinget

r'?gt:gﬁl:lg in the mixture and incorporation of WMA technology. al. 2019)
The effects negative of RAP on the fatigue life of high
modulus asphalt mixtures were only clear when the RAF(Ma et al.2015)
content is 60 percent.
In general, increasing binder content increases the fatig
Asphalt life of asphalt mixtures. It was found that a 1 percent  (Fakhri and
content increase in binder content would increase the fatigue lifeKheiry 2009)
asphalt mixtures between 10 and 350 percent.
The utilization of SBSnodified asphalt increased the (Fakhriet al
fatigue lives up to three times more than +pahymer '
" . 2013)
modified mixtures.
Asphalt The use of WMA add_itives in addition to rejuvenators ca(Kim et al
binder/ increase the fatlg_ue life of higtontent recycled asphalt _ 2918a, N
mixture mixtures and achieve better performance than conventicMirhosseiniet al
.. HMA., 2020)
modification

The use of a softer binder improves the fatigue cracking
resistance of recycled asphalt mixtures; however, the (Kim et al
advantages of a softer binder were not observed with 2(2018a)
RAS.

150 mm

Aluminum plates

<7 SPECIMEN © Jmm 4 Fremm

\ \ /
\ \.. 7

. /
[ & o e 7 B | - ’ Specimen Dimension
i — Tcnsxonl

(L1 /7 LALSLLL S X 150 mm
/ 2mm

Movable steel plate

(a) (b)
Figure A.4. OT overview; (a) test configuration and (b) specimen dimensions (Walubitet
al. 2013)

Fixed steel plate
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Historical Development

The OT concept was first introduced in the late 1970s by German and Lytton (1979) using long
beams. The test setup and analysis theory have been modified several times since the introduction
of the OT concept. The specimen geometry was modified by Zhoweuton (2004) in an

attempt to develop a practical protocol for routine pavement characterization and design. Further,
two loading schemes (Procedure A and B) were presented. Procedure-phéseeloading)
consisted of a cyclic triangular loading wighconstant maximum displacement of 2 mm while
Procedure B (twgphase loading) consisted of a constant displacement loading for 30 seconds to
determine the relaxation modulus curve of the asphalt mixture before subjecting the specimen to
the cyclic loadingProcedure A was recommended for routine evaluation of reflective cracking.

I n Zhou and Scullionbés work, Pariso | aw was
growth of asphalt mixtures. Later, Zheual.proposed a new fatigue cracking prediction approach
considering cracking initiation and propagation based on OT results, where the crack initiation is
determined based on the tensile strain at the bottom of the aspha{Zlageet al.2007) In this
analysis, asphalt mixtures were assumed to be-glesic materials.

Koohi et al.developed an alternative method to analyze OT results using principles of viscoelastic
fracture mechanics and finite element simulatigfeohi et al.2013) In their approach, thphase

loading pattern was changed to first include a-destructive phase that includes 10 load cycles

with an opening displacement of 0.05 mm. This phase was used to obtain the undamaged relaxation
modulus of the asphalt mixturke.was followed by a destructive phase that includes 150 cycles
with a maximum openinglisplacement of 0.653 mm. Finite element simulations were used to
determine the crack growth function and the incremental ps&udegral with each load cycle.

Later Guet al. developed an alternative methodology based on the mechanical analysis of
viscoelastic force equilibrium in the OT specimens €Bal 2015a). In this effort, the destructive

phase was modified to 200 load cycle with a maximum opening displacement of 0.32 mm. For
more details on the fracture mechanic viscoelastic framework, theerea i s r ef err ed t
work (Guet al 2015a, 2015b). The OT setup has been also considered as a monotonic loading test
to characterize fracture properties and cracking resistance of asphalt mixtures through
conventional fracture mechanics parameters such as fracture energy, tensile stnehgthers
(Walubitaet al.2013, 2021, Leet al.2016)

Brief Summary of Studies using the Test Method

Since the development of the OT concept, several studies have been conducted to improve the OT
setup and analysis theory. Some of these studies have been introduced in the previous section.
Table A8 presents a summary of research studies using the test method for cracking evaluation of
asphalt mixtures.
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Table A.8. Summary of Findings using the Overlay Test.
Topic Findings Reference
Oxidative The OT cycles to failure decrease with increases in ag(Fakhri and Kheiry
aging time in the Accelert@d Pavement Weathering System. 2009)
Recycled In general, the OT cycles to failure decreases with the (Mogaweret al.2011,
materials increase of recycled materials (RAP, RAS or both)  Zhanget al.2017)
Asphalt The OT cycles to failure increases with increases in aS(Li et al.2014)
content content
Rejuvenators increase the OT cycles to failure; howev(Im et al.2014,
the degree of improvement depends on the type of  Mohammadafzalet
rejuvenator and dosage level. al. 2017)
Asphalt Asphalt mixes with PG 7@2 binder have superior (Li et al.2014)
binder/ performance in terms of OT cycles to failure. '
mixture Asphalt mixtures modified with rejuvenators exhibit a
mod higher loss of cracking resistance witkatheringime
compared to the control mixture.
The use of waxedand watetbased WMA additives (Mogaweret al. 2011,
increases the cracking resistance of the asphalt mixtuiGuet al. 2015a)

Synthesis of Durability Test Methods

The previous section evaluated the testsd abi
mix design parameters. The FHWAHF-19-103 (Hajj et al. 2019) publication recognizes other

factors that are important to assess the appropriateness of test protocols for BMD implementation.
These other factors include sample preparation, specimen conditioning and testing, training needs
and applicability, equipmertdost, repeatability, and field validatiomable A9 (Adapted from

Zhouet al.(2017a) presents a summary that identifies the aforementioned factors for each of the
test methods evaluated herein.

The literature review suggests that most agree that-Ei&, [IDT-CT, and SCBLTRC test
methods are the most practical and easiest to adopt for BMD purposes. The following remarks are
made:

The FFIT, IDT-CT, and SCBLTRC are index tests that can be used to rank different
materials and assess the acceptance of a mix design. However, it is worth mentioning that
the results of the test are not amenable to conducting pavement performance predictions.
The FFIT and IDT-CT results do not have an expected trend regarding specimen air void
content. While intuitively incorrect, this result may not be an issue and the indices from
each test can be informative during the mix design process if the cracking evaluation is
conduc¢ed with a fixed air void content. However, the test methods arédeahfor QA
processes that employ-place density (Jeorgf al.2022) The trends are not clear for the
SCBLTRC.

The FFIT and IDT-CT use a loading rate of 50 mm/min and a similar interpretation of the
test results. However, the SABRC test uses a loading rate of 0.5 mm/min. Asphalt
mixtures are viscoelastic materials and therefore, the type of response in this test, i.e.,
developnent and growth of the fracture process zone, crack propagation, etc., is different
than in thedFIT and IDT-CT.

(Mohammadafzalet
al. 2017)
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On the other hand, repeated load tests attempt to simulate the process of fatigue damage
accumulation; therefore, the test results can be analyzed to perform pavement performance
prediction, in addition to providing an index to rank or assess the acceptaasphalt mixtures.

The literature suggests that repeated load tests reviewed in this document (BBF, CF, and OT) are
able to capture the effect of mix design properties on the fatigue performance of asphalt mixtures;

however, some of the main challengssociated with the implementation of repeated load tests

for BMD purposes are:

Unlike monotonic tests, there is uncertainty in the time duration of the BBF, CF, and OT
tests because the test results relied on the continuum degradation of the asphalt mixture,
which depends on the stress or strain level selected and inherent darsigecesf the
mixture. This can represent a challenge for routine characterization if multiple tests need
to be conducted within a specific time frame.

The preparation of BBF, CF, and OT specimens is lengthy due to coring, cutting, and
gluing. Further, the training required to conduct the tests (setting up the equipment,
mounting the specimen, etc.) and the data analysis are relatively more specialized th
monotonic tests.

The cost of the equipment for BBF, CF, or OT is significantly higher compared to the
monotonic tests. This may represent a roadblock for state DOTs and contractors if multiple
test machines are needed to supply the demand for testing.
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Table A.9. Comparison of Different Cracking Test Methods (Adapted from Zhou et al. 2017a).

Test Test Cross section  Parameter Correlation to field performance Typ!cal_ _test Advantages Drawbacks Equmlent
name standard geometry (s) variability cost
Fairly gooq correlation to No. O.f . . . . The trends with air voids are not cle:
. . passes to first crack and reflectivt . No coring, cutting, and gluing i:_, - . . ;
ASTM Circular; cracking rateZhouet al. (2017b) Relatively required which complicates the implementatic
IDT-CT D= 150 mm CThndex ng : * _high (COV < quirec. for QA processes that usefitace  <$10,000
D8225 _ Good indicator for resistance to toj The test duration is less than ! ) . .
T=62 mm . 40%) reportet . density. Five test specimens are oft
down cracking (NCAT Test Track) minutes. necessary due to test variabilit
Westet al. (2021a). ry Y:
Semicircular: Fair correlation betweeh and Medium
- _ cracking ratKim et al. (2012). The S The analysis theory considers At least twelve specimens are requil
SCB- ASTM T=57 mm,ND = A . variability - - s
Je J. was unable to discriminate mixe _ fundamental fracture mechanic for a full fatigue characterization of ti -
LTRC D8044 25.4,31.8 and 38.1 O . (Cov =20 .
mm with significant cracking (NCAT Te: 25%) parameter. mixture.
Track) Westt al (2021a)
Relatively good relationship betwe:
- _ Fl and ALF cycles, as reported by . The test requires cut and notched
Semicircular; . . Relatively L ; g :
AASHTO _ Fl, CRI  Ozeret al (2019. Fair correlation tc |.; The test duration is amenable 1 specimens. A minimum of six
I-FIT T=50 mm 5. e high (COV < . o - . <$10,000
TP 124 ND = 15 mm andBCl  top-down cracking field performanc 50%) routine characterization replicates are needed given the te
(NCAT Test Track) Wesét al variability.
(2021a).
. . - ) Medium No cutting require; mix design The test does not explicitly evaluat
Cantabro AASHTO Dilrfgtl)ar%m ML ggﬁo?ﬂgxcgitshﬁ;?ifetgrrgslé Ifﬁ variability specimens can be used as te any fundamental fracture <$10,000
TP 108 T =1107 120 mm variability of the test results (COV =20 specimens; relatlvgly short tes mechanlcs/contl_nuum damage
25%) duration; properties.
Allows the prediction of fatigue
Circular; Promising correlation to field perforcrgﬁg;:tﬁjﬁgvanous Fabrication of the test specimens
... AASHTO D =38 mm, 100 mn performance (FHWAALF, i ... requires coring, cutting and gluing.
Uniaxial = . Low Results can be combined witt . o
Cyclic T411 T =110 mm, 130 Sn, DR MnROAD)_. Good correlano_ns variability pavement analysis model Requires specialized software_ to >$100,000
Fatique AASHTO mm PP observed with tojglown cracking reported by Literature review su eslhat. analyze the test results. Uncertainty '
9 T 400 (Dimensions depen (NCAT Test Track) Westt al P Y - 99 the test duration can represent a
on test standard) (2021a) the cracking parameters follov drawback for routine characterizatio
the expected trends with mix
design properties.
Promising correlation to field
Oblong performance (FHWAALF). Good  Relatively . . Requires five sample due to inhere
OTVeesrtIZry Tex-248F T=38mm N, indicator of a 1high(COV= Interprr;taattil\?er; o;t:]elgesults 'S test variability. Cutting and gluing is $§50008(()9
top-down cracking (NCAT Test 30-50%) y simpie. necessary. '
Track) Westt al (2021a).
Fabrication of specimens and test se
Rectangular The test mimics bottorap can be cumbersome. The test
Bending AASHTO W= 63 mm Good capacity to rank asphalt mixtt I-'||gh' fatigue cracking and can be us specimens require s_lgnlflcant amou
Beam _ N . ) variability for pavement performance of material. Typical analysis >$100,000
. TP 321 D=50 mm validate in SHRR104. L . ;
Fatigue L= 380 mm (COV > 50%) predictions. framework requires multiple tests a

different strain levels and temperatu
to calibrate fatigue model.

1 Costs are for the equipment used for the given test alone. As described in Section 2.4 some equipment can be usedifferamviersts. Final costs may be less than the amounts listed in th

table because of these multipurpose options
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Stability Test Methods (Rutting)

Stability of asphalt mixtures was previously determined in terms of Marshall Stability test, and
Hveem Stabilometer. When Superpave methodology was envisioned, and further applied to
current United States practice, designers noticed a lack of a mecliapicalo o f 0 par amet e
to stability, relying on conformance to the material specifications and volumetric mix criteria
(Witczaket al.2002). It has been noticed that the rutting distress reduced its occurrence in asphalt
pavements due to the new methlodyy, even so, some states cautiously adopted a rutting limit in

their local designs. When envisioning new BMD approaches, it is fundamental that both cracking

and rutting potential are assessed in asphalt mixtures, and it changes are properly acadunted an
balanced.

The following sections describe different test methodologies discussed as BMD possible
application. The items are divided in method description, historical background and studies using

the test, covering fromwheelr ac ki ng At or t ur ead tensile Lestssand mooen ot o n
fundamental dynamic shear tests.

Asphalt Pavement Analyzer (APA) Test

Method and Calculation Description

The Asphalt Pavement Analyzer (APA) test is a wheel loading test that directly measures the rut
depthon-specimen, which servesa performance indefor rutting potential in servicelhe test

consists by an aluminum wheel load with a linear pressured rubber hose that simulates the effect

of a wheel tracking back and forth over the pavement, at a high temperature. The sample is placed
inside a mold and ke ptunning Afterf8000 &/des, thevdiccumdatet h et
rut depth on the sampleriscorded.

AASHTO T 340(2023b)recommends that six samples should be used, with a desired air void
content of7 + 0.5% to represent the-asnstructed (and thus worst case) scenario. For gyratory
samples, either plant or laboratory produced, dimensions of 150 mm in diameter by 75 £ 2 mm in
height, or beams measuring 125 + 2 mm wide by 300 £ 2 mm long by 75 +talimRoadway

cores can also be tested, having 140 to 152 mm in diameter with a minimum height of 50 mm.
Cores taller than 75 mm should be trimmed, andutieut face of the core shall be used to test
(AASHTO, 20231).

The wheel load should be 690 + 35 kPa (100 £ 5 Ibf), while the hose pressure should be 445 + 22
N (100 % 5 psi). According to AASHTO T 34Q023b) the test temperature should be the same

as the high temperature Performance GrRd#) for the location where the material will be used.

Prior to testing, the specimen should be conditioned for not less than 6 hours and no more than 24
hours.Rut depth measurements can be taken manually or automatically at multiple locations on
the specimen. Whichever method is adopted the average rut depth across all locations and for all
specimens is recorded at the end of 8000 cy&lASHTO, 2023h.

Historical Development

The APA evolved from the Georgia Loaded Wheel Tester (GLWT) (Coetewl. 2000).

Originally, developed in 1985 by the Georgia Department of Transportation (GDOT) and Georgia
Institute of Technology, to be a simple testing procedure to evaluate rutting potential of a hot
asphalt mix(Lai 1986) At t hat ti me, the United Stated r
asphalt mixture designs and rutting was a major distress (Cetlals1996). The advantages of
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the GLWT were that it could be run in a sesmitomated mode that could test three beam samples
at the same timgCollins et al. 1996).

The first study wused a Al oaded footo kneading
mm wide by 300 mm long by 75 mm thick dimensions. After pouring into a mold, a sliding rack

was positioned over it, and a stationary kneading compaction wouldqertite beam®.ai 1986)

A decade later, a rolling compaction machine was developed for the specimen fabrication,
simulating the field compaction effqitai and Shami 1995)Vith the development of Superpave

design method, the test also migrated to gyyasamples, with the specimen measuring 150 mm
diameter by 75 mm height was found to be consistent with the given beam (Esllits et al.

1996). The test temperature has increased ove
at which rutting has been found to ocoilrgi 1986) to 40°C (Lai 1993, Collinst al.1995), 50°C

(Collins et al. 1995, 1996) and 60°C (Colliret al. 1996). For the pass/fail limit, GDOT set its

limit at 7.5 mm in its first studyLai 1986), while others, like Utah DOT dyland DOT,

considered 5.0 mr{Collins et al. 1996)

The APA follows the same basic procedure as the GLWT, using the load wheel back and forth
over a sample to induce rutting, measuring the rut depth at 8000 cycles. However, it can be also
used to test samples submerged in water, and either three beamgyratiry samples can be
tested simultaneouslgChoubaneet al. 2000, Cooleyet al. 2000). The wheel load and hose
pressure have also remained the same since the first GRAIHTO, 20230).

Brief Summary of Studies using the Test Method

The APAtestiswelst abl i shed as a rutting resistance fAg
test procedure. Recently, rather than debate its test method, much effort has been given to
determine the effects of volumetrics, binder propertiesP RAd additive additions on the test

results, and its suitability to be incorporated in a Balanced Mix Design (BMD) progite
A.10summarizes some of the findings from literature regarding APA results.
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Table A.10. Summary of Findings using the APA Method

i Temperature, oo
Topic Air voids Findings Reference
(40, 50, 60C; Higher air voids and highei

Test method 2.0 to 7.0%) test temperature decrease (Collinset al.1996)
rutting resistance.

(58, 64, 70, 78C; A lower Jyr increases the

7%Y rutting resistance.

Aggregates with rougher

texture, better adhesion  (Kandhal and

with binder, and better Mallick 2001,

Binder effect (Bernieret al.2012)

Aggregate (64°C; 4%y

effect (50°C; 6%) angularity increase rutting Hussaret al.2019)
resistance.
(50°C; 6%) Coarser gradation increase (Hussaret al.2019,
Volumetric (64°C; 4%) ru_tting resistance. _ Parket al.2022)
effect Higher OBC and higher
(50°C; 6%) VMA decreases rutting (Hussaret al.2019)
resistance.
(58, 64, 70, 78C; (Bernieret al.2012,

Adding RAP increases

. ) Colbert and You
rutting resistance.

2012)
(Songet al.2018)

RAP content 7%y
(58°C; 7%)
Rejuvenators (64°C; 7 £ 1%) Adding rejuvenators can
decrease rutting resistance

(64°C: 7+ 059 ~dding WMA agent (Zhaoet al. 2013,
can either increase or

o 0,
(64°C; 7+ 1%) decrease rutting resistance Songet al. 2018)

aTest performed at binderdés Performance Grade
Hamburg Wheel Tracking Test (HWTT)

Method and Calculation Description

Currently the most used rutting test reported as Balanced Mix Design efforts is the Hamburg Wheel
Tracking Test (HWTT). As with the previous test, it also uses a sualé wheel load simulation

over an asphalt mixture sample to directly evaluate rudkpgh. In this case, a steel wheel directly
contacts the surface at a high temperature. Testing can be performed on either saturated or non
saturated samples, with the former being more common in the U.S. When performed in a saturated
mode, the test may s provide an indicator of moisture susceptibility. The rut depth can be
recorded for each cycle and used to calculate additional indices such as the creep slope and the
call ed Astri ppSIAgedriguie AXa3.t i on point o (

AASHTO T 324(20233 requires the steel wheel to have diameter of 203.2 £ 2 mm, and be 47 +
0.5 mm wide. The load of the wheel is 703 + 4.5 N, moving at the center of specimen, making 52
+ 2 passes per minute. Laboratory compacted beams (320 mm long, 260 mm wide) and gyratory
specimens (150 mm diameter), also cores from field, can be used in the test. The thickness of
specimen in any case should be at least twice the nominal maximum aggregate size, generally
yielding 38 mm to 100 mm tall specimens. Whemgggyratory specimens, they must be cut to

fit in the mounting system, sdagure A5(b). A pair of gyratory samples of the same material
should be tested simultaneously, while the reported results should be the average of two pairs. The

WMA
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air voids recommended for use in the testing are 7 = 0.5% for gyratory specimens and 7 + 1% for
slabs samples.

0

-2 \ Stripping Inflection Point

Wl e (sIP)
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Figure A.5. HWTT overview; (a) typical results and (b) gyratory mounting (AASHTO
20233.
After the test, the samplesaregge@ ndi ti oned i n the devicebos wat

and not more than 60 minutes. During the test, an LVDT records the rut depth of at least each 20
passes of the wheel. The test terminates at either 2pd&3@s count or at a piletermined rut

depth. The test temperature, as well as rut depth limits are noefined in the AASHTO
standard, giving liberty to each agency to establish their own specifications. Generally, the test is
performed at 50°C, budome states use R®ased temperatures, varying from 44°C to 56°C
(Mohammacet al 2016a)

Historical Development

In the 1970s, HelmdiVind Incorporated of Hamburg proposed a specification requirement to
measure combined rutting and stripping susceptilitghammadet al 2016a) Later, in 1990,

a selected group representing AASHTO, FHWA, NAPA, SHRP, Al, and TRB engaged in a two
week tour over six different European countries, with the objective to pinpoint potential
improvements to asphalt mixtures practices (AASHT@I.1990). One of the tests and equipment
observed during that tour was a whtrakking device fom Hamburg, Germany, which reportedly

had an excellent fielgerformance correlation. The device was then assigned to Colorado
Department of Transpor t atHahank HighWwe® ResearanCeénteF H WA 6
to demonstrate and evalugfeschenbrener 1995)n their studies, comparing the lab results with
known field performance materials, several mixture characteristics were found to be well captured
by the test, such as: clay content, dust to asphalt, dust coating aggregate, short term aging,
aggregate aplity, antistripping, and compaction temperature (Aschenbrener and Currier 1993,
Aschenbreneet al. 1994, Stevenson and Aschenbrener 1994, Aschenbrener 1995). The first
studies from CDOT to use the equipment inherited the French plate compactor (po¢ue)ati

and kneading compactor to produce beam san{pleshenbrener 1995However, the method

was swiftly adapted and validated to use Superpave Gyratory compacted sp@zroesnd
Tahmoressi 1999). More recently, Mohammetdal. (2016) documented the capabilities of
Hamburg devices commercially available in the US, proposing several changes to AASHTO T
3 2 4(B023a)requirements, such as wheel position waveform, frequency, speed, temperature
control in water bath, measurement positioning, and resol$ysas, in order to unify the
repeatability and accuracy of the equipment nationitzhammacdet al. 2016a)
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Brief Summary of Studies using the Test Method

Among the literature, Hamburg WheBlacking test have been used to asses both moisture
susceptibility and rutting of asphalt materials. Because of this flexibility, using only the rut depth
presented by the test can mislead in a rutting interpretationgtyal. 2014). The comparison
between materials can be done regarding the total rut depth at the end of the test (TRD), at a certain
number of passes, and using stripping inflection p&M)( These classical approaches have their
limitations, and alteratives have been proposed, as rutbnty, and strippingpnly related index

from the test result§rin et al 2014, 2020a, Weet al 2016)

Zhanget al. (2021)conducted a study comparing field cores from 50 pavements across US and
tested using HWTT procedure. In general, the rut depth from the device overestimates what is
observed in the field. A better relation was seen for modified binder mixtures, eveh theirg

results showed that the test results alone may not be able to ensure a good field rut ranking.
Ranking analysis indicated that choosing a rut depth at a proper number of test cycles would be
more appropriate than using the numéte20,000 passes. Besides that, selecting a test temperature
based on binder properties, local climate or traffic level would be more useful than applying a
single temperature. Finally, a proposed model allying HWTT results with pavement age, AADTT,
and emperatures of the pavement presented a good prediction of field rutting (R2=0.79), with more
significant effect from the first three (Zhaeg al. 2021).Other influences in HWTT results are
related to impacts of volumetric, binder properties, and additiable A11 summarizes some
findings reported in literature.

Table A.11. Summary of Findings using HWTT Method.
Topic Findings Reference
Binder Lower Jnr and higherG*|/s i yields smaller rut
depths, but the correlation was not high (R?=0.4" (Salimet al.2019)
effect
and 0.57)

Coarser gradation decreases rut depth.

(Larrain and Tarefder
2016, Kimet al. 2018b)
Gradation Coarser gradation in the coarser fraction and fin
effect gradation in the fine fraction increases resistanct
An aggregate skeleton with uniform gradation in
each size shows a lower rutting resistance.
Volumetric Excessive and inadequate binder content reduce

(Lv et al.2020)

(Lv et al.2020)

effect rutting resistance.
RAP Mixtures with high RAP replacement ratio have (Safiet al.2019)
content lower rut depths.

Adding WMA agent can reduce the combined
effect of rutting and stripping resistance,

High Temperature IDT

WMA (Zhaoet al.2013)

Method and Calculation Description

TheIDT high temperaturelDT-HT) test has been recently discussed as a simple alternative for
rutting criteria. The advantages of this method are that it requires inexpensive equipment and the
test can be finished in less than one minute. The samples are produced directly from dng gyrat
compactor at around 7% air voids, with no cutting, coring or gluing afterwards. To condition, it
should be enveloped in plastic and placed in water for 2 hours, at 10°C lower than the 50%
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reliability level ~day maximum temperature. An indirect diametric load is applied using a constant
rate of 50 mm/min. The results are described in terms of the peak stress strength reached during
the test. Usually, Tensile Strength Ratio standard, AASHTZB3 (20223, is referred to as the

test guidelines for this indirect tension test. Because of its simple index, an easy pass/fail criterion
is reported as mixture criteria in most states that apply this test methodology, being well related to
other ruttng testfChristensen and Bonaquist 2002). It is also purported to be promising especially
for quality control/quality assurance testing, since it can also be used to test very thin cored
specimer(Christenseret al. 2000)

Historical Development

The indirect tensile test idea was originally developed for portland cement concrete and known as
the Brazilian test. The test was adapted dur
strength of asphalt mixturésivneh and Shklarsky 1962More recently, researchers have found

that its results correlate well with the Me@Gpbulomb failure theory for shear strength and that it
could be used to determine cohesion of asphalt mixtures (Chrisetrede?004). Using a critical
representative high terapature, and a monotonic loading condition that fits what is expected from
field, it was found that the test could evaluate rutting resistance of asphalt materials and correlated
well with other wellestablished tests and field data (Christereteal. 2004). Christensen and
Bonaquist(2002)further argued for thEDT-HT test based on the idea that the critical stress state
for rutting would not occur directly under the center of tire (where hydrostatic like forces exist),
but at the edge, where the comfigistresses are similar to the failure in a typibdl-HT.

The first studies suggested that a test done at loading rate about 3.75 to 7.50 mm/min, and 15 to
20°C below the critical temperature, would better mimic the stresses response at a critical high
temperature (Christense al. 2000, 2004). Further studies improved the test methodology to a
temperature 10°C below the critical-80m depth temperature, estimated from LTPPBind and
used a loading rate of 50 mm/min, reducing drastically the testing time and still achieving good
relaions with expected trends (Mséniet al.2005, Christensen and Bonaquist 2007, AAT 2011).

This new setup enabled the specimen setup and test to be completed in two minutes and eliminated
the need to use a temperataoatrolled chamber.

Brief Summary of Studies using the Test Method

As cited before, the displacement loading rate and specified temperature ud2D-FF have
changed over the yearfable A12 synthetizes some findings over the literature using the test
methodology. Informing which temperature and loading rate were used. Other rutting tests are
more commonly and used as comparison for mixture properties.
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Table A.12. Summary of Findings using thelDT -HT Method.

. Temperature; -
Topic Loading rate Findings Reference
Binder Er?;rSn/cr:mﬁ)a?S Higher PG grade leads t (Christenseret al.2000,
effect (42°C: 50 mm/miny higher peak stress resul Bennertet al.2018)
Gradation/ Test results are sensitivi
volumetric  (44°C; 50 mm/min)  to volumetric, and (Bennertet al.2018)
effect composition effects
(35°C; 3.75 (F.;ag(édHc(oFgr_e(I)ag)g r;\r/lv&th (Christenseret al.2000,
mm/min}y ALF ruttin?; results Stuartet al.2000)
o, . Good correlation with
Other tests (44°C; 50 mm/min) APA at 6£C (R=0.8) (Bennertet al.2018)

o, . Same ranking as APA,
(49°C; 50 mm/mirt) and Confined FN

(50.2C; 50 Reasonable correlation .
mm/miny to HWTT (R=0.63) ('In etal 2020b)

aTest performed at 20°C below-H0m depth critical temperature, 50% reliabilityfest performed at 10°(
below 20mm depth from LTPPBInd 3.1, 50% reliability.

IDEAL-RT

Method and Calculation Description

Similar to thelDT-HT and the previously described TECT test procedure, IDEART has been
proposed as a simple alternative for rutting characterization.|IDKeHT, it is based on shear
strength results, described asRifindex, €Xxpressed in Equatiqd0), where the shear strength is
defined by Equatiofill).

(Meroniet al.2021)

RT, = (6.618 10°) ¥, (10)
£, =0.356 (11)
t3w

WhereR TindexiS the rutting tolerance indebdjs the shear strength in Pasc®saxis the maximum
load in Newtonst is the specimen thickness in meters, anid the width of the upper loading
strip (0.0191 m).

The test was designed specifically for BMD implementation to be a simple, fast, and inexpensive
test that could be finished in less than one day. Differently fmHT, the temperature is set to

50°C and a unique apparatus that induces shear rather than biaxial tension SgusedA@).

This supporting cradle has a concave surface, with radius curvature same as the specimen diameter
of 150 mm. The specimen should be produced at a 7+0.5% air void and has the same dimensions
as the IO-CT (150 mm diameter and 62 mm height). Specimens can be conditioned using a water
bath or temperature chamber and it is stated in the literature that no great difference in results to
each othefZhou et al 2021b) The test is conducted using a 50 mm/min loading rate, and can
relate both cohesion and friction angle from shear strength of asphalt (Zihas 2021). More

specific information can be seen in ASTM D8360.
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Figure A.6. IDEAL -RT Test apparatus and stressegyin et al 2020b, Zhou 2021)

Historical Development

IDEAL -RT test was developed with quality assurance and control in mind. Regardless of how well

a mix can be designed, if its quality is not well controlled during production, the field performance
will be diminished(Zhou 2021). Some tests are great options for BMD, but may not be practical
enough to add as a quality control check. Such a test should be practical enough to be done in less
than one day, have a good correlation to field, and have simple testing ane gaappration. In

view of these issue$DEAL-RT was proposed as an alternative to Quality Control framework,

with some case studies described in (Zbbal 2020, 2021b, Zhou 2021).

Brief Summary of Studies using the Test Method

Similar to the previous test, the main findings in the literature relate the IEFEALo other
consolidated rutting methodologies, well known for their good correlation to field performance.
Yi et al.(2020) found a correlation ofPR0.72 (excluding one outlier) for HWTT and IDEART

results when comparing LMLC specimen tehesated and nere-heated PMLQGYin et al. 2020b).

Zhou (2021), using a varied set of 23 mixtures containing binder PGs of 58 to 70, 0 to 40% RAP
content, 0 to 5% RAS content, and some with rejuvenators added, found a strong correlation with
HWTT results with 95% and 98 confidence level (Zhou 2021).

Confined Flow Number (FN)

Method and Calculation Description

Moving to a more fundamental testing procedure, the Flow Number (FN) test uses a repeated
loading to induce axial stresses in a cylindrical sample. The effects observed during the test are
related to the densification process, even though when the samfasé to the failing point, some

shear deformation might be visually seen.

The AASHTO T 37820220 describes how to execute the Flow Number test, in either confined

or unconfined conditions. At least three samples shall be cored and cut from gyratory compacted
specimen, in order to achieve a 150 mm height and 100 mm diameter condition, with 7+0.5% air
voids. The conditioning time for samples is four hours in air chamber at the test temperature. The
test is compatible to AMPT. For confined testing, a membrane should encase the sample and for
either confined or unconfined testinggeeased doubltatex friction reducer should be place on

both ends of the specimen. The confining stress applied is 30 kPa, with a 600 kPa haversine load
of 0.1 seconds pulse, followed by a 0.9 seconds rest. The test temperature is determined by
LTPPBInd3.1, 20 mm below surface, with 50% reliability.
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During the test, the sample accumulates permanent deformation strains through three stages: first
the specimen consolidates (the primary region), second there is a stable growth of deformation (the
secondary region), and lastly a rapid increase in def@méhe tertiary region). The number of
cycles for the sample achieve the tertiary stage is defined as Flow Number. The standard specifies
a fitting function, the Franken Mod@977) shown in EquatiofiL2). The number of cycles needed

to reach the flow number is material dependent and for highly rut resistant mixtures the number of
cycles can be high. Usually, agencies prefer to set altiaséd criterion for different traffic
conditions.

e, =AN® (&N 3 (12)

Where(} is the permanent axial strain measured during theNéstthe number of cycles, ard
B, C, andD are fitting coefficients for each mixture.

Historical Development

The development of the FN test began out of a need to add to Superpave mix design and
incorporate simple performance test methodologies. In 1999, NCHRP Prdj8cealuated
several tests procedures, from triaxial dynamic modulus, shear tests, triati@lcetep, and
triaxial repeated load test. The idea behind this effort was to find a test method that could accurately
and reliably measure mixture characteristics over a diverse range of traffic and climate conditions
(Witczak et al. 2002). From all theriaxial repeated loading tests, the highest ranked parameter
with the best statistical measures was the FN. At first, the testing temperatures were 38°C and
54°C, so that results could be compared to dynamic modulus conditions. For confined state, the
applied confining stress was 138 kPa, while the axial stresses varied from 827 to 965 kPa. For the
test pulse and rest time, the same were kept since the begWhiogaket al.2002). Later studies

used different confinement stresses: 6.9 to 69 kPa aalstresses: 207, 523, and 827 kPa trying

to achieve a representative stress state under the edge of the tire @ibls2009, 2012). Also,
calibration factors using the test method and different temperatures were implemented in MEPDG
mechanistieempirical, actual AASHTO PavementME. The procedure enables one to predict
permanent deformation over time using-tabasured coé€ients from materials and focused on
modelling rutting using the secondary stage (uintuset al.2012).

Brief Summary of Studies using the Test Method

The confined FN test is somewhat established in literature in terms of procedure. Some variations
are found still in the selected stresses, temperature, depending on the standard applied. Some
findings in literature using the test protocol are presentédiae A13.
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Table A.13. Summary of Findings using the Confined FN Method
Temperature;

Topic Axial | Conf. Stress Findings Reference
(38°C, 54°C; 138, 207, FN increases with increased (Rodezncet al.

Binder 828 kPa | 69, 138 kPa) visc_osity _ 2010)

effect (55°C% 600 kPa | 30 kPaFN increases with PG grade  (Islamet al.2019)
(50°C; 400 kPa | Good correlation between FN a(SaIimet al.2019)
unconfined) Jnr3.2 '
(38°C, 54°C; 138, 207, 5(')\: dssegsrggzﬂtgr:”gﬁazgg% 2" (Rodezneet al.

Volumetric 828 kPa | 69, 138 kPa) conte’nt ’ 2010)

effect FN increases with increaseda/
(55°C% 600 kPa | 30 kPaair voids, VMA, VFA, and (Islamet al.2019)

asphalt content, andaMign
Other tests gi%;’ﬁﬁgg)kpa | gr? o(lj ld:;o(gilgt;ogr; between HW1 (Salimet al.2019)

Stress Sweep Rutting (SSR) Test

Method and Calculation Description

The Stress Sweep Rutting (SSR) Test follows the basic structure of the FN and applies repeated
loading into confined specimen to obtain cumulative strain results. AASHTO TR20239

describe its steps to test cored and cut 100 mm diameter and 150 mm tall cylindrical specimens
using the AMPT deviceThe improvement from previous protocol is that a set of temperatures,
axial stresses, and loading time are chosen in a way to enable rutting prediction over any given
traffic and climate conditions, with the same number of specimens as FN.

Two temperatures are selected for testing, one low (between 17 and 32°C), and one high,
depending on the project location. The test is separated into three sets of 200 cycles at 69 kPa
confinement stress, reducing greatly the amount of testing time.d=oigth temperature, the axial

stress increments for each 200 cycles are 689, 423, and 896 kPa, with 0.4 seconds of loading time
and 3.6 seconds as rest, while for the low temperature, the stresses are 483, 689, and 896 kPa, with
0.4 seconds for loading temand 1.6 seconds as r8ste first loading pulse from high temperature

test are set as reference, while the other are shifted to it, forming a universal model for each
material.

During the test, only permanent deformation is recorded, taking actuator load cell displacement.
The calculations can be performed automatically using FlexM/ARutting spreadsheet, or using
the following Equationg13) - (15). An index is also associated with the SSR, the rutting strain
index or RSI, so that users can leverage the test result without having to do full simulations with
the FlexPAVEM software. The idea behind the index is to compare the average permanent strain
of an asphalt layer to its total thickness in a standard structure, over a given climate location
(Ghanbariet al.2022) A mixture with higher RSI is more likely to have lower rutting resistance.
Thecalculations are automatically done using FlexMARutting spreadsheet
3
e, = eo—Nfedb (13
(Nl + Nred)
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D=dT +d, (15

Where the reference condition is the first set of high temperajuis,the viscoplastic strairt,
N1, andb are obtained through numerical optimizatibhis the number of cycles for a certain
loading conditiongy is the reduced load tim&,is the test temperaturé, is the vertical stres®a

is the atmospheric pressure (101.325 k&gandd. are the vertical stress shftictor coefficient,
andp: andpz are reduced load time shift factor coefficients.

Historical Development

Due to known strain accumulation response dependency from axial load level, history, pulse time,
rest period, and temperature in confined state, a broader procedure was needed to simulate strain
state found in fieldKandhal and Cooley 2003The background of SSR interconnects with the

first studies that defined the triaxial repeated load test. However, the focus of the early
development work that led to the SSR was to describe the strain accumulation prior to failure. The
development arc lgan with effors during NCHRP 49 to understand the role of loading time

and stress leve[&ibson 2006)Later, Yun(2008)found that the rest period had a significant role

in affecting the amount of permanent strain that accumulated. Yun described this effect using a
backstress concept while Subramanijaf@ll)used a rate hardening plasticity and viscoelastic
relaxation concept. The primary offshoot of both of these efforts was a realization that instead of
using multiple temperatures, and stress levels, a protot¢aldhlal interconnect these variables in

less test effort was needed. A mention should be made regarding the Triaxial Stress Sweep (TSS),
which preceded SSR and was developed following the Yun and Subramanian efforts, which used
square loading pulses. It et a set of three temperatures, with increasing deviatoric stress
amplitudes, different rest periods to widen the evaluated range, totalizing at least eight specimens
with mounted LVDTs to model a single mixty@hoi and Kim 2013)After the testing protocol,

the called shift model captures the effects of deviatoric stress, load time and temperature on
accumulated strain of asphalt mixture, shifting any given condition to the reference 689 kPa as
deviatoric stress amplitude usingiacremental model described in the equations afohei and

Kim 2014) Afterwards, studies worked to improve the overall practicality of the test. These
enhancements included using only one high and one low temperature and removing the necessity
of LVDTs. These changes reduced the number of samples to only two replicates for each
experiment, and from 16 hours to only 6 hours of tegtign and Kim 2017).

Brief Summary of Studies using the Test Method

The test procedure was improved over time until its final version of SSR. In this process, it was
validated using known rutting prediction togkim and Kim 2017) Some literature found great
correlation with expected trends, listed in Teble Al4. Since its capabilities to assess rutting

are related to performance predicting, there are a number of studies using its results to benchmark
mixtures, and to find an optimum volumetric characteristics and field density for a given mix
(Wanget al.2019, Jeongt al. 2020, 2021).
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Table A.14. Summary of Findings using the SSR Method

Topic Findings Reference

SSR results indicate better rutting

resistance for higher PG (Ghanbaret al.2022)

S;Pei?r cF:Qcillt:annctrease with decreased binder (Veeraragavaet al. 2022)
gr;r;éilsti\gﬁ! correlated with FlexPAVE (Barroset al 2022a)

RSI decreases with coarser gradation,

;/f?élértnetnc higher asphalt content, higher air voids (Ghanbaret al.2022)
RSI decrease with increased NMAS  (Veeraragavaet al.2022)
RSI de(_:reases with RAP content (Ghanbariet al.2022)
RAP Increasing
addition Increasing RBR does not affect rutting (Chkaibaret al. 2022)
that much
No apparent relationship between RSI (Chkaibaret al.2022,
and HWTT Veeraragavaet al.2022)
Other tests

No direct comparison between RSI anc
unconfined FN at 204 kPa

Synthesis of Stability Test Methods

There are sever al ways to assess an asphalt
expected from the material, a reliable field performance correlation should exist, but this method
should also be simple enough to conduct that it can be imptetheThat being said, the three

main categories of rutting tests regarding BMD applications are described in seqabted 15

shows an overview found in literature regarding the six tests presented above, with respect to costs
of equipment, sample preparation, and testing time.

(Barroset al 2022a, 2022b)

The first test type would be characterized as a torture test where @eatalsimulation of a wheel

load over a sample is used. This type of method gives results that are fairly simple to understand.
Samples can be tested either dry or on wet condjtimomsceiving the possibility to also obtain
moisture susceptibility inferences. The amount of rutting is dependent on the number of cycles
applied and the overall rut resistamé¢he materialOften times these tests are performed to either
critical rutting levels or until a preset number of cycles. These tests generally have (or are believed
to have) strong correlation to field performance and so these types of tests are often used as a
benchmark when generating new rutting tests methodologies.

The second type of stability methods are the indirect diametric monotonic loading tests. This
simple methodology has been discussed often lately because of its simple costs for equipment, and
sample preparation. The tests can take less than a day, sieveurs from sample collecting,
preparation and testing, which is an acceptable interval for quality assurance and control protocols.
The analysis is based on the maximum shear induced in the sample, or on the energy curve for
displacement versus shearesgth. From the two described tests, cohesion and friction angle are
the main characteristics assessed. Also, promising correlations tolodie tests have been
shown.

Finally, the third type of test method focuses on mechanistic characterization and the use of test
results for performance predictions. The repeated axial tests focus heavily on the stresses directly
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below the tire but can mimic both densification and shear phenomenon. Usually, there are
performance prediction tools associated with the tests, which improve the benefit of the
methodology to not only rank materials form their index, but to predict attgrutting in field.

The biggest shortcoming of these types of tests are the cumbersome sample preparation protocols
and the total testing time, which can take more than a day. The equipment is also more expensive
and the training requirements are geeat

Table A.15. Comparison of Different Rutting Test Methods (Adapted from Zhou et al.

2020)
Test Test Parameter | Test Specimen  Total Equipment
name Standard Criteria  Temperature Preparation Time  Costg
Location PG Four samples,
ApA  AASHTO - Rutdepth | == ga00 ™ 110 cutting, nor "Y©  >$100,000
T 340 Pass/falil S : days
reliability gluing
Four samples
AASHTO Rut depthSIP o " Two
HWTT T 324 | Pass/fail 50°C one cut per days $50,000
specimen
IDT-HT AASHTO Peak Strengtl Location PG Threens(.)amples <One <$10.000
T 283 | Pass/fail -10°C : : day ’
coring/cutting
IDEAL- ASTM RTindex| E0°C Threeni)amp'es <One _¢10 000
RT D8360 Pass/falil . . day '
coring/cutting
FN| Pass/fail Location PG -gr]\reeiosrﬁlmplif
Confined AASHTO or predictive . 9PE Eour
. with 50% sample, two cut $85,000
FN T 378 model with L days
reliability per sample,
more tests
membrane
o g and Low T1ree el
AASHTO 2 > " Temperature 9 PeT Eour
SSR or predictive sample, two cut $85,000
TP 134 : (based on days
model with PGY) per sample,
FlexPAVE™M membrane

aCosts are for the equipment used for the given test alone. As described in Section 2.4 some equiprmr
used for several different tests. Final costs may be less than the amounts listed in this table becaus

multipurpose options

b IDT-HT uses an adaptation of AASHTO T 288022a)

Integration of Performance Test into QA Practices

The previous sections covered the different test protocols that have been proposed for the design
asphalt mixtures based on BMD principles. These protocols are orientated at improving the quality
of the asphalt mixtures in terms of rutting and crackindoperance. Although necessary, an
adequate mix design alone is not a guarantee of satisfactory pavement performance and efforts
must be done to integrate performance tests with specifications that assure that reasonable process
and procedures are being tlled in the production of the final engineered product. Depending

on the quality characteristics used for acceptance, these specifications are often called quality
assurance (QA) specifications or performaralated specifications (PRS).

91



The integration of performance test into QA practices can represent a challenge for state DOTs
due to the adjustments and resources needed to conduct performance tests in a routine basis.
Further, guidance is needed for determining minimum sampling fregquegeded (and risks
associated), and for sampling, fabrication and testing procedures that could be unknown to DOTs
personnel. These challenges motivated the development of the ongoing TFRZuality
Assurance Aspects of Performance Related Specifisaiod NCHRP 1007: Guide for
Implementing Performance Specificatioride general objective of TFRS 01 is to integrate
PASSFlexM (system of tools based on fundamental engineering properties for PRS) within a QA
system to ensure lortgrm asphalt performance and reduce life cycle cGSGAT 2021)
Specifically, TFRS 01 addresses:

(d) the use of the cyclic fatigu&ypp and ruttingRSltest parameters (the reader is referred to
section2.1.5and2.2.6for more details), index thresholds, and acceptance limits in support
of performance engineered mix design approaches and to facilitate further implementation
of the tests and performance predictions

(e) material selection and mixture design changes that can impact the test results (cyclic
fatigue, SSR, and their index parameters) and trends associated with owner agency
specified performance thresholds, and

(H the major elements of a QA system per TREIEcular 235 and associated buyer/seller
and payment risks (TRB 2018).

In TFRS 01, three different sets of laboratory experiments are conducted to answer the following
questions needed to develop guidance on integrating PASYHeite in a QA framework.

(a) What are the differences between properties oimated, labcompacted (adesigned)
and plarmixes, labcompacted (asonstructed)?

(b) How does production variability affect the properties of the mixtures and resiligand
RSI and how these affect QA and PRS?

(c) How do constituent material changes affegh and RSI?

(d) How sensitive ar&pp and RSI index parameters to changes in mixtures within the same
category?

As mentioned before, TFRS 01 is an ongoing research project, and this literature review will be
updated with the major findings and guidelines proposed therein. According to public information,
NCHRP 10107 researchers are developing a guide that wilstastite DOTs with performance
specification implementation including integrating tests into QA systems. The guide will

Aspeci fically address, but not be | imited to,
and shadow specifications, estahingy appropriate control and specification limits, gaining-buy
in from agency and i ndustNCHRPR822)sonnel , and ma

Caltrans requires performance testing for both mix design and quality assurance on specific mix
types: Type A HMA (maximum aggregate blend of 25% RAP) and Rubberized Hot Mix Asphalt
GapGraded (RHMAG). In order to do sathe testing frequency for volumetric properties (air
voids Ndesign VMA, and dust proportion) was reduced to allow for the inclusion of the Hamburg
WheelTracking Test and TSHBoth tests are required once per 10000 tons, c& per project,

and performance thresholds are the same fordesign and quality assurance.

New Jersey uséd8MD Approach A and\pproachB, wherevolumetric requirementsre met first

but optimum binder conteig selectebaseddn cracking andutting test results on fowpecialty

mix types: binder rich intermediate course (BRIC), high performance thin overlay (HPTO), bridge
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deck waterproof surface course (BDWSC), and hot mix asphalt high RAP (HRAP) that contains
more than 20% RAP by aggregate blend (NJDOT, 2019). For quality assurance, sampling should
occur normallyfor volumetricgevery lot of 3500 tons, five random samples or once per 70§ tons
however, foperformance testing, the first sample comes from the test strip or fiesstdasthen
sanpled every lot for HPTO andRAP HMA, and every second lot for BRIC and BDWSC.

The required performance testing include APA énetrlay TestefOT) for HPTO, BRIC, and

High RAP HMA mix types. For BDWSC mixtures, APA and BBF testing are required.
Performance thresholds are slightly relaxed compared to mix design requirements for some tests
(i.e., APA rut depth for HPTO is relaxed from 4 mm to 5 mm)alfot fails to meet the
requirements, NJDOT utilizes a pay adjustment table, which can go up to requiring removal and
replacement in worst scenarios.

For both mix design and quality assurance, contractors should submit samples for volumetrics
verification, samples at specified height for APA and OT testing, boxes ofhoias® produce

BBF specimens, and spare boxes of lamse material. The agency is charge of producing the

BBF samples, cutting the OT samples, and conduct all performance testing.

Integrating a similar system requires addressing several key challenges. NCDOT's current QA
frequency (once per 750 tons) means that adding performance testing would significantly impact
turnaround tims. A potential solution is to review and possibly reduce sampling frequéluties
sizes)for performance tests, similar to the approach used by other states.

Test Costs

One important factor for conducting BMD tests is the cost. The humbers showed here represents
a sample of national territory sellers, from the start of 2023. None of the displayed values cover
taxes, crating, shipping, discounts that may apply, installagiearly calibrations, nor personnel
training. With respect to personnel costs it is noted that as test complexity increases the cost of
training would increase, but that resources exist for all of the tests discussed here and that examples
of successfulraining regimes also exist for each of the tests.

In addition, the costs shown in this section do not include those associated with sample compaction
(ovens, compactors, mixers, etc.) since these pieces are generally already available in labs that
would be performing these tests. It is noted that mott tese a Superpave gyratory compactor

and with the exception of AMPT based tests standard height gyratory compactors are sufficient. It
should be noted that the Bending Beam Fatigue Test requires beam samples rather than cylinders
and that while APA and HWT can also be tested with beam specimen, but recent literature is
predominantly using gyratory samples. Finally, for CF, only 38 mm diameter samples are covered
in this document since the focus of BMD tests is surface and (in some cases) intermediate laye
mixes with NMAS up to 19 mriAASHTO 20240.

Table A16 summarizes the different steps that may be necessary to prepare test specimens after
the samples have been compacted and which ones are used for the different test methods. It is
important to mention that some equipment, like the cutting saws, can b ysegare different

test specimens. That being said, the cost in the last column shows the standalone price of
purchasing the equipment for only the specific test. A combination of more than one of these tests
can reduce significantly the values. In socases, a range in values were found from the cost
study and in these cases, the value shown is an average of the maximum and minimum range
detailed below.
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Table A.16. Summary of Additional Steps for Specimen Preparation Prices

Testname Coring Cutting Notching Gluing Membrane Star;(:;?elone
I-FIT - yes yes - - $9,000
SCB - yes yes - - $9,000

IDT-CT - - - - - -
Cantabro - - - - - -
CF yes yes - yes - $10,618
BBF - yes - - - $5,850
oT - yes - yes - $8,000
APA - - - - - -
HWTT - yes - - - $5,050
IDT-HT - - - - - -
IDEAL-RT - - - - - -
Colrzllf\llned yes yes - - yes $9,450
SSR yes yes - - yes $9,450

2 Considering &it of plates and gluing fathree specimen
b Additional considerations should be made for beam sample compaction.

For coring, a commercially available machine costs around $4,000, with each coring bit being sold
separately. Custom built setups can also be constructed at a substantially lower price if a machine
shop is available to weld or bolt together an appropfiatee. In case of the CF specimen, the lab
would need to have a 38 mm coring bit (about $315), while for confined FN and SSR, a 100 mm
coring bit would be needed (about $415). For cutting, two types of equipment have been used.
Larger capacity equipmentngesfrom $3,800 to $5,500 and requires anjtiameter saw blade

(about $480). More expensive options are available that include automatic feed and sizing options.
Smaller capacity saws are needed for more precise cuts on smaller samples and these generally
cost between $3,000 and $5,000 and recuire1 00 s aw bl ade (about $11(¢
saw is recommended whenever multiple geometries may be used. The smaller capacity saw is
recommended for notebased tests and for cutting 38 mm diameter spesmAn addition
consideration should be made regarding clamps to hold the specimen, with 4 in. or 6 in. clamps
(about $350) and HWTT trimming jig ($400) to a more sophisticated clamp table (about $1,200),
needed for OT and BBF precise cutting. These tringnigs can be optionally be manufactured
according to the laboratory needs.

Lastly, some more complex test might require gluing specimens to plates. Both CF and OT require
plates, targets, and gluing jigs, which are often reported by sellers as optional items when a
machine setup in bought. For CF, each specimen uses six tatymis $35) and two plates (about
$330). These accessories are generally sold in aspesmen set. The gluing jigs for targets and
plates cost approximately $600 each. Each specimen needs to be kept in the gluing jib for about
30 minutes, but the tectumdn time to glue the specimens is usually about five to 10 minutes and.
users can perform other activities while gluing takes place. The glue itself can be bought in small
packages at an average cost of about $5 per three specimens. The OT does edargefsir but

more total glue is needed to attach specimens to the plates. Each OT specimen uses two plates
($320), and the gluing jig plus needed accessories for three specimen costs about $1,450. Since
there is a bigger surface to be glued, a dhmnding glue might be required, justifying the need of
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more than one jig. The glue itself can be bought inmersample packages (about $14 per
sample) or in bigger quantities.

Confined tests, like confined FN and SSR, require that a membrane cover the sides of specimen,
while a doublegreased membrane is placed on top and bottom of specimen, to ensure no friction
with the testing plates. A kit with membranes can be boughtde [guantity packages, and added

to the grease, which is used in very small amounts, can cost about $7.40 per specimen. Membranes
can be reused but careful training of testing technicians is needed to avoid testing mistakes.

With respect to testing equipment, there are three main categories:akinadversions,
electromechanical loadiAfjame compatible tests, and AMPT compatible. This consideration
should be carefully taken into account, since some tests can be performerckithan machine

setup. For example, kits exist for some tests like the SER;,land IDT-CT/IDEAL-RT that can
leverage modern era Marshall load frames. Also, at least one AMPT manufacturer also includes a
range of kits for multiple tests (i.e., CF,’¥EN, IDT based tests, OT, etc.). A summary of testing
equipment is showed ihable A17.

Some tests such the Cantabro, APA, and BBF require standalone machines while others can be
stand alone or tested with a kit attached to an AMPT and/or an electromechanical load frame. For
those tests that require a staaldne machine, options range from BA Abrasion machine
(Cantabro) to a completely staatbne machine (BBF, APA, HWTT). It is noted that the stand
alone option for the BBF, a foynoint bending apparatus (starting from $31,200) and an additional
temperature chamber (approximately $10,080)eeded. Universal Testing Machines can also
support a fowpoint accessory to perform this test, and perform any AMPT test given the right
accessories, but at higher prices. Many gerfrgbose testing machines can cost approximately
$150,000 or moreror the OT there is a statadbne machine available in market that costs about
$55,000, but a kit is available for the AMPT at a cost of approxim@teg00. For the APA, there

are two main machines available, one for-sirmultaneously tests (the APA Jr.) and one for three
simultaneous tests (the standard machine). The prices for the first range from $66,000 to $72,000,
while the second can be abouf$1000. HWTT setups usually involve machines that run two tests
simultaneously and costs range from $50,000 to $63,000. Some vendors guarantee that both tests
can be performed in their equipment; however, only limited evidence was found of researchers
actwally doing so. The described prices do not include any shipping, installation, training, nor any
calibration that may be done yearly.
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Table A.17. Summary of Testing Equipment Prices
Stand-Alone EM Load-Frame Additional AMPT Additional

Test name

Machine Compatible  Accessories Compatible Accessories
I-FIT N/A yes $700 yes $1,000
SCB N/A yes $700 yes $1,000
IDT-CT N/A yes $550 yes $600
Cantabro $8,000 no - no -
CF N/A no - yes $6,800
BBF >$32,200 no - no -
oT $55,000 no - yes $4,000
APA >$66,000 no - no -
HWTT >$50,000 no - no -
IDT-HT N/A yes $550 yes $600
IDEAL-RT N/A yes $900 yes $900
Confined FN N/A no - yes $305
SSR N/A no - yes $305

Due to the recent increased attention given to BMD by state agencies and academia, there are
several electromechanical loading frames available for conducting the tests listed in this literature
review. A given laboratory should give a closer look to wbahnologies are associated with the
product, what is the minimum loading capacity to apply a specific test, and what is the type of data
acquisition. Overall, there is a large span in prices ranging from $4,150 for single purpose
machines to $12,000 foranhines capable of doing alFIT, SCB, IDT-CT,IDT-HT, and IDEAL-

RT tests.An external temperature chambesin be used for more efficient testing, bame
agencies and labslso use water baths for this purpose. Additionally, each test might require
additional accessories to be performed. Sometimes these fixtures are included in the cost of the
machine. For SCB andRIT, a semicircular threepoint loading jig can cost about $706r IDT-

CT andIDT-HT, an IDT loading jig can cost about $550; and thEAD-RT jig can cost about

$900 (which requires an IDT loading jig).

Finally, a universal testing machine like AMPT is capable of doing nine out of the thirteen cited
tests, but comes at a substantially higher up front cost and maintenance cost. Recently, due to
improvement in technology and controlling systems, a reduatianaintenance and machine
priceshas been note@ven so, AMPT prices start from $72,000 (not considering any accessory,
installation, shipping, training, and calibration). Like with the electromechanical machines, each
test should require its own accesskit. For SCB and-FIT, the threepoint jig can cost about
$1,000; the IDT jig can cost about $600 folTHTT andIDT-HT; and the IDEALRT jig can be

about $900.

The CF requires a genetalirpose load frame or an AMPT. With an AMPT a set of spacers related

to specimen height of 110 mm is needed to ensure that the machine actuator will have sufficient
gauge length (about $780). Additionally, a set of six clampstaed LVDTSs to read especimen

stresses and strains are needed. These accessories can cost about $5,300. For the OT, the LVDT is
not mandatory, since the actuator can be used to estimate stresses, nonetheless, the loading frame
kit for this test can costbout $4,000. Finally, for confined FN and SSR, the actuator can be also
used to estimate material response, so only the set of confining plates with drainage pipe is
required, that costs about $305.
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Integration of Performance Tests into Mix Design

In 2015, the former Federal Highway Administration (FHWA) Expert Task Group (ETG) on

Mi xtures and Construction formed a BMD Task Fc
using performance tests on appropriately conditioned specimens that additgds moldes of

distress taking into consideration mix aging, traffic, climate, and location within the pavement
structuredo. Some reasons were highlighted for
mixtures relative to performance rather than vatnm properties alone, addressing the increased

use of recycled materials, and evaluating additives and modifiers that are not directly considered
with the traditional volumetric mix desigkHWA 2016)

Originally, the Superpave mix design system included different requirements depending on the
traffic. Lower traffic roads were to be designed based on volumetric properties and higher traffic
roads were to be initially designed based on volumetric pregetbut then adjusted based on
performance testing. Some performance tests were proposed by the Strategic Highway Research
Program (SHRP) but were not implemented except for a few projects because they were not
considered practical for routine use. In dagly years of Superpave implementation, rutting was

the primary focus, and it was partially addressed by the aggregate and binder grade requirements.
In addition, many state highway agencies added rutting test requirements to their specifications.
This reduced pavement rutting issues but ultimately led to cracking becoming the primary form of
distress. Therefore, increasing concerns regarding cracking and durability issues motivated the
asphalt pavement industry to use BMD as a new approach for designoaludtion acceptance

of asphalt mixtureNAPA 2021)

In 2020, the FHWA conducted virtual visits to some State DOTSs that were early adopters of BMD
to learn more about the details and implementation efforts of BMD. Successful practices reported
from these visits were gathered and integrated into an overdl) Biyplementation process as

part of mix design approval and quality assurance. Listed below are the eight major tasks that were
suggested for successful BMD implementation (FHWA 2022, étag).2022)

Understanding the fAwhyo and benefits of BM
Overall planning

Selecting performance tests

Performance testing equipment: acquiring, managing resources, training, and evaluating
Establishing baseline data

Specifications and program development

Training, certification, and accreditation

Initial implementation into engineering practice

N>R~ WNE

These eight tasks along with their sialsks and brief descriptions are showmaile A18 below.
More details and guidance on executing these tasks can be found in the tech brief and mentioned
paper (FHWA 2022, Hagt al.2022).
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Table A.18. Eight Potential Tasks for BMD Implementation (FHWA 2022)

Sub- _
Task Task Description
1 Motivations and : Understand why the agency wants to pursue BMD ¢
Benefits what the potential benefits would be

2.1 Identification of Champions
2.2 Establishing Stakeholders Collaboration
2.3 Doing Homework
2.4 Establishing Goals
2.5 Mapping the Tasks
26 Identifying Available External Technical Information
' and Support
2.7 Developing an Implementation Timeline
3.1 Identifying Primary Modes of Distress
Selecting 3.9 Identifying and Assessing Performance Test
Performance Tests ' Appropriateness
3.3 Validating the Performance Tests
Performance Testing 4.1  Acquiring Equipment
Equipment: 4.2 Managing Resources
4 Acquiring, Managing 4.3 Conducting Initial Training
Resources, Training, 4.4 Evaluating Performance Tests

2 Overall Planning

and Evaluating 4.5 Conducting Intef_aboratory Studies
51 Reviewing Historical Data & Information Manageme
' System

5.2 Conducting Benchmarking studies
5.3 Conducting Shadow Projects
5.4  Analyzing Production Data
Determining How to Adjust Asphalt Mixtures
55 - ,
Containing Local Materials
6.1 Sampling and Testing Plans
Specifications and 6.2 Pay Adjustment Factors (If Part of the Goals)
6 Program 6.3 Developing Pilot Specifications and Policies
Development 6.4 Conducting Pilot Projects
6.5 Final Analysis and Specification Revisions
Developing and/or Updating Training and Certificatis

Establishing Baseline
Data

Training, 7.1 Programs
! Certlflcgthns, and Establishing or Updating Laboratory Accreditation
Accreditations 7.2 .
Program Requirements
Initial

8 Implementation ! !

Review of AASHTO PP 105

The formal AASHTO process for balanced mixture design is outlined in AASHTO PP 105. This
standard highlights four different approaches (A through D) for balanced mix dafi&HTO
20243.
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Approach A: Volumetric Design with Performance Verificatiéypproach A starts with obtaining

the optimum asphalt content following the standard volumetric mix design method. Selected
performance tests are then performed on the optimum asphalt content design to assess its resistance
to rutting, cracking, and moiste damage. The design is accepted as a BMD and production can
start if the mixture passes the selected performance tests criteria; otherwise, the whole mix design
procedure is repeated using otineaterials or different mix proportions until all volumetric and
performance criteria are met.

Approach B: Volumetric Design with Performance OptimizatioApproach B is similar to
Approach A with the exception of it using multiple asphalt contents. In other words, the mix design
process is performed, and the optimum asphalt content is obtained; however, the selected
performance tests are conducted on dbmum asphalt content and two or more additional
contents. The asphalt content that meets all performance tests criteria is selected. In case none of
the mixtures satisfies the criteria, the emtnix design process is repeated as in approach A.

Approach C: Performane®odified Volumetric Mix DesignApproach C begins with the current
volumetric mix designs methods to obtain an initial design. The designed mixture is then subjected
to performance testing and the initial mixture components such as aggregate proportions and
binder content are adjustamsatisfy performance tests. The final design has to meet performance
testing criteria but not necessarily all volumetric criteria.

Approach D: Performance DesignApproach D is primarily focused on performance analysis.
The mixture components are established and adjusted following performance analysis. Volumetric
properties may be checked after the designed mixture meets laboratory performance tests criteria.

StateEfforts Integrating BMD

According to the National Asphalt Pavement AssociafidAPA 2020) 14 State DOTs have
already begun the implementation of BMD and 16 other State DOTSs are in the process of pre
implementationTableA.19 shows the BMD approach and the tests selected by the agencies that
have started the implementation of BMD. In this table, the states and state agencies are listed in
the first two columns, followed by the implemented BMD approach(s) according to AASHTO PP
105 (2024a)and the selected rutting and cracking test(s). The last column states whether these
tests are performed for production acceptance. This column may state that testing is required for
production acceptance in terms of rutting performance only (such asslIXOT), or both rutting

and cracking performance (such as Louisiana DOT). Some state agencies do not require any
performance testing during production (such as Oklahoma DOT), and some may require testing
for informational purposes such thasults would not lead to any payment adjustment or halting

of production as these decisions are still made based on the resulting volumetrics (such as New
York State DOT).
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Table A.19. BMD Implementation for Different States (NAPA 2020)
Rutting  Cracking Performance Testing for

State Agency Approach

Test Test Production Acceptance
Alabama  ALDOT D IDT-HT IDT-CT Yes, "Pass/Fail"
. . FN, Yes, HWTT for
California  Caltrans C HWTT BBF, I-FIT "Pass/Eail"
llinois IDOT A HWTT  I-FIT ves, HWTT for
Pass/Fall
Louisiana LaDOTD A HWTT SCBLTRC Yes, "Pass/Fail"

Yes, HWTT for
Missouri MoDOT B HWTT IDT-CT "Pass/Fail", IDFCT for
Pay Adjustment
Yes, "Pass/Fail" or Pay

New Jersey NJDOT A&B APA OT, BBF :
Adjustment
[-FIT, IDT- ,
New York NYSDOT A IDT-HT CT No, Informational only
Oklahoma  ODOT C HWTT IDT-CT No
Pennsylvanie PennDOT C HWTT IDT-CT N/A
Tennessee TDOT D HWTT IDT-CT TBD
Texas TxXDOT A HWTT OT, IDT-CT Yes, "Pass/Fail"
Virginia  VDOT ~ A&D  ApaA  cantabro, Yes, "Pass/Fail"
IDT-CT '
Vermont Vtrans A HWTT I-FIT Yes, PWL
Wisconsin  WisDOT A HWTT IDT-CT No, informational testing

Alabama

The Alabama Department of Transportation (ALDOT) currently uses HWTT to evaluate the
rutting resistance of all SMA mixes, high traffic Wearing Surface Layers, and Upper Binder Layer
mixes(ALDOT 2022a) For ALDOT, mixes using PG 622 and PG 72 binder must show 10

mm rutting or |l ess at 10,000 and 20,000 cycle
provision of BMD for local roads requires the asphalt contractors to use the High Temperature
Indirect Tensile StrengthT-HT) per ALDOT 458 and thalabama Cracking Test (ACT) per

ALDOT 459 for the evaluation of rutting and cracking resistance, respec(delOT 2022b)

The AL-CT test is similar to the ID-CT described in ASTM D8225. The main difference is the

test specimen height, where specimens tested followin@Alare to have a height of 95 mm
instead of 62 mm if the mixture NMAS is 37.5 mm or larger, while in ASTM D8225, the 95 mm
height is requireddr mixtures with NMAS of 25 mm or larger. A minimu@T-HT strength of

20 psi is regired for mix design approvallhe performance test criteria fGindexfrom the AL-

CT test are 55, 83, and 110 for low (A/B ESAL Range), medium (C/D ESAL Range) and high
traffic (E ESAL Range), as shown in Table(2Q.DOT 2020) These criteria are required for mix
design approval only, as production acceptance is based on asphalt binder content and air voids.
However, if two consecutive performance test results fall below the minifl@URHT of 20 psi

or theCTindexlimits shown inTable A20, production will not be accepted until performance tests
criteria are satisfied. Note that these special provisions apply only to the trial sections for BMD
validation research projects.
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Table A.20. ALDOT ID T-CT Criteria (ALDOT 2020) .
Minimum Allowable CTindex
ESAL Range  DesignCTindex Production CTindex

A/B 55 50
C/D 83 75
E 110 100

California

The California Department of Transportation (Caltrans) has implemented a framework for BMD
mixtures that incorporates performadzased specifications and its mechanistic empirical design
program, CalME. These mixtures are usually designed and placeddswih very high traffic
volume. For Caltrans, the BMD specifications are applied to qplaoduced mixtures, and the
performance testing procedure includes the repeated simple shear test, BBF test, and HWTT. The
specification criteria for durability asssment were selected based on repetitions to 5% permanent
deformation shear strain for the repeated simple shear test and 50% loss of flexural stiffness at
20°C and atest frequency of 10 Hz for the BBF test (Hagtey.2014). The HWTT is required

for production acceptance with the limits showTable A21 (Caltrans 2022)

Table A.21 Caltrans HWTT Thresholds (Caltrans 2022)
HWTT minimum number of passes

. at:
Binder Grade 05inch Rut o
Depth
PG 58 10,000
PG64 15,000
PG 70 20,000 Report Only
PG 76 or higher 25,000

Georgia

The Georgia DOT (GDOT) currently uses Superpave mix design method and requires HWTT for
rutting susceptibility and moisture damage assessment with the criteria shavablénA22

(GDOT 2021) The specifications do not require any specific tests or limits for fatigue testing other
than stating that BBF or any other approved fatigue test can be used for fatigue performance testing
if required. However, a recent BMD research study sponsored®TGwas conducted to
benchmark the cracking resistance of plamtduced mixtures being produced in Georgia using

the CTindex Obtained from the ID-CT test (Salaet al. 2022). The research study results were
analyzed an€Tindexthresholds werproposed for future implementation in GDOT specifications

for asphalt mix design approval and acceptance testing. These thresholds were proposed for three
mixture types and for two aging conditions classified as reheated mixtures (RH) and critically aged
mixtures (CA), using three approaches: minimum valul,®@Scentile, and average values. RH
mixtures undergo shetérm aging for 4 hours at 135°C and CA mixtures undergctemng aging

for 8 hours at 135°C after shaerm aging. The recommended minimC Tingex Values are shown

in Table A23.
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Table A.22. GDOT HWTT Criteria (GDOT 2021) .
Binder Number Maximum

Grade Mix Type of Passes Rut Depth SIP
PG 6422 and 4.75 mm, 9.5 mm SP Typ
PG 6722 I, and 9.5 mm SP Type | +>000  12.5mm >15,000
PG 6422 and 12.5 mm SP, 19 mm SP,
PG 6722 and 25 mm SP 20,000 125 mm > 20,000
PG 7622 All Mix types 20,000 125 mm > 20,000

Table A.23. GDOT Proposed IDT-CT Criteria (Sala et al.2022)
Minimum CTindex

Minimum
Value
RH CA RH CA RH CA
Stone Matric Asphalt 75 35 115 65 150 90
Surface 30 20 40 10 55 25
Base/Intermediate 15 10 20 20 30 15

Mix Type 25" Percentile  Average Value

lllinois

The lllinoi DOT requires HWTT,-FIT, and a modified version of the tensile strength ratio test to
evaluate rutting, fatigue, and moisture susceptibility, respectively. In 2015, initial cracking
thresholds were recommended based on the correlation bdbtkEetests conducted for varying
asphalt mix types and field cracking performance@aldiet al.2015). In 2019, a lorterm aging
protocol for implementation of the-RIT was published (ARadi et al. 2019). This effort
recommended aging compacted spemis in forceddraft ovens at 95°C for three days. For
acceptance, laborateproduced laboratorgompacted specimens must have a mEarfor

unaged and oveaged specimens greater than 8.0 and 5.0, respectively. In additior, plant
produced laboratorgompacted specimens must have a mghrior unaged and oveaged
specimens greater than 8.0 and 4.0, respectively. Contractors were also provided an optional
approach to use oven aging for one day at 95°C to screen for problematic mixtures; a nfiihimum

of 6 $hould be met for this approach ¢®adiet al.2019). The thresholds adopted by the Illinois

DOT for HWTT and {FIT tests are shown ifable A24 and Table A25, respectively(IDOT

2022) During production, if HWTT or-FIT testing fail to meet the criteria, the contractor shall
resample for testing to be repeated by the DOT and production is continued as long as the other
mix criteria are met. If the second set of HWTT -&fIT tests fdi no additional mixture shall be
produced until both tests yield passing results. The HWTT is required to meet the criteria for high
ESAL mixtures only.

Table A.24. lllinois Modified AASHTO T 324 Requirements (IDOT 2022)
Minimum Number of Wheel Passes for

PG Grade a 12.5 mm Rut Depth
PG 58xx (or lower) 5,000

PG 64xx 7,500

PG 70xx 15,000
PG 76xx (or higher) 20,000
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Table A.25. lllinois Modified AASHTO T 393 Requirements (IDOT 2022)
Short Term Aging, Long Term Aging,

Mixture

Minimum FlI Minimum FI
HMA 8 5
SMA 16 10
IL-4.75 12 -

lowa

The lowa DOT follows the conventional Superpave volumetric approach in designing most of its
asphalt mixtures. However, rutting resistance must be evaluated by the contractor eparthird

mix design laboratory using the HWTT for mixtures designed doy-hiigh-volume traffic and/or
produced using a certain aggregate mineralogy. The HWTT testing temperature is a function of
the asphalt binder high temperature PG. The current specifications requiBéPttee be at a
minimum of 10,000 cycles and 14,00Qct®s for plant produced mixtures with traffic designation
Standard (S), and High (H) or Very High (V), respectively. Special types of asphalt mixtures may
require additional performance testing and acceptance criteria. The lowa DOT is also currently
consicering the addition of the disshaped compact tension test to evaluate mixture resistance to
thermal cracking in their BMD effori@Vestet al 2018a)

Louisiana

The Louisiana DOT has implemented BMD Approach A using conventional volumetric criteria
along with HWTT (Louisiana refers to this as loaded wheel tracking (LWT), but their
specifications indicate that the test is run according to AASHTO T 324) and S€Btesgtluate

rutting and intermediate temperature cracking, respectively. The roadway acceptance test sampling
consists of collecting five random cores from five sublots, totaling 25 random cores. Some of these
cores are subjected to LWT and SCB testinbile others undergo density measurement and
verification (Mohammadet al 2016b) The current rutting specifications require conducting the
HWTT test at 50°C and mixtures are accepted if the rut depth at 20,000 cycles is lower than 6 mm
for mixtures containing polymer and crumb rubber modified asphalt binders (Level 2 traffic) and
lower than 10 mm for mixtures containing unmodified binders (Level 1 traffic). For cracking, the
current specifications require the SCB fracture energy (BUBC) at 25°C to bergater than 0.5

kJd/m? and 0.6 kJ/m2 for Level 1 and 2 traffic, respectively (Coepal.2016). Efforts related to
assessing the changes in test parameters from different specimen types (mix design vs. plant
produced vs. field cores), developing an accelerated aging protocol, and employing the SCB test
into quality control are ongoing.

Maine

In 2019, the Maine DOT initiated a research study to evaluate the cracking and rutting resistance
of asphalt mixtures using several performance tests, including the HWTACTD CF test, and

SSR. The study attempted to correlate rutting and cracking tests and set thresholds for HWTT and
IDT-CT for future fieldproduced BMD mixtures. The HWTT was conducted at 45 or 48°C for
mixtures with unmodified or modified binders, respectively, whereas thedDwas conducted

at 25°C. Both tests were conducted atiatvaid level of 7.0 + 0.5%. The study could not confirm

the existence of a correlation between the HWTT rut depth and the RSI from the SSR test, nor
between th&€Tingexfrom the IDT-CT and Sapp from CF. Suggested thresholds were a maximum
of 12.5 mm rut depth at 20,000 cycles for the HWTT and a mini@Girexof 150 (Veeraragavan

et al.2022).
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Missouri

The Missouri DOT sponsored a 2020 study aiming to implement BMD. The HWTT was selected
for the evaluation of rutting resistance, and three cracking tests, B&IT, &nd IDT-CT were

studied for cracking resistance. Testing was done at different temperatures and laboratory tests
were compared to field performance data obtai
establish the links necessary to determine performante #e®sholds and to calibrate the
specification. It was found that the three &iag tests relate well to field cracking performance

with the DCT test controlling low temperature and block cracking andfhE &and IDT-CT tests
controlling fatigue and reflective cracking. Thresholds were recommended and presented in four
tables based on traffic and position in pavement for®lA mainline and shoulder mixtures
where cracking tests would be conducteeldfC and ruttig testing at 50°C. An example of the
recommended thresholds for the highest criticality surface layer for a mamkhee requires a
CTindex0f 150 and allows up to a 6 mm rut depth at 20,000 passes, wilRbeing at a minimum

of 15,000 passes (Buttlat al.2020).

Nebraska

The Nebraska DOT sponsored a research study
Bal anced Mix Design i etalR0R0. Tkestkdy ivegtidhtedetihedSCE u mv a
test for cracking and developed a test named
future BMD implementation. The SCB test method was developed by examining critical testing
variables such as the mimum number of replicates, specimen thickness, notch length, loading
rate, and the testing temperature. Following tletermination of these variables based on
repeatability and practicality, the effect of different testing fixtures on the test results were
investigated. The study recommended limit values for some of the mentioned test variables. A
preliminary limit of 6 was suggested fofl and the IOO-CT was recommended for future
evaluation. For rutting susceptibility, it was concluded that the FN was impractical and time
consuming despite all its advantages. Thus, the researchers developed a simpler more ptactical tes
method and named it Gyratory Stability test. This test is comprised of -ahdiped specimen

loaded using the Marshall Stability test fixture. Similar to the Marshall Stability test, the results of
this test are the Gtability and Gflow, which reflectthe maximum load and the displacement at

that load, respectively. This test was compared with the FN test and a good correfatb@2aR

was found between the (stability/flow) ratio from theS@bility test and the (flow number/flow

strain) ratio from the FN test. Using the correlation developed between these two tests and fixing
the Gflow value as the average of the tested spetirasults, traffic dependent&ability limits

were recommended as showrTizble A26.

Table A.26. Nebraska DOT Recommended tability Criteria (Nsengiyumva et al.2020)

Traffic Minimum Flow G-stability
(MESALS) Number? (KN)
<3 - -
3to<10 53 5.55
10 to <30 190 17.24
> 30 740 64.17

aRecommended criteria from NCHRP report 673, page 142 (AAT 2011)

New Jersey
The New Jersey DOT (NJDOT) currently uses BMD Approach A on several types of asphalt
mixtures including high reclaimed asphalt pavement (HRAP),-p&gformance thin overlay
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(HPTO), binderrich intermediate course (BRIC), bitumineush base course (BRBC), and
bridge deck waterproofing surface course (BDWSC) mixtures. The perforstestocey matrix at
both the mix design and plaptoduction stages include APA testing at 64t8Dsile strength ratio
and OT testing at 25°C, and BBF testing at 15°C (Bemtailt2021). The current NJDOT criteria
for APA, OT, and BBF tests for the different mixture types are showialite A27.

Table A.27. New Jersey DOT Performance Tests Criteria (Bennert 2022)
Performance Test

Mix Type Rutting Cracking A'r(o\/{);)'d
Test Criteria Test Criteria

HPTO <40mnm OTat > 600 cycles 5.0+0.5%
BRIC <6.0mnm 25°C > 700 cycles 3.5+0.5%
BDWSC <3.0mnm BBF at >100,000 cycles 1.5+0.5%
BRBC APAat <50mnm  15°C 100M cycle$ 5.5+0.5%

HRAP, PG 64E  64°C >275 cycle§, > 150 0
o <4.0 mm OT at cycles 6.0+0.5%
HRAP, PG 64822 <70mm 2°C¢ >200 cycle§ >100 4 . 5o

cycle$
2at 8000 cycles’, 1500> #and 10 Hz¢ per NCHRP 938, ¢ Surface Mixtures: Intermediate/Base Mixtures

With the shift to using quicker and simpler tests such as thedD andIDT-HT to evaluate
cracking and rutting, respectively, tentative thresholdslBdr-HT strength and th€Tingex at
intermediate temperature have been determined and are undergoing further evaluation for possible
implementation (Bennest al. 2021). Through informal discussion, the proposed-{Dr and

IDT-HT criteria for NJDOT were obtained and are showiable A28 below.

Table A.28 NJDOT Proposed IDT-CT and IDT -HT Ciriteria (Bennert 2022).

Mixture Layer Binder Minimum Minimum IDT -

Type Grade CTindex HT Strength (psi)
Surface PG64E22 190 34
HRAP _ PG64S22 170 25
Intermediate PG64E22 150 34
/Base PG64S22 130 25
BRIC All All 350 27
HPTO All All 350 34

New York

A recent study sponsored by New York State DOT evaluated the performance of eleven of the
statebs approved asphalt mixtures to set a ba
et al. 2022). The mixtures were evaluated for fatigue resistance usingClD OT, and SCH-I

at 6.0+ 0.5% air voidsand Overlay Tester at 6#00.5% air voids Rutting susceptibility was
evaluated using the APA, HWTT, ahdT-HT, all conducted a6.0 + 0.5%air voids. Mixture
optimum asphalt content was varied-0y5%,+0.5%, and 1% and testing was conducted again.
NJDOT test criteria were used to evaluate the mixtures performance, exdegi4dil and IDT-

CT. For these two tests, criteria were established by comparing their results to the remaining tests.
This comparison was done by plotting their results against the other tests and using correlations to
obtain the criteria. Correlations resulted in chdseits of a minimumIDT-HT of 30 psi at 44°C

and minimumCTingex Of 135 at 25°C. Chosen criteria are showT able A29. Results showed
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that six of the eleven evaluated mixtures had poor fatigue cracking performance at the volumetric
optimum asphalt content. Two methods were considered for ensuring satisfactory fatigue
performance, the first is by using the asphalt content that ensur@égagigoe performance, and

the second being using that same asphalt content plus the production allowable limit of 0.4% to
ensure better performance. Comparing the air voids levels at these perfebasadeasphalt
contents resulted in an average designad level of 4%. However, there was high variability in

the data in terms of standard deviation and range, which led to the conclusion that volumetric
design alone is not enough to ensure good performance.

Table A.29. Performance Test Criteria for the Performance Tests used in the NYSDOT
BMD Study (Bennert et al.2022)

Rutting Test and Criterion Fatigue Cracking and Criterion
0 1 z
APA < 4.0 mm rutting at 8,000 cycles, 64° OT > 250 cycles aég%/o Load Reduction &
HWTT <125 mm5gitgng at 20,000 cycles CTinder> 135 at 25°C
IDT-HT > 30 psi at 44°C Fl > 8.0 at 25°C

Ohio

A two-phase research study was undertaken by the Ohio DOT (ODOT) to select a method for
characterizing the durability of asphalt mixtures containing RAP and RAS. After the completion

of Phase 1,thefF | T was sel ected to be ((Rbodeznobtalt20l8)r t es't
However, with the emergence of theTHZ T, ODOT pursued Phase 2 of the study to compare |

FIT and IDT-CT and to make an informed decision as to the viability of tiedD (Abbaset al.

2021). The study concluded that the two tesis be used as surrogates to each other and
recommended selecting theTBCT test since it had several advantages compared teFifie A

standard ID-CT test method was developed to be used by ODOT and its contractors in mix design
approval and QC/QA with the propos€dindexCriteria shown inrable A30 below.

Currently, ODOT requires ID-CT testing for all Type A Superpave mix design and uses APA
testing for mixtures with more than 15% fine aggregates and that do not meet the fine aggregate
angularity criterig ODOT 2022a) The IDT-CT results are to be reported from testing conducted
at 25C and 7.0+ 0.5% air voids (ODOT 2022b). The APA is conducted &and 7.0+ 0.5%

air voids with a maximum allowable rut depths of 5 mm for R@3&nd PG642 mixtures, and

3 mm for all other mixtures (ODOT 2022a, 20220).addition, ODOT incorporates APA and
BBF test criteria in its specification for bridge deck waterproofing HMA. For this type of mixture,
the APA is run at 64C for specimens with 400.1%air voids with a maximum allowed rut depth

of 4 mm, and the BBF is run on 4t(L.(% air voids specimens with a frequency of 10 Hz, and a
minimum number of cycles to failure of 100,000 cycles at a strain level of 1,500 macrostrain
(ODOT 2014)

106



Table A.30. ODOT ProposedCTindex Limits (Abbas et al.2021)

Mix Type Minimum_ CTindex
Item 442 (Superpave) 12.5 mm (Surface) 80
Item 442 (Superpave) 19 mm (Intermediate) 60
Item 441 (Marshall) Type 1 Surface Mixes 80
Item 441 (Marshall) Type 1 Intermediate Mixes 80
Item 441 (Marshall) Type 2 Intermediate Mixes 60
Item 302 (Marshall) Mixes 60

Oklahoma

The Oklahoma DOT (ODOT) currently requires HWTT for rutting susceptibility for its Superpave,
SMA, and rich intermediate layer (RIL) mixtures. The criterion for HWTT number of passes to
12.5 mm rut depth at 50°C is a function of the binder grade andwsshdable A31 (ODOT

2019) The ODOT sponsored a research study to select a durability test along with the HWTT for
BMD implementation(Cross and Li 2019)in this study, the-FIT was selected initially as the
durability test for implementation by ODOT. However, the study later looked into performing
IDT-CT testing and compared the results of the two tests concluding that they were not highly
correlated. It was recommended that ODOT focus on th&-GD test for future BMD
implementation due to its simplicity and due to the highatdity in the FFIT results. As an initial
recommendation, a minimui@Tindex Of 80 was discussed as the criterion for stemn aged
specimens, with a possibility of dropping the binder grade in case of failure to meet this criterion
occurs.

Table A.31. ODOT HWTT Criteria (ODOT 2019) .
Minimum Number of

Binder Grade Passes to 12.5 mm Rut
Depth
PG 58 10,000
PG 64 10,000
PG 70 15,000
PG 76 20,000

Oregon

Previous research efforts established a performbased BMD framework that proposed the use

of the FFIT with typical FI values ranging from 9 to 14 for production mixtures. Recent efforts
developed a longerm aging protocol consisting of aging mixtures at 95°C for 24 hours to simulate
3-5 years of iffield aging. Subsequently, tié threshold was refined to a minimum of 6 for Level

3 mixtures (310 million ESALs on rural highways and3Lmillion ESALs on urban highways)

and 8 for Level 4 mixtures (>I@illion ESALs on rural highways and >3 million ESALSs on urban
highways). The HWTT was used and a rut depth threshold of 3 mm for Level 3 mixtures and 2.5
mm for Level 4 mixtures after 20,000 passes was recommended (€odbr2020, Sreedhagt

al. 2021).

Texas

The Texas DOT currently uses BMD Approach A for premium asphalt mixtures such as porous
friction courses, stone matrix asphalt, thin overlay mixtures, and {pd&@e recycling of asphalt
concrete surfaces. The HWTT and OT are required to evaluate mirtgistance to
rutting/moisture damage and reflection/bottam cracking, respectively. Initially, an optimum
binder content (OBC) is determined using Superpave volumetric mix design criteria. The HWTT
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and OT are then used to evaluate specimens at three binder contents (OBC, OBC + 0.5%, and OBC
+ 1.0%), and the final OBC is selected to satisfy the requirements of both tests. The minimum
number of HWTT passes at a test temperature of 50°C to 12.5 mreptht are 10,000 cycles,

15,000 cycles, and 20,000 cycles for mixtures produced with high temperature binder PG of 64°C
and lower, 70°C, and 76°C and higher, respectively. The OT requirements include a minimum
critical fracture energy of 1 itb/in? and a naximum crack propagation rate of 0.45. It is also
required that a correlation betweenTHZ T and OT be established to decide on a limit for thie ID

CT to be used instead of the QTxDOT 2019) In a 2020 study, a quality control/quality
assurance (QC/QA) acceptance protocol was recommended using practical performance tests such
as the IDT at high and intermediate temperatures. This process includes sampling produced loose
mixtures and compactnperformance test specimens to anvaid level of 7 + 0.5%. fter
conditioning for 2 hours at 135°C. A minimum IDT shear strength of 1.02 MPa at 50°C and a
minimum CTindexat 25°C of 105 were recommended as production acceptance criteriaetZtiou

2020).

Utah

The Utah DOT requires HWTT and ToCT for assessing the rutting and cracking susceptibility

of its Superpave mixtures. The HWTT is conducted at amcadt level of 7.0 + 1.0% and at a
temperature of 46°C, 50°C, or 54°C for mixtures with binders of high temperature PGs of 58°C,
64°C, or 70C, respectively. Their criteria is to have less than 10 mm rut depth at 20,000 cycles
for NgesOf 75 gyrations or greater, or at 10,000 cycles f@gldss than 75 gyratioff§DOT 2021,
2022a).The IDT-CT is required tde performed and submitted along with the mix design. The
test is conducted at an aioid level of 7 + 0.5% and at a temperature of 28300T 2022b)

Virginia

In 2017, an initial effort was undertaken by researchers at the Virginia Transportation Research
Council (VTRC) to benchmark the performance of several asphalt mix{(B®sers and
Diefenderfer 2018) The Cantabro mass loss test, thelHOT, and the APA rut test were
recommended for use in the BMD method for VDOT for assessing their asphalt mixtures in terms
of durability, cracking resistance, and rutting potential, respectively. Moreover, initial performance
threshold criteria were degled for the seleetl tests where Cantabro mass loss was limited to a
maximum of 7.5%, APA rut depth to a maximum of 8.0 mm, ancCifiexto a minimum of 70
(Bowers and Diefenderfer 2018h 2021, the developed performadmased specifications were
assessed and verified prior to full implementation in Virginia. This study validated thatThe ID
CT and APA rut tests selected for use in the BMD method are in agreement with fundamental
performance tests. Based on results from the mixtures tested in this study, the performance criteria
previously established were shown to be reasonable based dioreddmixture testing
(Diefenderferet al.2021a). Following thisa special provision was released by the Virginia DOT

for designing surface mixtures with BMD. The provision requires conducting the APA and the
IDT-CT tests for evaluating rutting and cracking performance of their BMD mixtures,
respectively. The APA is run at an-a&ioid level of 7.0 + 0.5% and at a temperature of 64°C, with

a maximum allowed rut depthf 8 mm at 8000 passes. The HZI is run at an aivoid level of

7.0 £ 0.5% and at a temperature of 25°C, with a minimum reqQiTfeeexof 70 (Diefenddier et

al. 2021b).

Wisconsin
In 2017, the Wisconsin DOT implemented the regressed air void approach aiming to solve the
durability issues encountered when following the Superpave mix design apgvestet al
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2018b) This method led to improvements in cracking resistance without compromising rutting
resistance, but still had significant limitations and hindered innovation which led to unacceptable
field performance. Hence, the Wisconsin DOT conducted a researchrs@B4 focusing on the
implementation of BMD into their design specifications. In this study, the HWTT;QD, and

DCT tests were used to evaluate mixture rutting and moisture resistance, intertesojetature
cracking resistance, and lempeature cracking resistance, respectively. Based on the test
results and findings, it was concluded that the WisDOT should continue using the regressed air
voids approach for low traffic mixes. On the other hand, it was recommended that BMD Approach
C be inplemented for medium and high traffic mixes, as well as SMA mixes. Benchmarking
efforts were undertaken and a preliminary performance test criteria were suggested for the different
mixes as shown iable A32 (Westet al.2021b). In this table, the parameters obtained from the
HWTT differ from traditional rut depth an8IP. The primary HWTT data analysis used in this
study follows the method by Yiet al.(2014) which changes the HWTT curve into a steathte
(corrected) rut depth portion for the evaluation of rutting resistance and-atpeging portion

for the evaluation of moisture susceptibility, as illustratedrigure A7 below. The stripping
number EN parameter in this analysis represents the number of passes at which stripping occurs
in the mixture and is determined as the inflection point of the rut depth curve and is typically much
lower than theSIP. The parameters obtained from this method are the SN and the corrected rut
depth at 20,000 pass&3RD:o1). LowerCRDyokand higheSNvalues are desired for better rutting
resistance and moisture resistance, respectiYatyet al 2014, 2020a)

Table A.32. WisDOT Recommended Performance Tests Thresholds (West al.2021b)
HWTT 2 IDT-CTP DCTP
CRD2ok (mm) SN (passes)  CTindex Gt (J/Im?)

Traffic Level

SMA Mix . O 80 O 40
: O 6.

HT Mix 5 2. 0

MT Mix O 7. : O 40 O 30(

LT Mix O 8.

aconducted on shoterm aged specimens
bconducted on longerm aged specimens

0q
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Figure A.7. Alternative HWTT data analysis based oi€RDyox and SN (Westet al.2021b)

Summary of Tests and Threshold Limits

In summary, the most common tests used for rutting and cracking susceptibility are the HWTT
(followed by APA) and the ID-CT (followed by SCBtype tests), respectively. Out of the 18
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reviewed state DOTSs, 14 are using or considering the use of the HWTT, and 11 are using or
considering the use of the TBCT in their BMD specifications. The temperatures at which these
two most common tests are conducted are almost always consistent, being typically 50°C for
HWTT and 25°C for the ID-CT. The most common mean-&id level at which all rutting and
cracking performance tests are conducted is 7.0%. A summary of the rutting and cracking tests
used by the reviewed states are showrable A33andTable A34, respectively. In these tables,

the tests used are listed along with the temperature at which they are conduutad,lewel, and

set or recommended criteria. Testing conditions and criteria used or recommended by the states
differ for each test andao be affected by many variables such as the binder PG, aging level, traffic,
modifier usage, mix type, and number of design gyrations. To account for that and have an overall
summary, the tables often contain a range of temperature®jcievels, or dteria.

Table A.33. State DOTs BMD Rutting Tests Summary

State Test Temp. AV Criteria
Alabama HWTT 50°C 7+0.5% Passestolthhm r ut d e p20,600°
IDT-HT  50°C 7+0.5% IDT-HT strengthk20 psi
. 6.5 Passesto12Bm r ut dept
o Ma
California. HWTT 4555°C 740 5048 25 000
Georgia HWTT 50°C 741% Passes to 12-Bm rut depth and t8IP>

15,00620,006-°
lllinois HWTT 50°C 7+1% Passestol12Bm r ut de-p006BG
Louisiana HWTT 50°C 7+£0.5% Rut depth at 20,000 cycles <16 mnt
Maine HWTT 45 or48CY 7+0.5% Rut depth at 20,000 cycles < 12.5 mm

- 0, .
Nebraska Sta%imy sec  (*0-5% GStabil 6437k 5.
Jzzéy APA 64°C 5 Ji)'%o/& Rut depth at 8,000 cycles <73mn?P
APA 64°C 6+0.5% Rut depth at 8,000 cycles <4 mm
New York HWTT 50°C 6+0.5% Rut depth at 20,000 cycles < 12.5 mm
IDT-HT  44°C 6+0.5% IDT-HT strength > 30 psi
: p 4+0.1% or b
Ohio APA 49 or 64C 240 508 Rut depth at 8,000 cycles <53mnt"
Passestol2zim r ut dept
0]
Oklahoma HWTT 50°C 7+1% 20,000
Oregon HWTT  50°C 7+1% Rut depth at B0Om@O0
7+0.5% Passestol2zBim r ut dept
Texas HWTT SoC 20,000
IDT-HT 50°C 720.5% | DT shear stPaenc
Utah HWTT 46-54°C? 7+1% Passestolthhm r ut de p20,600
Virginia  APA 64°C 7+£0.5% Rut depth at 8,0
7+0.5% CRD2ok O -8mn,

Wisconsin HWTT 46°C SN O 2,000

2 Parameter or temperature is binder PG grade depefidRarameter is mix type dependerParameter is
traffic dependent! Temperature varies depending on a polymer modified opatymer modified binder
Parameter is gyration dependent
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Table A.34. State DOTs BMD Cracking Tests Summary
State Test Temp. AV Criteria

DesignCTingexO A9
_ ) 0, 2
Alabama  IDT-CT  25°C  70.5% ProductionCTingex®  A0IF

California BBF 20°C 6+0.5% 50% Loss of flexural stiffness at 10 |
i o CTindexuSi Ng Average
Georgia IDT-CT 25°C 7£0.5% 15.150¢
lllinois I-FIT 25°C 7+1% FIO 516"
Louisiana SCBLTRC 25°C 7+0.5% Je> 0.50.6 kd/nt2
Maine IDT-CT 25°C 7+0.5% CTniexO 150
Nebraska SCB 23°C 4+0.5% FIO 6.0
oT 25°C 35640596 Cycles to 93% Load Reduction > 1(C
New 70C°
Jersey o 1.5 >100,000 cycles at 1500 mictoan,
BBF 15°C 5.5+0.5% 10 Hz
oT 25°C 6+£0.5%  Cycles to 93% Load Reduction > 2¢
New York IDT-CT 25°C 6+0.5% CTindex> 135
I-FIT 25°C 6+0.5% FIO 8.0
IDT-CT  25°C 7+0.5% CTindexO 8®
Ohio BBE NRY 4+1.0% >100,000 cyclig z;lt 1500 mictosn,
z
IDT-CT 25°C 7+0.5% CTinaexO 80
Oklahoma ) o\ 25C  7+0.5% FIO 8.0
Oregon I-FIT 25°C 7+1% FI O -&0
oT 2500 7+1% Critical fracture energ®  Llb/in’n
Texas B and crack propa
IDT-CT 25°C 7+0.5% CTingexO 105
Utah IDT-CT 25°C 7+£0.5% Not Assigned
Virginia IDT-CT 25°C 7+0.5% CTnaexO 70
Wisconsin  IDT-CT 25°C 7+0.5% CTindexO -8®

aparameter is traffic dependehParameter is age level dependé&marameter is mix type dependehilot
reported

Knowledge Gaps

The literature review indicates that have been many efforts to study different rutting and fatigue

crackingprotocols for integration into BMD. However, there are aspects related to the selection of

test methods and implementation of BMD that are still not fully elucidated. Some of these aspects
are:

There is no clear indication as to which is the most adequate rutting and cracking test to be
adopted by state agencies when considering the tradeoff between simplicity, cost, degree
of fundamental characterization, and any unique aspects that exidtsiatiea

The studies evaluating different test methods mainly focus on one category at a time.

However, there is a need to evaluate cracking and rutting test protocols simultaneously to
identify compatible methods and potential optimization of the BMD process sulmédar
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specimen geometries and test equipment are used for both cracking and rutting
characterization.

BMD test methods can provide an indication
of the proposed protocols for rutting and cracking do not have a mechanically sound
methodology to link test results with fundamental engineering properties, whesergial

to the practical integration of mixture design and pavement design.

There is no expliciindication aboutvhich ofthe AASHTO PP 1052024b)approaches is

the mostfficientat improving overall performance of asphalt concrete mixtéyesid B

are seen as more conservative, keeping volumesised design while adding performance
verification or optimization. On the other hand, approaches C and D can give the
contractors more freedom in terms of achieving the best performance oftadstdet; and
consistency over production.

There is, as of yet, no agreed upon best practice for integrating performance testing into
guality assurance. However, two ongoing projects are examining some of the key issues
(NCHRP 10107 and TFRSO01). The findings from these studies are not yet puldiicy

general both agree that the simplicity of testing and turnaround time are critical issues to
consider.

There are no set universal performance thresholds for BMD tests as the interpretation of results
may change for different locations and mixtures, and thus it is necessary to determine and verify
adequate thresholds for a certain agency.
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APPENDIX B. DETAILED ANALYSIS OF CONTRACTOR SURVEY

Table B.1. Contractor Questions Related to Demographiand Generallnformation.

Contractor A B C D E F
Size ofcompany 1,000,000 in VA
(tons per year) 20,000 in NC 1,600,000 600,000 1,000,000 350,000 300,000
9in VA 15, 1in NC,
Number ofplants 0in NC Building the 16th 3 10 3 3in SC
Larger‘;’:gﬁ)(ton per 300,000 500,000 300,000 Not sure 150,000 400,000t0 500,000
Smallesplant (ton 80,000 20,000 70,000 <100,000 60,000 200,000t0 300,000
per year)
Area ofactuation Division 1 D|V|55|or£1;saln,d2,73, 4 D|V|S|ons83, 5.6 an Divisions 11, 12, 13 Divisions 7, 8 and 9 Division 10
Know about BMD? Yes, frqm VA Not much Yes, from seminars Not much Yes, from seminarg Yes, from seminars
experience and word of mouth and classes
Need to aIonv Would like to gt Performance over
freedom to design b f rules makes more
- BMD specs. h | away from — sense. Relearning
General pinion Currently, there are Not muc volumetrics. Curious Not sure Not against it asphalt mixes and
o of how performance .
too many restriction ) testing may be an
. testing would work -
from agencies issue
More work, twice ag .
. . More equipment, Room for more
Issues if additional| many sampledpr . Can cause rushed . X
Not sure Equipment, lab spag more work during equipment, more

testing added to QC

volumetrics and
performance.

procedures

mix design

training, more time.
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Table B.2. Contractor Questions Related to Operational Issues.

design types

and increase RAP

year

Contractor A B C D E F
. This year~ 150but .
Number of design pe 4106 deS|g_ns PE 50ina typical year| Not every year, 4 p€ Based on matena[
; plant, covering all 10 per year 6or7 changes, about 6 &
year per mix type due to a new plant

year

What triggers new
mix design?

New sources, and
trend lines

New RAP spec,

change in quarries,

new plants, sand
sources

Change of material
quarry and increase
RAP

New sources,

replacement design

Percentage or recyc|
mi X they
(low RAP or virgin)

Material changes,
production trend
lines, quarry change

How much time is
spent on mix design:

One week per desig

Full time design tecl

Week to week, and
half per design

3 days to a week

3 weeks total, a wes
each

One week per desig

Mix design steps

Target point based ¢
gravities, past

Based on past

Based on previous|
design experience,

Target point based ¢
experience. They

Use what works.
Consistent quarries

Update gradations
averages. Adjust
targets based on

what percentage?

due to time crunch

experience, similar experience start at lower have donetrial [dond&t n e e| experience. Middle
mixes increments gradations before much increments, then hig
and low.
Perform verification Yes. have been doirl
on APA before ' No No No No No
o . for VA
submitting a design
How oftep APA havs Never No Years ago No No No
failed?
Does NCDOT ever On big changes
request APA sample No (binder and materia No No No No
with redesign? delete)
How long to run full 3 hours < 3 hours 3.5 hours 3 hours 1.5 hours 2.5 hours
series QC?
Do all labs have_ ate No, have only two | No, have only five | No, have only one| No, have only two One a}t design lab, a Yes
press for design? one in another plan
Do vou have a centr Can do design at al Yes. They are using
youn plants but test at onl other labs this year Yes Yes Yes Yes
design lab?
two sue to volume
Do you submit any Fed jobs, and
mix design? If so, | Yes, Trimat did 4 P4016s P401 and OGFC | occasional designgOnly P401, one a ye No
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Table B.3. Contractor Questions Related to Training.

Contractor A B C D E F
No. of mix tech. | 0in NC, Five in VA Six One One One One
Number of level 1 ol Two Level 1: t-hree, Level 1: three, Level 1: six, Level 1: two, Level 1: two,
2 techs Level 2: sixteen Level 2: two Level 2: three Level 2: two Level 2: one
Train stone During winter, traing Physical side, then

How do you train for
mix design
certification?

properties, then tes
during production,
then mix design
testing

Class of 810 days in
lab and classroom,
plus hands on in lat

Hands on in the lak

Hands on in the lah

on mixing and
batching, QC

manager does
calculations

paperwork and
blends. Begin with

past mixes that
worked, then tweak

How do you train for
QC?

Same as mix desigr
Hands on with senig
techs

Read specs, then
hands on (B weeks,
then training on
paperwork). Rotate
with senior techs

Hands on in the lab
NCDOT Onthe-Job
Training Program

Hands on in the lah

Hands on with senig
tech. Time depend;
on how fast they
learn, plus class
scheduling

Daily moistures,
gradations. Then
show by example
then technical items
Paperwork during
production. QMS
manual review

How do you train for

Allows techs to mak
the pills and explain
test, then send all

Mostly mix design
techs, or senior tech

Only the senior tec

Only for level 1, run

Only the senior tech

Only the senior tech

o . . )
TSR? TSR's to anti strip (4-5 people) does it by level 2 people does it does it
supplier
. Mostly long term
How often train new  7-9 people over 3 See previous answg Yearly employees. Only on| As they are hired Every year when

personnel?

years

hire last year and hg

hired

How often train
existing personnel?

Yearly meetings for|
refreshing

Done during
production. Would
like to set a training

session

Active training daily,
NCDOT training

Check on people in
labs. Leave level 2
alone, new employe
daily, experienced
weekly

Assessed internally

by QC manager an

lead tech, and by
NCDOT

Internally through
assessments with
NCDOT. Would like
to set a yearly trainirn
session

How many hours
train for QC?

Average three week

Two to six months

One year

Four to five weeks

Six months

At least a month

How many hours fol

mix design?

One year for testing
experience, and on

season for mix desig

Two to three years

A year with
continuous designs

otherwise five yearg

Three seasons

Six months of

dedicated mix desigH

One year
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Table B.4. Contractor Questions Related to General Practices.

Contractor A B C D E F
Keep wha.t WkaS fo Maximize RAP | Management contro| . MaX|m|ze. RAP. Maximize RAP, but Cheapest mix
Overall strategy for each division. L ; without fractionating| mostly based on . e
. . : content, minimize | materials and may ~ . . possible, Maximize
mix design Sometimes change use #906s experience with

materials due to prid

asphalt binder conte

switch sometimes

have surplus

materials

RAP and RAS

2 active per mix type

2 active per mix type

‘;\II\;I Ir:Tjsbs ' (r)r]:iictgvee §5f?cr)rNVc,:°: 300 tozggizggrove( > fg rtgtlglm’ 200 total one with RAS and| one with RAS and

y P one without one without
Are there any 9.5B Yes No Yes, with different No Not anymore since| Not anymore since
and 9.5C identical? asphalt contents 2018 2018

Factors considered
when developing a
mix design

Cost of aggregates|
required mixes

Cost of asphalt
binder, RAP,
aggregates, sand,
number of bins, be
able to run multiple
mixes, tank
availability

Aggregates
availability, sand
sources, cost of
materials, design
something that look
good and durable

Try to keep gradatio
and specs in the

middle if range. Doe
not take asphalt

content into accoun

Excess RAP, anti

strip, no material

changes, back up
design

Overall cost and
quarry availability

Account for
differences betweer
lab mixes and plani

mixes?

Add baghouse fineg
to design (1.0% to
1.5%)

Add baghouse fineg
to design, adjust
gradations

Add baghouse fineg
to design (1% works
Designs are true to
plant

Redo and adjust or
get new material an
asphalt binder

Mostly gradation
changes or gravitie

Modifies RAS and
RAP procedures
during mixing to get
more realistic AC
target

Why would you
switch JMF during
production?

Trend lines going ou
May change to

different state or
private mixes

Trend lines going ou
or running out of
materials

Trend lines going ou
or running out of
materials

Material changes

Issues on mixes, 0
seasonal changes (

RAS on Fall/Winter)

Trend lines going ou
but usually at end o
the day
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APPENDIX C. DETAILED SUMMARY OF BMD EXPERIMENTS

Plant F (RS9.5B)BMD Summary
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Figure C.1. Plant F (RS9.5B) BMD summary:(top) Gradation, (middle) IDT-CT load vs

displacement curve, (bottom) APA rut depth curve
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Plant Y (RS9.5B)BMD Summary
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Figure C.2. Plant Y (RS9.5B) BMD summary: (top) Gradation, (middle) IDT-CT load vs
displacement curve, (bottom) APA rut depth curve
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Plant W (RS9.5B)BMD Summary
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Figure C.3. Plant W (RS9.5B) BMD summary: (top) Gradation, (middle) IDT-CT load vs

displacement curve, (bottom) APA rut depth curve
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Plant S (RS9.5BBMD Summary
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Figure C.4. Plant S (RS9.5B) BMD summary: (top) Gradation, (middle) IDF-CT load vs
displacement curve, (bottom) APA rut depth curve
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Plant U (RS9.5B) BMD Summary
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Figure C.5. Plant U (RS9.5B) BMD summary: (top) Gradation, (middle) IDT-CT load vs
displacement curve, (bottom) APA rut depth curve

Q
o
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Plant H (RS9.5C) BMD Summary
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Figure C.6. Plant H (RS9.5C) BMD summary: (top) Gradation, (middle) IDT-CT load vs.
displacement curve, (bottom) APA rut depth curve

138



Plant Z (RS9.5C) BMD Summary
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Figure C.7. Plant Z (RS9.5C) BMD summary: (top) Gradation, (middle) IDT-CT load vs
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displacement curve, (bottom) APA rut depth curve
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Plant V (RS9.5C) BMD Summary
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Figure C.8. Plant V (RS9.5C) BMD summary: (top) Gradation, (middle) IDT-CT load vs
displacement curve, (bottom) APA rut depth curve
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Plant X (RS9.5C) BMD Summary
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Figure C.9. Plant X (RS9.5C) BMD summary: (top) Gradation, (middle) IDT-CT load vs
displacement curve, (bottom) APA rut depth curve
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Plant U (RS9.5C) BMD Summary
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Figure C.10. Plant U (RS9.5C) BMD summary: (top) Gradation, (middle) IDT-CT load vs
displacement curve, (bottom) APA rut depth curve
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Plant R (RS9.5C) BMD Summary
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Figure C.11 Plant R (RS9.5C) BMD summary: (top) Gradation, (middle) IDT-CT load vs

displacement curve, (bottom) APA rut depth curve
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Plant V (RS9.5D) BMD Summary
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Figure C.12 Plant V (RS9.5D) BMD summary: (top) Gradation, (middle) IDT-CT load vs
displacement curve, (bottom) APA rut depth curve
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Plant T (RS9.5D) BMD Summary
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Figure C.13. Plant T (RS9.5D) BMD summary: (top) Gradation, (middle) IDT-CT load vs.
displacement curve, (bottom) APA rut depth curve
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Plant S (RS9.5D) BMD Summary
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Figure C.14. Plant S (RS9.5D) BMD summary: (top) Gradation, (middle) IDF-CT load vs
displacement curve, (bottom) APA rut depth curve
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IDT -CT Statistical Results
Table C.1. Analysis ofVariance for IDT-CT on Individual Mixtures.

Equal Variance Difference in Means
Attribute (Levene and Barlett) ANOVA (U=0.
Prob>F Prob>F
Individual Mixtures 0.0707, 0.5682 <0.0001
T(szkey HSD Mean Group Letters
rouping
XC 25.81 A
YB 25.26 A B
ZC 23.24 A B C
HC 21.59 A B C D
SB 21.16 B C D
RC 19.79 C D
UB 19.77 C D
FB 18.32 D E
VC 14.92 E F
uc 13.00 F G
VD 12.89 F G
SD 10.82 F G
D 9.96 G
WB 9.32 G
Table C.2. Analysis ofVariance for IDT-CT on Mix Type.
Equal Variance Difference in Means
Attribute (Levene and Barlett) We |l cAMGVA (U
Prob>F Prob>F
Mix Type 0.021Q0.0022 <0.0001
T(gtssznSgD Mean Group Letters
RS9.5C 19.72 A
RS9.5B 18.76 A
RS9.5D 11.22 B
Table C.3. Analysis ofVariance for IDT-CT on Mix T ype Excluding WB and RS9.5D)
Equal Variance Difference in Means
Attribute (Levene and Barlett) ANOVA (U=0
Prob>F Prob>F
Mix Type 0.0915, 0.1511 0.3822
Table C4. Mix Type andSource RegionMixed Model for IDT-CT.
Equal Variance Difference in Means
Attribute Model (Levene and Barlett) ANOVA (U=0
Prob>F Prob>F
Mix Type 0.0210, 0.0022 0.0010
Source Region 0.2067, 0.2478 0.1955
Tukey HSD Mean Group Letters
Grouping

Not performed for Source Region
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APA Statistical Results
Table C5. Analysis ofVariance for APA on Individual Mixtures.

Equal Variance Difference in Means
Attribute (Levene and Barlett) We |l cAMGVA (U
Prob>F Prob>F
Individual Mixtures 1.000,0.0252 <0.0001
T(szkey HSD Mean Group Letters
rouping
YB 6.24 A
uB 4.11 B
ZC 4.03 B
RC 3.55 B C
FB 3.49 B C
WB 3.42 B C
XC 3.36 B C
SB 3.16 B C
HC 2.91 B C D
VC 2.47 B C D E
uc 2.26 C D E F
D 1.24 D E F
VD 1.11 E F
SD 0.65 F
Table C6. Analysis of Variance for APA on Mix Type.
Equal Variance Difference in Means
Attribute (Levene and Barlett) We |l cAMGVA (U
Prob>F Prob>F
Mix Type 0.1159,0.0107 <0.0001
T(gtssznSgD Mean Group Letters
RS9.5B 19.72 A
RS9.5C 18.76 B
RS9.5D 11.22 C
Table C.7. Analysis ofVariance for APA on Mix Type (Excluding YB and RS9.5D)
Equal Variance Difference in Means
Attribute (Levene and Barlett) ANOVA (U=0
Prob>F Prob>F
Mix Type 0.4019, 0.1537 0.1526
Table C.8. Mix T ype andSource RegionMixed M odel for APA.
Equal Variance Difference in Means
Attribute Model (Levene and Barlett)y We |l cANMGVA (U
Prob>F Prob>F
Mix Type 0.1159, 0.0107 <0.0001
Source Region 0.5904, 0.8095 0.0586
Tukey HSD Mean Group Letters
Grouping

Not performed for Source Region
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Table C.9. APA Rut Depths Difference to Reported in the Job Mix Brmula.

Mixture NCSU APA JMF APA Difference from Percent Difference
Rut Depth (mm)  Rut Depth (mm) JMF (mm) from JIMF
FB 3.49 5.90 -2.4 -41%
YB 6.24 3.50 +2.7 +78%
WB 3.42 5.40 -2.0 -37%
SB 3.16 3.60 -0.4 -12%
uB 4.11 2.00 +2.1 +106%
HC 2.91 3.70 -0.8 -21%
ZC 4.03 5.10 -1.1 -21%
VC 2.47 3.20 -0.7 -23%
XC 3.36 5.10 -1.7 -34%
ucC 2.26 2.10 +0.2 +8%
RC 3.55 3.70 -0.2 -4%
TD 1.24 1.10 +0.1 +13%
VD 1.11 0.70 +0.4 +59%
SD 0.65 0.90 -0.3 -28%
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APPENDIX D. DETAILED AMPT EXPERIMENTAL RESULTS
Plant F (RS9.5B) AMPT Summary
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Figure D.1. Plant F (RS9.5B) AMPT summary: (topleft) Dynamic Modulus in semilog
space (top-right) Dynamic modulus in log-log space(middle-left) Phaseangle (bottom-
left) Integrity (C) vs. accumulated damage (S), (bottoanight) DR curve.
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Plant Y (RS9.5B) AMPT Summary
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Figure D.2. Plant F (RS9.5B) AMPT summary:(top-left) Dynamic Modulus in semtlog

space, (topright) Dynamic modulus in log-log space, (middleeft) Phase angle, (middle

right) Accumulated permanent strain curve, (bottomleft) Integrity (C) vs. accumulated
damage (S), (bottoraright) DR curve.
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Plant W (RS9.5B) AMPT Summary
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Figure D.3. Plant W (RS9.5B) AMPT summary: (top-left) Dynamic Modulus in semilog

space, (topright) Dynamic modulus in log-log space, (middldeft) Phase angle, (middle

right) Accumulated permanent strain curve, (bottomleft) Integrity (C) vs. accumulated
damage (S), (bottoraright) DR curve.
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Plant S (RS9.5B) AMPT Summary
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Figure D.4. Plant S (RS9.5B) AMPT summary: (top-left) Dynamic Modulus in semtlog
space, (topright) Dynamic modulus in log-log space, (middldeft) Phase angle, (bottom
left) Integrity (C) vs. accumulated damage (S), (bottormight) DR curve.
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Plant U (RS9.5B) AMPT Summary
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Figure D.5. PlantU (RS9.5B) AMPT summary: (top-left) Dynamic Modulus in semilog
space, (topright) Dynamic modulus in log-log space, (middldeft) Phase angle, (bottom
left) Integrity (C) vs. accumulated damage (S), (bottormight) DR curve.
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Plant H (RS9.5C) AMPT Summary
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Figure D.6. PlantH (RS9.58C) AMPT summary: (top-left) Dynamic Modulus in semilog
space, (topright) Dynamic modulus in log-log space, (middldeft) Phase angle, (bottom
left) Integrity (C) vs. accumulated damage (S), (bottormight) DR curve.
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Plant Z (RS9.5C) AMPT Summary
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Figure D.7. Plant Z (RS9.8C) AMPT summary: (top-left) Dynamic Modulus in semtlog

space, (topright) Dynamic modulus in log-log space, (middleeft) Phase angle, (middle

right) Accumulated permanent strain curve, (bottomleft) Integrity (C) vs. accumulated
damage (S), (bottoraright) DR curve.
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Plant V (RS9.5C) AMPT Summary
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Figure D.8. PlantV (RS9.5C) AMPT summary: (top-left) Dynamic Modulus in semtlog

space, (topright) Dynamic modulus in log-log space, (middleeft) Phase angle, (middle

right) Accumulated permanent strain curve, (bottomleft) Integrity (C) vs. accumulated
damage (S), (bottoraright) DR curve.
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Plant X (RS9.5C) AMPT Summary
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Figure D.9. Plant X (RS9.5C) AMPT summary: (top-left) Dynamic Modulus in semtlog
space, (topright) Dynamic modulus in log-log space, (middldeft) Phase angle, (bottom
left) Integrity (C) vs. accumulated damage (S), (bottormight) DR curve.

158



Plant U (RS9.5C) AMPT Summary
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Figure D.10. PlantU (RS9.8C) AMPT summary: (top-left) Dynamic Modulus in semtlog

space, (topright) Dynamic modulus in log-log space, (middleeft) Phase angle, (middle

right) Accumulated permanent strain curve, (bottomleft) Integrity (C) vs. accumulated
damage (S), (bottoraright) DR curve.
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Plant R (RS9.5C) AMPT Summary
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Figure D.11. PlantR (RS9.5C) AMPT summary: (top-left) Dynamic Modulus in semilog
space, (topright) Dynamic modulus in log-log space, (middldeft) Phase angle, (bottom
left) Integrity (C) vs. accumulated damage (S), (bottormight) DR curve.
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Plant V (RS9.5D) AMPT Summary
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Figure D.12. PlantV (RS9.9) AMPT summary: (top-left) Dynamic Modulus in semilog

space, (topright) Dynamic modulus in log-log space, (middldeft) Phase angle, (middle

right) Accumulated permanent strain curve, (bottomleft) Integrity (C) vs. accumulated
damage (S), (bottoraright) DR curve.
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Plant T (RS9.5D) AMPT Summary
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Figure D.13. Plant T (RS9.D) AMPT summary: (top-left) Dynamic Modulus in semtlog
space, (topright) Dynamic modulus in log-log space, (middldeft) Phase angle, (bottom
left) Integrity (C) vs. accumulated damage (S), (bottormight) DR curve.
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Plant S (RS9.5D) AMPT Summary
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Figure D.14. Plant S (RS9.D) AMPT summary: (top-left) Dynamic Modulus in semilog
space, (topright) Dynamic modulus in log-log space, (middldeft) Phase angle, (bottom
left) Integrity (C) vs. accumulated damage (S), (bottormight) DR curve.
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DM Statistical Results
Table D.1. Analysis ofVariance for DM (4°C, 1Hz) onlndividual Mixtures.

Equal Variance Difference in Means
Attribute (Levene and Barlett) ANOVA (U=0.
Prob>F Prob>F
Individual Mixtures 0.8160, 0.9960 <0.0001

Tukey HSD Mean Group Letters
Grouping

TD 16206.0 A

uc 16194.0 A

wWB 15533.0 A

VvC 14404.0 B

uB 13823.0 B C

XC 13816.0 B C

ZC 13605.0 B C D

VD 13301.0 C D E

SD 13029.0 C D E F

RC 12835.0 D E F

YB 12807.0 D E F

HC 12555.0 E F G

FB 12225.0 F G

SB 11780.0 G

Table D.2. Analysis of Variance for DM (20°C, 1Hz) on Individual Mixtures.

Equal Variance Difference in Means
Attribute (Levene and Barlett) ANOVA (U=0
Prob>F Prob>F
Individual Mixtures 0.1233, 0.5339 <0.0001
Tukey HSD Mean Group Letters
Grouping
TD 8234.3 A
ucC 7859.0 A B
wB 7519.3 B
VD 6541.0 C
VC 6469.0 C
SD 6350.0 C D
uB 6244.3 cC D
XC 5850.0 D E
RC 5621.7 E F
HC 5451.3 E F
ZC 5348.0 E F
SB 5229.7 F
YB 5223.0 F
FB 5042.7 F

164








































































