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American Association of State Highway and Transportation
Officials initiated in 1962 an objective national highway research
program employing modern scientific techniques. This program is
supported on a continuing basis by funds from participating
member states of the Association and it receivesthefull cooperation
and support of the Federal Highway Administration, United States
Department of Transportation.

The Transportation Research Board of the National Research
Council wasrequested by the Association to administer theresearch
program because of the Board's recognized objectivity and
understanding of modern research practices. The Board is uniquely
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subject may be drawn; it possesses avenues of communications and
cooperation with federal, state and local governmental agencies,
universities, and industry; its relationship to the National Research
Council is an insurance of objectivity; it maintains a full-time
research correlation staff of specialists in highway transportation
mattersto bring the findings of research directly to those who arein
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The program is developed on the basis of research needs
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to the National Research Council and the Board by the American
Association of State Highway and Transportation Officials.
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contracts are the responsihilities of the National Research Council
and the Transportation Research Board.

The needs for highway research are many, and the National
Cooperative Highway Research Program can make significant
contributions to the solution of highway transportation problems of
mutual concern to many responsible groups. The program,
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FOREWORD

By Staff
Transportation Research
Board

Thisreport presents the findings of aresearch task to identify asimpletest for con-
firming key performance characteristics of Superpave volumetric mix designs. In this
initial phase of the work, candidate tests for permanent deformation, fatigue cracking,
and low-temperature cracking were identified and recommended for field validation in
the next phase of work. The report will be of particular interest to materials engineers
in state highway agencies, aswell as to materials suppliers and paving contractor per-
sonnel responsible for design and production of hot mix asphalt.

The Superpave volumetric mix design procedure (AASHTO MP2 and PP28)
developed in the Asphalt Research Program (1987-1993) of the Strategic Highway
Research Program (SHRP) does not include a simple, mechanical “proof” test analo-
gousto the Marshall stability and flow tests or the Hveem stabil ometer method. Instead,
the original Superpave method relied on strict conformance to the material specifica-
tions and volumetric mix criteria to ensure satisfactory performance of mix designs
intended for low-traffic-volume situations (defined as no more than 108 equivalent sin-
gle axle loads[ESAL S| applied over the service life of the pavement). For higher traf-
ficked projects, the origina SHRP Superpave mix analysis procedures required a
check for tertiary creep behavior with the repeated shear at constant stress ratio test
(AASHTO TP7) and arigorous eva uation of the mix design’ s potential for permanent
deformation, fatigue cracking, and low-temperature cracking using several other com-
plex test methodsin AASHTO TP7 and TPO.

User experience with the Superpave mix design and analysis method, combined
with the long-standing problems associated with the original SHRP Superpave perfor-
mance models supporting what was then termed “Level 2 and 3" analyses, demon-
strated the need for such simple performance tests (SPTs). In 1996, work sponsored by
FHWA (Contract DTFH61-95-C-00100) began at the University of Maryland at Col-
lege Park (UMCP) to identify and validate SPTs for permanent deformation, fatigue
cracking, and low-temperature cracking to complement and support the Superpave vol-
umetric mix design method. In 1999, this effort was transferred to Task C of NCHRP
Project 9-19, “ Superpave Support and Performance Models Management,” with the
major portion of the task conducted by a research team headed by UM CP subcontrac-
tor Arizona State University (ASU).

The research team was directed to evaluate as potential SPTs only existing test
methods measuring hot mix asphalt (HMA) response characteristics. The principal
evaluation criteriawere (1) accuracy (i.e., good correlation of the HM A-response char-
acteristic to actual field performance); (2) reiability (i.e., aminimum number of false
negatives and positives); (3) ease of use; and (4) reasonable equipment cost.

1 The Superpave Mix Design Manual for New Construction and Overlays, Report SHRP-A-407, Strategic Highway Research
Program, National Research Council, Washington DC (1994).



The research team conducted a comprehensive laboratory testing program to sta-
tistically correlate the actual performance of HMA materials from the MnRoad, Wes-
Track, and FHWA Accelerated Loading Facility (ALF) experimentswith the measured
responses of specimens prepared from original materials for 33 promising test
method—test parameter combinations.

Based on the results of this testing program, the research team recommends three
test-parameter combinations for further field validation as an SPT for permanent
deformation: (1) the dynamic modulus term, E*/sing, (determined from the triaxial
dynamic modulus test; (2) the flow time, F, determined from the triaxial static creep
test; and (3) the flow number, F, determined from the triaxial repeated load test. All
combinations exhibit a coefficient of determination, R?, of 0.9 or greater for the com-
bined correlation of the laboratory test results with performance in the MnRoad, Wes-
Track, and FHWA ALF experiments.

For fatigue cracking, the experimental results are far less conclusive. Theresearch
team recommends the dynamic modulus, E*, measured at low test temperatures; the
modulus offers afair correlation with field performance data and provides some con-
sistency with one of the tests recommended for permanent deformation. For low-
temperature cracking, the team recommends the creep compliance measured by the
indirect tensile creep test at long loading times and low temperatures; this recommen-
dation is based solely on work carried out for SHRP and C-SHRP and recently con-
firmed in NCHRP Project 1-37A, “Development of the 2002 Guide for the Design of
New and Rehabilitated Pavement Structures.”

Thisreport includes adetailed description of the experimental program, adis-
cussion of the research results and the basis for selection of the candidate SPTs, a
description of the future field validation effort, and five supporting appendixes pre-
senting test methods for the candidate SPTs:

» Appendix A: Test Method for Dynamic Modulus of Asphalt Concrete Mixturesfor
Permanent Deformation;

» Appendix B: Test Method for Repeated Load Testing of Asphalt Concrete Mix-
turesin Uniaxial Compression;

» Appendix C: Test Method for Static Creep/Flow Time of Asphalt Concrete Mix-
tures in Compression;

» Appendix D: Test Method for Dynamic Modulus of Asphalt Concrete Mixturesfor
Fatigue Cracking; and

» Appendix E: Test Method for Indirect Tensile Creep Testing of Asphalt Mixtures
for Thermal Cracking.

The entire report will also be distributed as a CD-ROM (CRP-CD-10) aong with the
final reports for NCHRP Projects 9-10 and 9-14.
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CHAPTER 1
INTRODUCTION

1.1 BACKGROUND

The Superpave® mix design and analysis method was devel -
oped more than a decade ago under the Strategic Highway
Research Program (SHRP) (1). Many agencies in North
Americahave adopted different parts of that method, includ-
ing the performance-grade (PG) binder specification and the
volumetric mixture design method.

The Superpave design method for hot mix asphalt (HMA)
mixtures consists of three phases: (1) materials selection for
the asphalt binder and aggregate, (2) aggregate blending, and
(3) volumetric analysis on specimens compacted using the
Superpave gyratory compactor (SGC) (2). However, other
than a final check for tertiary flow, there is no genera
strength or “push—pull” test to complement the volumetric
mixture design method as there is for the more traditional
Marshall and Hveem mixture design methods.

Results from WesTrack, NCHRP Project 9-7 (“Field Pro-
cedures and Equipment to Implement SHRP Asphalt Speci-
fications’), and other experimental construction projects
have raised the question of whether the Superpave volumet-
ric mix design method alone is sufficient to ensure reliable
mixture performance over a wide range of traffic and cli-
matic conditions. Industry has expressed the need for a
simple “push—pull” type of test to complement the Super-
pave volumetric mix design method, especialy for use on
design—build or warranty projects.

In response to this need, FHWA committed funding in
1996 to identify and evaluate a simplified test method.
FHWA referred to this test as a “simple strength test” that
should provide reliable information on the probable perfor-
mance of the HMA design during the volumetric mixture
design process using the SGC. The focus of the test was to
measure a fundamental engineering property that can be
linked back to the advanced materia characterization meth-
ods needed for detailed distress-prediction models. This
measurement would enable the use of asimple performance
model in the development of criteria for HMA mixture
design. It was envisioned that this simple strength or per-
formance test would play a key role in the quality control
and acceptance of HMA mixtures.

As a commitment to this effort, FHWA authorized the
University of Maryland Superpave Models Team (under

Phase |1 of FHWA Contract No. DTFH61-95-C-00100) to
develop al necessary test protocols, criteria, and guidelines
for the ssimple performance test (SPT) to support the Super-
pave volumetric mix design procedure. NCHRP Project 9-19
(“ Superpave Support and Performance M odel s M anagement™)
continues that commitment.

1.2 DEFINITION OF SIMPLE
PERFORMANCE TEST

The definition for the SPT, as used in this report, is as
follows:

A test method(s) that accurately and reliably measures a
mixture response characteristic or parameter that is highly
correlated to the occurrence of pavement distress (e.g., crack-
ing and rutting) over a diverse range of traffic and climatic
conditions.

Given this definition, it is not necessary for the SPT to pre-
dict the entire distress or performance history of the HMA
mixture, but the test results must alow a determination of a
mixture's ability to resist fracture and permanent deforma-
tion under defined conditions.

1.3 RANKING OF APPLICABLE TEST
METHODS

As stated above, a consensus has been building among
materials and construction engineers, as well as among con-
sultants and researchers, that an SPT should beincluded asa
final stage in the Superpave volumetric mix design method.
That final stageisadiagnostic eval uation—the measurement
and determination of properties related to performance—of
the HMA mixture. The test methods that accurately and pre-
cisely measure those properties and that are highly correlated
to pavement distress should be considered as candidates for
more detailed laboratory studies.

Many tests have been proposed for use as an SPT, includ-
ing dynamic modulus, repeated shear at constant height, shear
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dynamic modulus, creep compliance, and other test methods.
Under Phase Il of the FHWA contract with the University
of Maryland, the Superpave Models Team eval uated a vari-
ety of possible tests that would be applicable to the defini-
tion of an SPT.

Table 1 summarizes the different test categories that
were used for the SPT in the Phase Il work of the FHWA
contract. Results from the initial evaluation of these test
methods clearly demonstrated that thereisno “ perfect” test
method for all types of HMA mixtures placed under vary-
ing traffic and climatic conditions. Thus, the different test
methods were compared using a series of factors that were
believed to be consistent with the definitions of the SPT.
Thiswork was completed under Phase Il of the FHWA con-
tract and documented in an Interim Task C Report entitled
“Preliminary Recommendations for the Simple Perfor-
mance Test” (3).

A utility analysiswasinitially used to rank each of the test
methods that were considered candidates for use as an SPT.
The information needed for this analysis was obtained from
literature reviews, results from previous and ongoing test
programs, and the experience of the research team. Table 2
shows the different combinations of material properties and
test methodsthat were considered in theinitial evaluation for
different types of distress.

In completing the utility analysis, a relative weight (or
importance) of each factor was needed. The project team pre-
pared aquestionnaire to obtain that information directly from
industry. Input from industry or the potential usersof the SPT
was considered very important to the future acceptance of
this test. The questionnaire was sent to industry representa-
tives across North America.

The questionnaire was divided into three parts. The first
part was used to estimate the importance of the distresstypes
that should be correlated to the SPT. Three distresses were
listed on the questionnaire: rutting, fatigue cracking, and ther-
mal cracking. On ascaleof 1to 3, theaveragerelativeimpor-

TABLE 1 Test categoriesfor SPT

tance of the SPT’ sability to measure the responses correlated
to three distresses are as follows:

* Rutting—1.1,
* Fatigue cracking—1.8, and
» Thermal cracking—2.2.

A “1" indicates the distress must be considered by the perfor-
mance test, a“2" that the distress is moderately important to
consider, and a“3" that the distressis relatively unimportant
to consider. Thus, industry rates rutting as the most important
distress for consideration by the SPT, followed by fatigue
cracking and then by thermal cracking. These responses are
consistent with the results from other surveys (4).

The second part of the questionnaire obtained industry’s
perspective on a reasonable initial investment cost for the
equipment and on how much time should it take to perform
the SPT. Results from this part of the questionnaire are
listed below:

« |nitial investment cost = $36,800, and
* Testingtime=38.6 h.

The third and final part of the questionnaire obtained
industry’ s opinion on the rel ative importance of each factor
included in the utility analysis. These factors were sub-
divided into two categories: those related to the reliability
of the test method and those related to fundamental factors
of the test method. The responses were provided on ascale
of 0to 10, in which “ 10" represented a very important fac-
tor and “0” represented an unimportant factor. Table 3 sum-
marizes the mean values for each factor included in the
guestionnaire.

The review of test methods by the project team, the indus-
try questionnaire, and the utility analysis resulted in a set of
preliminary recommendationsfor the SPT. Thosetestsjudged

Type of Test or Test Geometry

Type of Load Application

Type of Load Pulse

= Uniaxial or triaxial compression testing .
* Indirect tensile testing .
= Direct tensile testing .
=  Simple shear testing .

* Direct shear testing
* Hydrostatic testing

= Torsional or rotational testing

=  Flexural beam testing

Static (or creep) loading
Constant deformation rate
Repeated loading

Cyclic or dynamic loading

= None

= Square

= Haversine
= Sinusoidal

*  Triangular




TABLE 2 Combinationsof material propertiesand test methods considered in theinitial evaluation (3)

Materials Properties
Test Method Excess
A Refusal
MOdUhfs Secant or Bulk Work or Creep Flow Poisson’s | Fatigue Rutting Fluids Density,
Dynamic/ | Tangent Modulus Strength Ener; Complian Tim Rati Parameter: Parameter: Content, Traffic
Resilient Modulus &y ompliance ¢ ¢ arameters arameters Plasticity, Densif.
Flushing i
Superpave - N
Shear Tests F.R R R ,
Quasi / Direct
Shear Tests FR R R R PR R ,
Plane Shear
Tests R ! i
Torsional or
Rotational F,R F.R R R
Shear Tests
Triaxial Tests
(:wlh (,}(mx/an( E.R R R R R F.R R F,R R
Confining
Pressures)
Uniaxial
gnconﬁr.red F.R R R R F.R R F,R R
ompression
Tests
ITndlrect Tensile F.R F ET FT F. T F.T F.T F
ests
?n’ect Tension F.R F ET F.T F.T F.T F
ests
Hydrostatic
Pressure Tests F.R F.R F,R
Lateral Pressure FR E, R F.R F,R
Testers
Flexural Beam F F F F F F
Tests
Rut-Depth
Testers h £

* Distresses considered in each cell: F = fatigue cracking; R = rutting; T = thermal cracking.

to have the greatest potential for meeting the definition of the
SPT arelisted in Table 4. Table 4 identifies the test methods
and the responses from each test that were evaluated for their
correlation to performance (i.e., rut depth, fatigue cracking,
and thermal cracking). Other candidate test methods and
responses listed in Table 4 are being evaluated in other stud-
ies sponsored by FHWA and NCHRP.

1.4 SCOPE OF REPORT

Thisreport summarizesthework completed under NCHRP
Project 9-19 to select those test methods and HMA mixture
responsesthat are highly correlated to pavement distress (i.e.,
permanent deformation and fracture). The report is divided
into six chapters, including this introduction (Chapter 1).

TABLE 3 Resultsfrom industry questionnaire on importance of the
different factorsconsidered in the utility analysis

Utility Relative Utility Mean
Factor Importance of Factor Rating
Categories Category, % Value

Reliability to Identify Inferior Mixes 9.3

A 62 Reliability for Distress Predictions 8.4

Test Parameter Sensitivity 8.1

Variability of the Responses 8.0

Applicability to Test Cores 7.3

Sample Preparation Time 7.2

Testing Time 7.1

B 38 Maintenance and Repair Costs 6.9

Size of Test Specimen 6.8

Initial Investment Cost 6.8

Calibration Requirements 6.3

Sophistication of Data Reduction 5.8

Mobility of the Equipment 5.6




TABLE 4 Candidatetest methods and responsesfor the SPT

Test Method

Mixture Response Parameter

Experimental Plan

Dynamic Modulus
Test

Dynamic modulus

Permanent deformation and
fatigue

Phase angle

Permanent deformation

SST Shear Modulus
Test

Dynamic modulus

Permanent deformation

Phase angle

Permanent deformation

Quasi-Direct Shear

Dynamic modulus

Permanent deformation

Shear, Constant-
Height

total shear strains

(Field Shear Test) Phase angle Permanent deformation
Triaxial Repeated Slope and intercept of accumulated permanent and Permanent deformation
Load Test total strain
Plastic to resilient strain ratio Permanent deformation
Resilient modulus, total and instantaneous Permanent deformation
Plastic and resilient strains Permanent deformation
Number of cycles to plastic flow Permanent deformation
SST Repeated Slope and intercept of accumulated permanent and Permanent deformation

Plastic to resilient strain ratio

Permanent deformation

Resilient shear modulus, total and instantaneous

Permanent deformation

Plastic and resilient shear strains

Permanent deformation

Number of cycles to plastic flow

Permanent deformation

Triaxial and
Uniaxial Creep

Slope and intercept of total strain versus time

Permanent deformation

Creep-compliance/creep modulus

Permanent deformation

Time at plastic flow

Permanent deformation

Percent strain recovery

Permanent deformation

Triaxial
Compressive
Strength

Angle of internal friction

Permanent deformation

Cohesion

Permanent deformation

Compressive strength

Permanent deformation

Fracture energy

Permanent deformation

Wheel-Tracking,

Rut depth at specified load cycles or load cycles at

X(ﬂ)

Hamburg specified rut depth
Slope or rate of rutting X®
Asphalt Pavement Rut depth at specified load cycles or load cycles at X®
Analyzer specified rut depth
Slope or rate of rutting X®
Gyratory Shear Shear stress X®
Stress Rate of change of shear stress with number of X®
gyrations
Indirect Tensile Creep-compliance/ modulus Fracture
Creep Test Slope and intercept of creep-compliance versus load | Fracture
time
Indirect Tensile Number of cycles to failure Fracture
Fatigue/Repeated Resilient modulus, total and instantaneous Fracture
Load Test Plastic strain Fracture
Slope and intercept of accumulated permanent and Fracture
total strains
Indirect Tensile Tensile strength Fracture
Strength Test Tensile strain at failure Fracture
Fracture energy Fracture
Direct Tensile Creep-compliance/modulus X®
Creep Test Slope and intercept of the creep-compliance with X®
load time
Direct Tensile Number of cycles to failure X®
Fatigue, Repeated Slope and intercept of permanent and total strains X®
Load Test versus loading cycles
Direct Tensile Tensile strength X®
Strength Test Tensile strain at failure X®
Fracture energy X®

X designates those test methods and mixture responses that were not included in the test program of NCHRP Project
9-19, but are being evaluated under other studies.




Chapter 2 provides a discussion of the candidate test meth-
ods and mixture responses included in the test program.
Chapter 3 presents the experimental factorial and details of
the testing procedure for each test method. Chapters 4 and 5
compare the mixture responses with permanent deformation
and fracture (both fatigue and thermal cracking), respectively.

5

Chapter 6 summarizes the results and test methods recom-
mended for the SPT and presents a framework for future
development of the specification criteria for the SPT and a
recommended field validation experiment. Thetest protocols
recommended for further field validation as SPTs are pro-
vided in appendixes to the report.




CHAPTER 2

CANDIDATE TESTS AND RESPONSE PARAMETERS

Table 4 listed the test methods and mixture response para-
meters that were ranked asthe “best” candidates for the SPT
for permanent deformation and fracture distresses. This chap-
ter describes the test methods and mixture response param-
eters evaluated in NCHRP Project 9-19. Details of the lab-
oratory test program are given in Chapter 3.

2.1 PERMANENT DEFORMATION TESTS
2.1.1 Triaxial Dynamic Modulus Tests

The dynamic modulus test is the oldest and best docu-
mented of thetriaxial compression tests. It was standardized
in 1979 as ASTM D3497, “Standard Test Method for
Dynamic Modulus of Asphalt Concrete Mixtures.” The test
consists of applying a uniaxial sinusoidal (i.e., haversine)
compressive stress to an unconfined or confined HMA cylin-
drical test specimen, as shown in Figure 1.

The stress-to-strain relationship under a continuous sinu-
soidal loading for linear viscoelastic materials is defined by
a complex number called the “ complex modulus’ (E*). The
absolute value of the complex modulus, |E*|, isdefined asthe
dynamic modulus. The dynamic modulus is mathematically
defined as the maximum (i.e., peak) dynamic stress (a,)
divided by the peak recoverable axial strain (g,):

« = 0o
Ef=1 1)

o

The real and imaginary portions of the complex modulus
(E*) can be written as

E* =E'+IiE" (2

E' is generally referred to as the storage or elastic modu-
lus component of the complex modulus; E” is referred to as
the loss or viscous modulus. The phase angle, ¢, isthe angle
by which &, lags behind o, It is an indicator of the viscous
properties of the material being evaluated. Mathematically,
thisis expressed as

E* = [E*| cos@ +i |E*¥| sing 3)

9= x(360) (4
p

where

t; = time lag between a cycle of stress and strain (s);
t, = timefor astress cycle (s); and
i = imaginary number.

For a pure elastic material, ¢ =0, and the complex modulus
(E*) isequal to the absolute value, or dynamic modulus. For
pure viscous materials, ¢ =90°.

2.1.2 Shear Dynamic Modulus—Superpave
Shear Tester

The shear frequency sweep or shear dynamic modulus test
(i.e.,, AASHTO TP7, “Standard Test Method for Determin-
ing the Permanent Deformation and Fatigue Cracking Char-
acteristics of Hot Mix Asphalt [HMA] Using the Simple
Shear Test [SST] Device’) conducted with the Superpave
shear tester (SST) was developed under SHRP to measure
mixture properties that can be used to predict mixture per-
formance. The shear dynamic modulus is defined analo-
gously to the triaxial dynamic modulus as the absolute value
of the complex modulusin shear:

T
Gr =10
o= ®

where

|G*| =shear dynamic modulus,
To = peak shear stress amplitude, and
Vo = peak shear strain amplitude.

With these results, both the elastic and viscous behavior
can be determined through calculation of the shear storage
modulus (G') and loss modulus (G" ), analogous to the dis-
cussion for the dynamic modulus test.

The frequency sweep at constant height (FSCH) test isa
strain-controlled test with the maximum shear strain lim-
ited t0 0.0001 mm/mm. The shear strainisapplied by ahor-
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Figure 1. Haversineloading pattern or stress pulse for the dynamic mod-

ulus test.

izontal actuator at a frequency of 10 to 0.01 Hz using a
sinusoidal loading pattern, asshown in Figure 2a. The cylin-
drical test specimen with adiameter of 150 mm and height
of 50 mm is glued between two aluminum platens. The
specimen is loaded in shear from the bottom as shown in
Figure 2b.

The horizontal actuator iscontrolled by closed |oop feed-
back from measurements of a linear variable differential
transducer (LVDT) mounted horizontally on the specimen.
The specimen height is kept constant during the test by com-
pressing or pulling the test specimen with avertical actuator.
The direction and magnitude of the axia load is controlled
by closed loop feedback from measurements by a vertical
LVDT attached to the top of the specimen.

2.1.3 Quasi-Direct Shear Dynamic Modulus—
Field Shear Tester

Thefield shear tester (FST) was devel oped through NCHRP
Project 9-7 to control Superpave-designed HMA mixtures (3).
The devicewas designed to perform tests comparablewith two
of the Superpave load-related mixture tests: the FSCH (i.e.,
dynamic modulus in shear) test and the simple shear at con-
stant height (SSCH) test (i.e., AASHTO TP7).

The FST control software can be used to measure the
dynamic modulus in shear. The FST uses a 10-kip servo-
pneumatic |oading frame and is capabl e of applying repetitive
loads of various waveforms. The FST environmental cham-
ber used during testing is separate from the loading frame.

Stress/Strain

Y =7oSNot-)

Time

(a)

Applied Axial Stress to Keep
Specimen Height Constant

Applied Shear Strain
®)

t Shear Direction

Gauge Length

Spacers holding
specimen

(c)

Figure 2. Dynamic modulus testsin shear. (a) Schematic of
the loading pattern applied by the shear testers. (b) Super-
pave shear tester. (c) Field shear tester.



The key differences between the FST and SST devicesare
the positioning of the sample and the test control mode:

1. Inthe SST device, the test specimen is sheared in the
upright position by moving the shear table attached to
the bottom of the specimen (Figure 2b). The resulting
shear strains are measured paralel to the ends of the
test specimen. In the FST device, the specimen is posi-
tioned in a similar manner to the indirect tensile test
using loading platens similar to the Marshall test. The
test specimen is sheared along its diametral axis by
moving a shaft that is attached to the loading frame
holding the specimen in place, as shown in Figure 2c.
The gauge length of the measured shear strain is the
opening between the loading platens that are holding
the specimen. Thus, the SST and FST measure the
dynamic modulus along different planes and directions
relative to the aggregate orientation.

2. In the SST device, the height of the specimen is kept
constant by loading the specimen through a vertical
actuator attached to the top of the specimen. Inthe FST
device, the specimen height is kept constant by using
rigid spacers attached to the specimen ends.

3. In the SST device, the shear frequency sweep test is
conducted in astrain-control method of loading (i.e., by
applying a constant sinusoidal shear strain of approxi-
mately 100 microstrains) and measuring the shear stress
as a function of the applied test frequency. In the FST
device, the shear frequency sweep test isconductedina
load-control method of loading (i.e. by applying a con-
stant sinusoidal shear stress and measuring the shear
strain as afunction of the applied test frequency).

In this study, both the FSCH and SSCH tests were used for
measuring the dynamic modulus in shear because the mea
sured values are believed to represent different stiffness prop-
erties of the HMA mixture.

2.1.4 Elastic Modulus—Ultrasonic Wave
Propagation Tests

The nondestructive pulse velocity technique is based on
the measurement of wave vel ocitiesthrough amaterial. Ultra-
Sonic wave propagation tests use a piezoel ectric crystal trans-
ducer that converts a pulse of electrical energy into an ultra-
sonic shock wave. The crystal typically has a resonant
frequency of 20 to 100 kHz.

The shock wave is normally coupled from the transducer
into the material with the aid of a liquid-coupling material
such asglycerin. The sound travel sthrough the test specimen
until it encounters adensity change whereit is reflected back
towardsthetransducer. The density changeis often the oppo-
site end or surface of the test specimen. However, a flaw or
lamination in the test specimen can cause the reflection of
sound as well. The ultrasound travels back to the probe

through the coupling medium and is converted back to an
electrical impulse. Figure 3 illustrates the test setup.

The velocity of an ultrasonic pulse traveling in a solid
material depends on the density and the elastic properties of
the material, that is, the velocity is proportiona to the den-
sity and elastic properties of the material. For longitudinal
waves, the pulse velocity vy isrelated to the density and elas-
tic properties of a solid by Equation 6:

_E (-
Y0 T p w2 ©

where

Vg =Velocity of sound, m/s;
p =density, kg/m?;
E = modulus of dasticity, Pa= N/m?; and
W = Poisson’sratio.

If thethickness(i.e., length) of the test specimenisknown,
the longitudinal wave velocity can be calculated by measur-
ing the wave pulse time. The modulus of elagticity is then
calculated using Equation 6, given the longitudinal wave
velocity calculated from the test (Figure 3), the known or
measured density of the material, and Poisson’ sratio.

2.1.5 Dynamic Modulus Calculated from
Regression Equations

Regression equations are availableto cal culate the dynamic
modulus from conventional volumetric mixture properties.
These regression models were considered as SPT candidate
models because of their simplicity. The two regression mod-
els that have been well documented and are in common use
by the industry are the Witczak et a. (5) and Shell Oil pre-

Pulse Generator
Time-Measuring Circuit
Time Display Unit

Receiving Transducer

and Amplifier
Transmitting Transducer
— 4 Sample VY
Styrofoam:

Figure 3. Schematic illustration of the ultrasonic test setup.



dictive equations (6). Both of these regression equations are
listed and defined in the following paragraphs.

2.1.5.1 Witczak et al. Predictive Equation

The dynamic modulus predictive equation developed by
Witczak et a. at the University of Maryland and Arizona
State University over the last 30 years is one of the most
comprehensive mixture dynamic modulus models available
today. Thisregression model (Equation 7) has the capability
to predict the dynamic modulus of dense-graded HMA mix-
tures over arange of temperatures, rates of |oading, and aging
conditions from information that is readily available from
conventional binder testsand the volumetric properties of the
HMA mixture (5).

loglE*| = -1.249937 + 0.029232(p,,) - 0.001767(p,, )’

0.802208(V,,, ) .
- 0.002841(p,) - 0.058097(V,) - —————— )
Vbe" + Va

3.871977 - 0.0021(p,) + 0.003958(p,,) - 0.000017(p,,)* + 0.005470(p,,)
+

(-0.603313 - 0.313351 x log( f ) -0.393532 xlog(n)
l+e

where

|E*| =dynamic modulus, 10° psi;
n = bitumen viscosity, 10° Poise;
f = loading frequency, Hz;
V, = air void content, percent;
Vit = effective bitumen content, percent by volume;
P34 = cumulative percent retained on 19-mm sieve;
Psg = cumulative percent retained on 9.5-mm sieve;
p, = cumulative percent retained on 4.76-mm sieve; and
P2oo = percent passing 0.075-mm sieve.

Equation 7 is based on more than 2,800 dynamic modulus
measurements from about 200 different HMA mixturestested
in the laboratories of the Asphalt Institute, the University of
Maryland, and FHWA.

2.1.5.2 Shell Oil Predictive Equation

A basic assumption of the Shell Qil predictive equation is
that the modulus of the dense-graded HMA mixtureisrelated
to themodulus of the binder. The binder modulus (Sb) is deter-
mined from laboratory measurements or by the use of anomo-
graph. Using the equations developed by Bonnaure et al., the
modulus of the mixture (Sm) can be computed using equa
tions 8 or 9 (6).

For binder moduli in the range of 5 x 10° < So(N/m?) < 10°,

logSm = L;B?’E(Iong—S)
(8
+Be2bs > P logs - +B

For binder moduli in the range of 10° < Sh(N/m?) < 3 x 107,

log Sm= B, + B, +2.0959 - (B~ B~ B) - log S -9) (9

where
_ _ 1.342 [{100 - Vg)
Bl =10.82 W, (10a)
3, =8.0+0.00568 - V, +0.0002135 - ng, (10b)
_ 1.37 D/b2 -10
B; =06 [I]ogmli.33 0V, =100 (10c)
B,=0.7582 - (B1 — Bo), (10d)

Sm = modulus of the mix,

S = modulus of the binder,

V, = percent volume of bitumen, and
V;, = percent volume of aggregate.

2.1.6 Triaxial Shear Strength Tests

The triaxial compressive strength test has been used to a
much lesser extent in evaluating an HMA mixture’ s suscepti-
bility to permanent deformation compared with the dynamic
modulus and repeated load tests. AASHTO T167, “ Standard
Test Method for Compressive Strength of Bituminous Mix-
tures,” is the standard test typically used to measure a mix-
ture’s unconfined compressive strength. Confining pressures
have al so been used with the test to develop afailure envelope.

The shear strength of an HMA mixture is developed prin-
cipally from two sources:. (1) the cohesion, ¢, which reflects
the adhesion or bonding mechanism of the binder and is
derived from Mohr—Coulomb plots; and (2) the interlocking
capabhility of the aggregate matrix from the applied loads,
which is referred to as the angle of internal friction, ¢. The
major role and interaction of both of these terms vary sub-
stantially with the rate of loading, temperature, and volumet-
ric properties of the HMA mixture. Triaxial tests are run at
different confining pressures to obtain the Mohr—Coulomb
failure envelope. The Mohr—Coulomb failure envelope is
defined as follows:

T=Cc+0 tan@ (1)

where

T = shear stress;
o = normal stress;
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¢ = intercept parameter, cohesion; and
@ =slope of the failure envelope or the angle of internal
friction.

Typical c-values for dense-graded HMA mixtures are in
the range of 5to 35 psi; typical @-values range between 35°
and 48°. Triaxia testsusualy require three or morelevels of
confinement to accurately determine the failure envelope.

An dternative to the Mohr—Coulomb failure envelope is
the Drucker—Prager failure envelope, which is defined by an
intercept parameter, k, and slopey*? (7). The Drucker—Prager
failure envelope represents the combination of failure
stresses expressed in terms of thefirst invariant stresstensor,
I, and the second invariant deviatoric stress tensor, J%?, by
the following equation:

W2 =2, +k (12)

where

J¥2 = (1N3) (0, — 03), and
I, =0, + 20;.

2.1.7 Static Triaxial Creep Tests

As noted in Chapter 1, the modulus of a material is an
important property that relates stress to strain and is used to
predict pavement distress. For viscoel astic materials, however,
it is more advantageous to use the term compliance or D(t).
Complianceisthereciprocal of the modulus. The main advan-
tage of its use in viscoel asticity—viscoplagticity theory is that
compliance alows for the separation of the time-independent
and time-dependent components of the strain response.

In a static compressive creep test, atotal strain-time rela-
tionship for a mixture is measured in the laboratory under
unconfined or confined conditions. The static creep test, using
either one load-unload cycle or incremental load-unload
cycles, provides sufficient information to determine theinstan-
taneous eladtic (i.e., recoverable) and plastic (i.e., irrecover-
able) components (which are time independent), aswell asthe
viscoelastic and viscoplastic components (which are time
dependent) of the materid’ s response. Figure 4 shows a typi-
cal relationship between the calculated total compliance and
loading time. As shown, the total compliance can be divided
into three major zones:

1. The primary zone—the portion in which the strain rate
decreases with loading time;

2. The secondary zone—the portion in which the strain
rate is constant with loading time; and

3. Thetertiary flow zone—the portion in which the strain
rate increases with loading time.

Ideally, the large increase in compliance occurs at a con-
stant volume within the tertiary zone. The starting point of

AV>0 AV=0

D() A
Secondar: ~_
y / Tertiary
Flow Time when
Primary Shear Deformation Begins

Time

Figure 4. Typical test results between compliance and
loading time.

tertiary deformation is defined as the flow time, which has
been found to be a significant parameter in evaluating an
HMA mixture's rutting resistance (8). The flow time also is
viewed as the minimum point in the relationship of the rate
of change of compliance to loading time. The flow time, F,
is therefore defined as the time at which the shear deforma-
tion under constant volume begins.

Details on compliance models and regression parameters
are available in the literature (9). In general, power models
are used to model the secondary (i.e., linear) phase of the
creep compliance curve, asillustrated in Figure 5.

D'=D(t) - D, = at” (13)

where

D' = viscoelastic compliance component at any time,
D(t) = total compliance at any time,
D, = instantaneous compliance,
t = loading time, and
a, m = materials regression coefficients.

The regression coefficients a and mare generally referred
to as the compliance parameters. These parameters are gen-
era indicators of the permanent deformation behavior of the
material. In general, the larger the value of a, the larger the
compliancevalue, D(t), thelower the modulus, and the larger

]1‘)38 D(t)=at™

®

Intercept | f.
e

Slope
“m”

log Time

Figure 5. Regression constants a and m obtained fromthe
secondary zone of the log compliance-og time plot.



the permanent deformation. For a constant a-value, an
increase in the slope parameter m means higher permanent
deformation.

Figures 6 and 7 show the actual test results and plots
from astatic creep test. Figure 6 showsthetotal compliance
versus loading time on a log-log scale. The compliance
parameters a and m are estimated from a regression analy-
sis of the linear portion of the curve. Figure 7 shows a plot
of the rate of change in compliance versus loading time on

11

a log-og scale. The calculated value of the flow time is
shown on Figure 7.

2.1.8 Triaxial Repeated Load Permanent
Deformation Tests

Another approach to measuring the permanent deforma-
tion characteristics of an HMA mixture isto conduct severa

[F052] ¥1.09 Static Creep/Flow Time Strength Test
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Figure 6. Total axial strain versustime from an actual static creep test.

[FO52] V1.09 Static Creep/Flow Time Strength Test
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Figure 7. Plot of the rate of change in compliance versus loading time on alog-og

scale for a static creep test.
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thousand repetitions of arepeated load test and to record the
cumulative permanent deformation as a function of the num-
ber of load cycles (i.e., repetitions). A load cycle consisting
of a 0.1-s haversine pulse load and a 0.9-s dwell (i.e., rest)
timeis applied for the test duration—typically about 3 h or
10,000 loading cycles.

Results from repeated |oad tests are typically presented in
terms of the cumulative permanent strain versus the number
of loading cycles. Figure 8 illustrates such a relationship.
Similar to the creep test, the cumulative permanent strain (g;)
curve can be divided into three zones: primary, secondary,
and tertiary. The cycle number at which tertiary flow startsis
referred to as the “flow number.”

Figure 9 illustrates the same relationship plotted on a
log- og scale. Theintercept a representsthe permanent strain
at N = 1 whereas the slope b represents the rate of change of
the permanent strain as a function of the change in loading
cycles (log [N]). These two permanent deformation parame-
tersarederived from thelinear (i.e., secondary) portion of the
cumulative plastic strain—repetitions relationship. The clas-
sic power-law model, mathematically expressed by Equation
14, istypically used to analyze the test results:
g, = aNP". (14)

The regression constants a and b ignore the tertiary zone
of material deformability (Figure 9) and are dependent onthe
material—test combination conditions. Figures 10 through 12
show plots from an actual repeated load test. Figure 11 isa
plot of the total permanent strain versus loading cycleson a
logHog scale. The estimation of parameters a and b are
obtained from a regression analysis of the linear portion of
the permanent strain versus number of cycles. Figure 12
shows aplot of the rate of changein permanent strain versus
loading cycle onalog-og scale. The flow number isrecorded
where the minimum slope occurs.

(FO51] V1.05 Repeated Axial Load Confined Strain Test
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Figure 8. Typical relationship between total cumulative
plastic strain and loading cycles.
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Figure 9. Regression constants aand b when plotted on a
log-og scale.

Three other mixture response parameters from the triaxial
repeated load test have been correlated to permanent defor-
mation or rutting: resilient modulus (Eg), plastic strain (g,)
per load cycle, and strain ratio (g,/€;). Theresilient strain (g;)
is the recoverable axial strain during the rest period of the
load cycle. Theresilient shear modulusis defined astheratio

INDUSTRIAL PROCESS CONTROLS Ltd.
Universal Testing Machine (UTM V3.00B29)
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Figure 10. Cumulative permanent strain versus loading cycles from a repeated |oad test.
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Figure 11. Regression constants aand b fromlog permanent strain versus log
number of loading cycles plot for a repeated load test.

of the applied compressive stressto the resilient axial strain.
The strain ratio is defined as the ratio of the permanent or
plastic strain to the resilient strain.

2.1.9 SST Repeated Shear Permanent
Deformation Tests

In development of the repeated load SSCH test using the
SST, two mechanisms were hypothesized. Thefirst isrelated
to the asphalt binder modulus: stiffer binders help in resist-
ing permanent deformation because the magnitude of the
shear strainsisreduced under each load application. Therate
of accumulation of permanent deformation is strongly related
to the magnitude of the shear strains. A stiffer asphalt binder,
therefore, will have increased rutting resistance because it
minimizes shear strainsin the aggregate skeleton.

The second mechanism isthe aggregate structure stability:
the axial stresses act as a confining pressure and tend to sta-
bilize the mixture. A well-compacted mixture with a strong
aggregate structure will develop high axial forces at very

small shear strain levels. Poorly compacted mixtures can also
generate similar levels of axial stresses, but they will require
much higher shear strain. In the SSCH test, these two mech-
anisms are free to fully develop their relative contribution to
the resistance of permanent deformation, because they are
not constrained by imposed axial or confining stresses.

Figure 13 shows how the accumulated permanent defor-
mation increaseswith increasing |oad applications. The spec-
imen deforms quite rapidly at the beginning of the test. The
amount of unrecoverable deformation per cycle decreases
and remains steady for many cyclesin the secondary region.
At some point or number of loading cycles, the deformation
begins to accelerate, leading towards failure in the tertiary
portion of the curve.

Similar to the triaxial repeated load permanent deforma-
tion test, the permanent shear strain versus the number of
load repetitions plotted on alog-og scaleislinear. The slope
and intercept are used to characterize the permanent defor-
mation of the HMA mixture. The flow number defines the
number of loading cycles at the beginning of the tertiary
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Figure 12. Typical plot of the rate of change in permanent strain versus loading

cycles for a repeated load test.
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Figure 13. Permanent shear strain versus number of load-
ing cycles using the SST.

zone. Theresilient shear strainisthe recoverable shear strain.
Theresilient shear modulusisdefined astheratio of the shear
stress to the recoverable shear strain, and the strain ratio is
defined astheratio of the permanent shear strainto theresilient
shear strain.

2.2 FRACTURE TESTS
2.2.1 Triaxial Dynamic Modulus Tests

The dynamic modulus test previously described in this
chapter was also used in the correl ation study for fatigue crack-
ing. However, the dynamic modulus for the fatigue cracking
test plan was measured at lower test temperatures than those
temperatures used in the permanent deformation test plan.
Details on the test temperatures and stress levels used for
both correlation studies are provided in Chapter 3.

2.2.2 Indirect Tensile Tests

Theindirect tensile test has been extensively used in struc-
tural design research for flexible pavements since the 1960s
and, to alesser extent, in HMA mixture design research. Itis
the test recommended for mixture characterization in the
Long-Term Pavement Performance (LTPP) Program (10) and
to support structural designsin the 1986 and 1993 AASHTO
Guide for Design of Pavement Sructures (10 and 11). The
indirect tensile test is one of the most popular tests used for
HMA mixture characterization in evaluating pavement struc-
tures. The primary reason for the test’s popularity is that
cores from thin lifts can be tested directly in the laboratory.

The indirect tensile test is the test specified in AASHTO
T283, “Resistance of Compacted Bituminous Mixture to
Moisture-Induced Damage,” for evaluating an HMA mix-
ture’ s susceptibility to moisture damage. Propertiesthat have
been used for evaluating moisture damage and fracture-
related distresses are the resilient modulus (under repeated
loadings) and theindirect tensile strength and failure strain (at

aconstant rate of loading) (12). Although the reliability of the
indirect tensile test to detect and predict moisture damage is
guestionable, no other test has been found to provide consis-
tent results at a higher reliability. In addition, SHRP recom-
mended use of the indirect tensile creep test method to char-
acterize HMA mixtures for thermal-cracking predictions.

The indirect tensile method is used to develop tensile
stresses along the diametral axis of the test specimen. The
test is conducted by applying a compressive load to a cylin-
drical specimen through two diametrically opposed, arc-
shaped rigid platens, as shown in Figure 14.

Based upon the theory of elasticity, the strain can be
expressed in three dimensions. Ideally, the 3-D analysis can
be reduced to a 2-D analysis for special element-size and
loading conditions. For the case of a circular disk, the 2-D
analysis can be categorized as plane stress.

2.2.3 Indirect Tensile Strength Tests

The indirect tensile strength is measured by loading the
specimen at a constant strain rate until it fails by splitting
along the diametral axis. The horizontal tensile stress at the
center of the test specimen is calculated using Equation 15;
the tensile strain is cal culated using Equation 16:

_2P

Horizontal Tensile Siress = 0y, = Tid

(15)

where

d = the diameter of the specimen,
P = the applied load, and
t = the thickness of the test specimen or core; and

Horizontal Tensile Srain=¢,, =3, %;1:55))rr@ (16)

where

%
+ P (Load)

* P (Loaq)
Figure 14. Schematic of the indirect tensile test.



0. = horizontal deformation across the test specimen,
| = Poisson’ sratio, and
a, b, d = integration constants that are specimen geometry
dependent.

The only unknownsin the equation are Poisson’ sratio and
theintegration constants. Theintegration constants are depen-
dent on the geometry of thetest specimen. The determination
of Poisson’ sratio requires both horizontal and vertical defor-
mation measurements made on the specimen, or it can becal-
culated from the regression equation developed by Witczak
and Mirza, as shown below (13):

+ 0.35
1+ exp(3.1849 - 0.04233 x Temp)

u=015 17)

Temperature in the above equation is expressed in degrees
Fahrenheit.

Parameters from the indirect tensile strength test that have
been correlated to actual cracking valuesincludeindirect ten-
sile strength (S), horizontal strain at failure (&), total frac-
ture energy (I'y,), and fracture energy to failure (). These
indirect tensile strength parameters are defined below.

1. The maximum horizontal tensile stress at the center of
the specimen and the horizontal tensile strain are cal-
culated from the plot shown in Figure 15. The indirect
tensile strength is the maximum stress devel oped at the
center of the specimen intheradial direction during the
loading operation for afixed geometry.

2. The fracture energy is calculated as the area under the
load-vertical deformation curve as shown in Figure 16.

3. Theenergy until failureiscalculated from the results of
this test as shown in Figure 17.

2.2.4 Indirect Tensile Resilient Modulus Tests

The resilient modulus can be obtained for a known corre-
sponding deflection value, which can be obtained from the

Tensile Strength (S,)

Stress ¢ (psi)

e Strain (g) J

Figure 15. Illustration showing the determination of the
indirect tensile strength.
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Figure 16. Determination of total fracture energy.

laboratory indirect tensile test. The resilient modulusis cal-
culated with Equation 18:

Resilient Modulus = Eg = Mg :ti

5. (a+by) (18)

where

Egr, Mg = resilient modulus,
P = applied load,
t = thickness of the test specimens,
O, = horizontal deformation across the test specimen,
a, b = integration constants that are dependent on the
gauge length or the length over which the defor-
mation measurements were made, and
M = Poisson’sratio.

The values of the integration constants a and b depend upon
the gage length or the length over which the deformation
measurements were made.

2.2.5 Indirect Tensile Fatigue Tests

The fatigue life of a materia is defined as the number of
load cyclesto specimen fracture. The horizontal deformation

Energy until Failure
Area under curve till max load

LOAD (Ibs)

VERTICAL DEFORMATION

Figure 17. Determination of energy to peak load.
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during the indirect tensile fatigue test is recorded as a func-
tion of load cycle, and the horizontal strains are calculated
using Equation 16. Two criteria were used to define failure.
Thefirst isthe number of cyclesto completefailure (N;); the
second is the number of cycles at which the resilient modu-
lusisreduced to 50 percent of its original value (Ns).

Theloading pattern used in the indirect tensile fatigue test
isahaversine load. The loading time was 0.1 s, and the rest
period was 0.4 s. The amplitude of theload for a specific ten-
silestresswaskept constant during thetest, and deformations
were recorded at various loading cycles.

Each specimen is subjected to adifferent level of stress (or
strain) so that a range of valuesis obtained for both N; and
Nso repetitions. This range allows the development of the
classical fatigue relationship between N; and o (stress) or €
(strain) on alog—og model form, as shown in Figure 18 and
mathematically represented by Equations 19 or 20:

Nf = K]_ b KZ, (19)
or
N =K, [k %2 (20)

2.2.6 Indirect Tensile Creep Tests

The static creep test used in the study is a single load-
unload cycle. A constant static load is applied to the speci-
men for 1,000 s, and the horizontal deformation is recorded.
The applied load is a percentage of the horizontal tensile
strength of the material (Equation 15). The horizontal defor-
mations are recorded for another 1,000 s after the load is
removed to measure the recovery of the specimen. The
stresses and strains are cal culated using Equations 15 and 16.

Both horizontal and vertical LVDTsare used in thetest to
measure the deformations under the static load for calcula

tion of Poisson’sratio. Poisson’ sratio can also be calculated
using Equation 18, when only horizontal deformations are
measured.

2.2.6.1 Srain-Time Response Curve

The phenomenon of the static creep test is shown in Figure
19, which illustrates the typical strain-time response of an
HMA mixture and shows the salient components of the load-
unload cycle. The total strain (g7) can be divided into recov-
erable and irrecoverable components or time-dependent and
time-independent components, just as it is for the triaxial
compressive creep test. Equation 21 describes the four com-
ponents composing the total strain:

Er=E+ETELTE, (21)

where

&r = thetotd strain;
€. = the elastic strain, recoverable and time-independent;
&, = theplagtic strain, irrecoverable and time-independent;
€. = the viscoelastic strain, recoverable and time-depen-
dent; and
&, = theviscoplastic strain, irrecoverable and time-depen-
dent.

The elastic and viscoelastic strain components exist during
both loading and unloading conditions; the plastic and visco-
plastic components exist during the loading portion.

2.2.6.2 Modulus-Compliance Components

The modulus from the creep test is calculated using Equa-
tion 15, so the compliance is defined as follows:

Log o
or
Log €

Low Stiffness

,” X,

Ny=k . ¥
or
Ny =k «c?

High Stiffness

LogN

Figure 18. Stress—strain versus number of load repetitions.
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Figure 19. Typical strain-time response for HMA mixtures
for a static creep test.

D), = EM* = =]

™ pa+ by) (22)

where h is the horizontal height.

The mathematical form to represent the compliance from
the indirect tensile test is similar to the compliance deter-
mined from the triaxial compressive creep test and is given
by Equation 23:

D(t) =D, T™ (23)
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Figure 20. Illustration of creep-compliance versustime
from a static creep test.

where

D(t) = total compliance at any time,
t = loading time, and
D,, m, = material regression coefficients.

The regression coefficients D; and m, are generally referred
to as the compliance parameters and are shown in Figure 20.
These parameters are genera indicators of the creep behav-
ior of the materials, similar to those parameters determined
fromthetriaxial compressive creep test. The Parislaw’ sfrac-
ture parameters were also calculated in accordance with the
procedure recommended by Roque et al. (14).
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CHAPTER 3

EXPERIMENTAL FACTORIAL AND TESTING PLAN

3.1 EXPERIMENTAL PLAN

The experimental plan was designed to investigate sepa-
rately both major distresses—deformability and fracture. A
practical, reliable HM A mix design method must be based on
aset of compromising principlesthat balance the volumetric
components to optimize the mix’ sflexibility to prevent frac-
ture while maintaining adequate stiffness to resist deforma-
tion. This balance was clearly recognized by the individuals
responding to the utility analysis questionnaire discussed in
Chapter 1.

Although both major distress manifestationswere pursued
inthiswork, itisimportant to recognizethat rutting wasrated
as the most significant HMA mixture problem in current
practice. Thus, the experimental plan for selecting the SPT
employs the higher level of effort to quantify the deforma-
bility of HMA mixtures. Table 5 shows the three test sites
and mixture distressesincluded in the experimental factorial.
Each test siteis discussed in this chapter.

3.1.1 Experimental Goal

The goal of the experimental plan wasto usefield projects
with adiverse range of distress magnitudes to select the test
methods and mixture response parametersthat are most highly
correlated to rutting and cracking. Table 6 shows the exper-
imental factorial for the test methods and responses for each
distress.

The HMA materials and mixtures were sampled from
these projects to recompact test specimens with the SGC to
the volumetric properties reported during mixture placement.
The measured responses from those test methods (Table 6)
were compared with the observed distress at each project.
The projects identified for use in this study were those hav-
ing multipletest sectionsthat areidentical with the exception
of the composition of the HMA mixture. Thus, the individ-
ual goal of each field project was to alow for the relative
comparison of the measured response parameters to distress
within that project.

3.1.2 Tiered Factorial Approach

The testing plan was to concentrate on those “ mechanistic
and fundamental” response parameters that could be linked

to the advanced material characterization tests, which aso
are being developed as a part of NCHRP Project 9-19. This
linkage is one of the major requirements of the SPT.

The initial work completed under Phase |1 of the FHWA
contract resulted in asignificant number of candidatesfor the
SPT (Table 4). Rather than subjectively eliminating some of
the candidate test methods, it was decided to actually evalu-
ate as many of the candidate test protocols as possible in a
phased laboratory study. As a consequence, the laboratory
experimental factorial was divided into different projects.

A widevariety of test methods and responseswere used in
the laboratory effort in thefirst part of the experimental plan.
The HMA mixture responses were compared with each dis-
tress on a project-by-project basis. Those test methods that
werefound to have inconsistent relationships or that resulted
in poor correlationswith the distress magnitude were removed
from further consideration in the other projects. Thetest meth-
ods and response parameters found to be highly correlated
with the distress observations at a project then were evalu-
ated in the other projects.

3.1.3 Experimental Analysis Plan

For the experiment design, it was hypothesized that the test
methods and responsesranked asthe“best” candidatesfor the
SPT could be used to identify HMA mixtures that are sus-
ceptible to permanent deformation and fracture over adiverse
range of materials, climates, pavement structures, and support
conditions. The experimental analysis plan was devised to
quantify the correlation between mixture response and dis-
tress on a project-by-project basis.

Statistical analyseswere conducted to eval uate all measured
laboratory responses on how they compared with observed
distress measurements. The analysis was completed for each
distress by developing plots of the distress for each test sec-
tion against the laboratory-measured test parameter. Trends
and regression models were statistically evaluated based on
the goodness-of-fit parameters: coefficient of determination,
R?, standard error of estimate, Se, relative accuracy, Se/Sy, and
assessment of the modé rationality. Two types of regression
models were used in the comparisons, alinear and nonlinear
model. The nonlinear model was based on the power law.
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TABLES5 Experimental sitefactorial for selection of the SPT

Field Project and Distress
Individual Permanent Fracture
Test Sections Deformation Fatigue Cracking Thermal Cracking
MnRoads: Cells 16, 17, N v
18,20, & 22 (Cells 16-18, 20, & 22) (Cells 16-18, 20, & 22)
ALF: Lanes 1,2,3,4, N N
5,7,8,9,10,11, & 12 (Lanes 5 & 7-12) (Lanes 1-4)
WesTrack: Sections 2, N N
4,5,6,7,15,23,&24 (Sections 2, 4,7, 15, (Sections 2, 5, 6, & 24)
23, & 24)

For linear models, the coefficient of determination, R?, is
ameasure of model accuracy. The standard error of estimate,
e, reflects the likely error in our prediction. This value is
good wheniitissmall compared with the average value of the
criterion variable. The model coefficients can sometimes be
alimiting value, as they measure the moddl rationality. The
coefficients should accurately indicate the effect of the test
parameters on the rut depth.

It is important to recognize that in evaluating nonlinear
models, the R? is not always a good measure of mode! accu-
racy because it depends on a linear separation of variation
and is only applicable to linear models. Model accuracy can
be assessed by the standard error ratio, Se/ Sy, in which Sy is
the standard deviation of the criterion variable. When R? was
computed for comparison purposes, that computation was
based on the Se/Sy ratio as follows:

R=1-[(n-Vv/(n-DI&/S)y (24)

where

n = the sample size, and
v = the number of regression coefficients.

3.1.4 Evaluation Criteria

In an effort to standardize the statistical resultsin a “sub-
jectivegoodness’ classification, acriterion wasused to ratethe
dtatistical analysis results. The subjective classification crite-
riaisshownin Table7. Generally, linear trendswere observed
for most parameters; however, for nonlinear trends, a non-
linear power model was evaluated based on the goodness-
of -fit statistics and rationality of the regression coefficients.

TABLE 6 Experimental test method factorial for selecting the SPT

Test Method Distress
Type of Equipment / Permanent Fracture
Test/ Load Test Geometry* Deformation
Uniaxial, Unconfined N N
Dynamic Triaxial, Confined N N
SST, Constant Height ~
Modulus FST J
Tests Ultrasonic Wave Propagation v N
Predictive Equations N v
Strength Triaxial Shear Strength N
Tests Unconfined Compressive Strength v
Indirect Tensile Strength N
Creep Uniaxial, Unconfined N
Tests Triaxial, Confined N
Indirect Tensile N
Uniaxial, Unconfined N
Repeated Triaxial, Conﬁneq N
SST, Constant Height ~
Load
Tests FST v
Indirect Tensile ~

*Refer to Table 4 for the response parameters considered for each test method.
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TABLE 7 Subjective classification of the goodness-of-fit
statistical parameters

CRITERIA R Se/Sy
Excellent >0.90 <0.350
Good 0.70-0.89 0.36-0.55
Fair 0.40-0.69 0.56-0.75
Poor 0.20-0.39 0.76-0.90

Very Poor <0.19 >0.90

Finally, when a weighted average correlation of all test
sites was obtained, the number of test sections for each proj-
ect was the weight factor used in the analysis. For MnRoad,
the permanent deformation weight factor was 5; for the
Accelerated Loading Facility(ALF) at Turner—Fairbanks it
was 7; and for WesTrack it was 4 (Sections 2 and 15 were
excluded).

3.2 TEST SITES AND MIXTURES

Three projects were selected for use in the experimental
plan, as shown in Table 5. These projects were selected
because each one has multiple test sections that are identical
with the exception of the HMA mixtures, and thereisarange
in distress magnitudes between the individual test sections
along a project. Each project is discussed in the following
sections.

3.2.1 MnRoad

Five MnRoad test sites were selected for the test factorial
(Table5): Cells 16, 17, 18, 20, and 22. Table 8 showsthetar-
get binder and air void contents, rut depth measured in inches,
and cracking measured in feet for each cell. Two different
binders were used: an AC-20 was used for Cedlls 16, 17, and
18, and a 120/150Pen asphalt was used for Cells 20 and 22.

The original mixture design for Cells 17, 18, 20, and 22
was completed in accordance with the Marshall method; Cell

16 was designed with the Superpave volumetric mix design
method. Table 9 showsthetarget gradationsfor the each cell.

In-place mixture composition was measured from bulk
samples taken behind the paver. The in-place air void con-
tents were obtained from cores recovered from each cell.
Complete documentation of the MnRoad test section proper-
tiesare found in the references (15-25).

3.2.2 Accelerated Loading Facility—Turner
Fairbanks

Seven of the test lanes constructed at the ALF at Turner—
Fairbankswere used in the experimental plan. Thesetest sec-
tionsincluded Lanes 5, 7, 8, 9, 10, 11, and 12. The fatigue
cracking sectionsincluded Lanes 1, 2, 3, and 4. Table 10 lists
the target binder content, air void content, and rut depths
measured in millimeters after 10,000 passes for each lane
used in the permanent deformation experimental plan. Table
11 lists the target binder content, air void content, and num-
ber of passes at 100 m of cracking for each lane.

Three conventional binders and two modified binderswere
used, as identified in Tables 10 and 11. All mixtures were
designed with the Superpave volumetric mix design method.
Table 12 showsthe averagein-place gradationsfor each lane.
Complete documentation of the ALF test lane properties are
provided in the references (26-35).

3.2.3 WesTrack

Eight of the WesTrack test sections were included in the
experimental plan. Six of the test sections (Sections 2, 4, 15,
7, 23, and 24) were included in the permanent deformation
experiment, and four sections were included in the fatigue
cracking experiment (Sections 2, 5, 6, and 24). Table 13 lists
thetarget binder content, air void content and rut depths mea-
sured in millimeters after 1.5 million equivalent single axle
load (MESAL) applications for each section. Table 14 lists
the same information for the cracking sections and the per-
cent fatigue cracking reported at 2.8 MESALS.

Upon completion of the lab evaluation study, it was found
that Sections 2 and 15 plotted as significant outliers for

TABLE 8 Target test specimen volumetric properties, in-place mixture composition at

MnRoad
Cell Binder éjsth::nltt 2:;:2:? Mix 1998 Cracll?ignsg (ft)
Type % ’ % ’ Design Rut Depth (in.)
16 AC-20 5.08 8.2 Gyratory 0.175 595
17 AC-20 5.45 7.7 75 Marshall 0.205 275
18 AC-20 5.83 5.6 50 Marshall 0.195 355
20 120/150Pen | 6.06 6.3 35 Marshall 0.670 215
22 120/150Pen | 5.35 6.5 75 Marshall 0.280 205




TABLE 9 Target test specimen gradation, in-place

gradation at MnRoad

Sieve Size, Cell 16 Cell 17 Cell 18 Cell 20 Cell 22
mm

19 100 100 100 100 100
16 98.8 99.3 98.5 99.3 98.5
12.5 933 93.3 92.8 93.8 94.0
95 84.5 85 84.5 85.0 85.0
4.75 683 68.8 68.8 69.3 69.5
2.36 58.8 593 59.0 60.1 60.4
1.18 47.6 48 479 48.7 484
0.6 325 33.0 33.0 332 32.9
03 19.5 19.6 19.6 19.6 19.8
0.15 6.5 6.8 6.4 7.0 7.0

0.075 4.6 4.2 44 4.8 43

TABLE 12 Averagein-place gradation for the ALF test
lanes, per cent passing

Lanes Lanes
Sieves, 1,2,3,4, 11,12
mm 5738,9,10
19-mm mix 37.5-mm mix
% passing % passing
37.5 100 100
25 100 85.6
19 98.7 73.9
12.5 76.0 65.1
9.5 62.0 59.0
4.75 44.0 47.6
2.36 32.5 32.5
1.18 23.5 24.0
0.6 17.5 17.4
0.3 11.5 12.3
0.15 8.0 8.0
0.075 5.1 5.7

TABLE 10 Target test specimen volumetric propertiesfor the ALF lanes based on the

in-place mixture composition—r utting lanes

ALF Binder Nominal Asphalt Air Void Rut Depth,
Lane Type Size, mm Content, % Content, % (10,000 Passes) mm

5 AC-10 19.0 4.80 8.6 393

7 Styrelf 19.0 4.90 11.9 12.0

8 Novophalt 19.0 4.70 11.9 4.4

9 AC-5 19.0 4.90 7.7 48.1

10 AC-20 19.0 4.90 9.3 36.3

11 AC-5 37.5 4.05 6.0 223

12 AC-20 37.5 4.05 7.4 152

TABLE 11 Target test specimen volumetric propertiesfor the ALF lanesbased on in-
place mixture composition—cracking lanes

ALF Binder AC Layer Nominal Asphalt Air Void ALF Passes @
Lane Type Thickness Size, Content, | Content, | 100 m of Line Cracking
mm mm % %
66 °F 82°F
(19 °C) (28 °C)
1 AC-5 100 19.0 4.80 6.1 7,500 221,000
2 AC-20 100 19.0 4.90 6.5 75,000 177,000
3 AC-5 200 19.0 4.70 7.7 164,000 354,000
4 AC-20 200 19.0 4.90 9.7 544,000 528,000

TABLE 13 Target test specimen volumetric propertiesfor WesTrack test sections
based on in-place mixture composition—r utting sections

WesTrack Binder Nominal Size, Asphalt Air Void Rut Depth,
Section Type mm Content, Content, (1.5 MESAL¥*)
% % mm
2% PG 64-22 12.5 Fine 5.02 10.4 6
4 PG 64-22 12.5 Fine 5.24 6.6 7
15%* PG 64-22 12.5 Fine 6.28 6.9 8
7 PG 64-22 12.5 Coarse 6.28 6.9 36
23 PG 64-22 12.5 Coarse 5.78 4.9 13
24 PG 64-22 12.5 Coarse 591 7.2 22

*MESALS = million equivalent single axle loads.
**After lab test evaluation, it was concluded that the target volumetrics shown for Sections 2 and 15 were not the same
as those found in the field test sections.
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TABLE 14 Target test specimen volumetric propertiesfor WesTrack test sections
based on in-place mixture composition—cracking sections

WesTrack Binder Nominal Size, Asphalt Air Void % Cracking,
Section Type mm Content, Content, (2.8 MESAL)
%o %
2 PG 64-22 12.5 Fine 4.76 9.3 7
5 PG 64-22 12.5 Coarse 5.61 7.0 51
6 PG 64-22 12.5 Coarse 5.89 11.3 100
24 PG 64-22 12.5 Coarse 5.78 7.5 0

almost every SPT test parameter examined. In addition, it
was also discovered that differences in the reported in situ
mix volumetrics were found in other WesTrack reports com-
pared with the final values noted in Table 13. As a conse-
guence, the research team decided to discard these test results
for these two sections and not to incorporate them in thefinal
statistical analysis. For all practical purposes, it was con-
cluded that all specimens compacted for these sections had
mix volumetrics that differed from the in situ properties.

One conventional binder (i.e., PG 64-22) and two aggre-
gate blends (i.e., gradations) were used. All mixtures were
designed with the Superpave volumetric mix design method.
Table 15 lists the average in-place gradations for each test
section. Complete documentation of the WesTrack test sec-
tion properties are provided in the references (36-45).

3.3 TEST SPECIMEN PREPARATION AND
CONDITIONING

All test specimens were prepared according to the Test
Protocol UMD 9808, “Method for Preparation of Triaxial
Specimens’ (46). The air voids and other volumetric proper-
ties(i.e., asphalt content and gradation) of the test specimens
were matched with the in-place properties measured after

TABLE 15 Averagein-place gradation for the WesTrack
test sections

Sections: 2,4, 15 Sections: 5, 6, 7,23, 24
Sieves, mm 12.5-mm fine mix 12.5-mm coarse mix
% passing % passing

25 100 100
19 100 100
12.5 87.8 80.8
9.5 75.9 65.8
4.75 494 42.0
2.36 38.0 28.2
1.18 33.6 20.6
0.6 27.4 15.6
0.3 15.6 11.6
0.15 7.8 8.5

0.075 4.7 6.1

placement and compaction of the HMA mixtures for each
individual test section.

The mixing and compaction temperatures were determined
using binder consistency test resultsand viscosity-temperature
relationships for both binders. The mixing and compaction
temperatures used to prepare the specimens are shown in
Table 16. All mixtures were short-term oven-aged for 4 h at
135°C, according to the AASHTO Test Method AASHTO
PP2, “Standard Practice for Short and Long Term Aging of
Hot Mix Asphalt,” before compaction.

The specimens were compacted with a Servopac gyratory
compactor into a 150-mm diameter gyratory mold to approx-
imately 160 mmin height. The test specimen’s*“ideal” geom-
etry was based on the specimen size and the aggregate effects
study that was compl eted by the Superpave modelsteam (47).
Test specimens, 100 mm in diameter, were cored from the
center of the gyratory compacted specimen, and approxi-
mately 5 mm were sawed from each end of the test specimen.

The bulk specific gravities, as well air void contents, for
each test specimen were measured before the specimenswere
tested. The air void tolerance used to accept or reject the test
specimens for testing was +0.5 percent from the mean air
void content after placement.

3.3.1 Triaxial Dynamic Modulus Specimens

The dynamic (i.e,, complex) modulus-testing program
included the measurement of the dynamic modulus of each
mixture at four to five temperatures and six frequencies.
Testing was conducted at level s of confinement ranging from
0to 275 kPa (40 psi).

A servohydraulic test system was used to load the speci-
mens. The dynamic modulus and phase angle were measured
by applying a compressive sinusoidal (i.e., haversine) load-
ing. The diameter of the test specimenswas 100 mm (4 in.),
and the height was 150 mm (6 in.). Testing was conducted in
an environmental chamber capable of holding temperatures
from —16 to 60°C (3.2 to 140°F).

Each specimen was tested in an order of increasing test
temperature and for each temperature; specimensweretested
in an order of decreasing test frequency. This temperature-
frequency sequence was carried out to cause minimum dam-
age to the specimen before the next sequentia test. Two
replicates were used for all mixtures.
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TABLE 16 Mixing and compaction temperaturesfor all mixturesused in the

experimental plan

Experimental Site Binder Mixing Jcelg)%srature, Tem[?eor:\]t[::':igg F)
MnRoad 120-150 Pen 143 (290) 132 (270)
MnRoad AC-20 152 (305) 141 (285)
ALF AC-5 152 (305) 141 (286)
ALF AC-10 146 (295) 136 (277)
ALF AC-20 154 (309) 143 (289)
ALF Novophalt 168 (334) 154 (309)
ALF Styrelf 173 (343) 158 (316)
WesTrack PG 64-22 152 (305) 141 (285)

The deformations were measured through two spring-
loaded LVDTs. The LVDTs were placed vertically on dia-
metrically opposite sides of the specimen. Parallel brass
studs, glued 100-mm (4-in.) apart and located approximately
25 mm (1in.) from the top and bottom of the specimen, were
used to securethe LVDTsin place.

3.3.1.1 Unconfined Testing

Two different stresslevelswere used for unconfined testing.
The stress levels for a given test temperature were selected to
produce resilient strains of less than 100 microstrains. This
limit on the resilient strain ensured that the response of the
material would be linear. The same specimens were retested
at 37.8, and 54.4°C (100 and 130°F) using stress levels that
result in high dynamic strains (500 to 1000 microstrains) and
nonlinear material response.

The unconfined dynamic (i.e.,, complex) modulus tests
were conducted at five temperatures: 9, 4.4, 21.2, 37.8, and
54.4°C (15.8, 40, 70, 100, and 130°F) using frequencies of
25, 10,5, 1, 0.5, and 0.1 Hz. Each specimen wastested in an
order of increasing temperatures using dynamic stress levels
of 13810 965 kPa (20to 140 psi) for colder temperatures(i.e.,
(9, 4.4, and 21.1°C). For the warmer temperatures, 37.8 and
54.4°C, stress levels of 46 to 48 kPa (7 to10 psi) and about
21 kPa (3 psi) were used, respectively. Upon completion of
this test sequence, each specimen was retested at 37.8 and
54.4°C using a stress level of 138 kPa (20 psi). This high
stress level caused some damage to the specimens. The
extent of the damage depended on the mixture’ s unconfined
compressive strength.

3.3.1.2 Confined Testing

The confined testing was conducted using the same tem-
peratures and frequencies as were used for the unconfined
tests. The stresslevel swere determined based upon the stress-

to-strength ratio determined using the cohesion and friction
parameters (c, ¢) from the triaxial strength test for the
warmer test temperatures of 70, 100, and 130°F (21.1, 37.8,
and 54.4°C). For the colder test temperatures, the deviatoric
stress was changed to produce at least a 20-microstrain
response. Table 17 summarizes the stress levels used for the
testing at all temperatures.

3.3.2 SST Specimens

Values of the complex shear modulus and phase angle
were collected for various combinations of strain level, tem-
perature, and frequency of loading. More temperature and
frequency combinations than are required by AASHTO TP7
were added to facilitate construction of master curves. The
tests were performed at additional strain levels to evaluate
the nonlinear response.

The initial experimental plan for the dynamic shear mod-
ulustest included testing at five temperatures (0, 40, 70, 100,
and 130°F) and five frequencies (0.01, 0.1, 1, 10, and 25 Hz).
This combination was selected to provide sufficient data for
construction of sigmoid-shaped master curves by shifting the
data from different temperatures to 70°F using numerical
optimization techniques. However, the 0°F-testing tempera-
ture was dropped because temperatures significantly below
40°F could not be maintained on a consistent basis based on
theinitial testing with the Interlaken SST.

During the MnRoad testing, the 25-Hz data were found to
be unreliable; therefore, these data were eliminated from the
ALF section testing. The other frequencies included in
AASHTO TP7 were included. Finally, the tests were con-
ducted at the normal AASHTO TP7 strain level of 100
microstrains, about 1.5 and 2.0 timesthe normal strain level.

Table 18 summarizesthefina datacollection plan. Testsat
each strain level were conducted on replicate 50-mm-thick
specimens sawed from the top and bottom of a single gyra-
tory specimen. Air void contents were measured after sawing
thefinal test specimens. For each of the ALF test sections, the
overall testing program required testing six test specimens
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TABLE 17 Stresslevels, temperaturesand frequencies used in dynamic

modulustesting

MnRoad ALF and WesTrack
Stress Temperature Dynamic Dynamic
State Stress Level Stress Level
°F °C Psi (kPa) psi (kPa)

Unconfined low stress 15.8 -9 18 (124) 80-140 (552-965)
Unconfined low stress (40 4.4 18 (124) 60-80 (414-552)
Unconfined low stress |70 21.1 18 (124) 2040 (138-275)
Unconfined low stress 100 37.8 7 (48) 7-10 (46-68)
Unconfined low stress {130 54.4 3(21) 3(21)
Unconfined high stress (100, 130 37.8,544 |18 (124) 20 (138)
Confined—20 psi 15.8 -9 20 (138) 80-140 (552-695)
Confined—20 psi 40 4.4 20 (138) 60-140 (414-965)
Confined—20 psi 70 21.1 20 (138) 60-40 (138-275)
Confined—20 psi 100, 130 37.8,54.4 |20 (138) 20 (138)
Confined—20 psi 15.8 -9 30 (206) 80-140 (552-965)
Confined—20 psi 40 4.4 30 (206) 60-140 (414-965)
Confined—20 psi 70 21.1 30 (206) 80-100 (552-689)
Confined—20 psi 100, 130 [37.8,54.4 |30 (206) 80-100 (552-689)

obtained from three gyratory specimens. For each strainlevel,
40 combinations of G* and & were collected for analysis and
for the construction of the master curves. A thermocouple
mounted at the middle of a dummy specimen that was the
same size as the test specimen was used to monitor the test
temperature. The test temperature tolerance was +1.0°F.

3.3.3 FST Specimens

The FST shear frequency sweep tests were conducted
using 150-mm diameter gyratory compacted specimens. The
specimens were sawed to a height of 2.76 £ 0.1 in. (70.0 £
2.5 mm). The specimens were tested at 100°F (37.87°C) and
130°F (54.4°C), and each specimen was tested three times.

The first test was conducted using test frequencies of 10,
5, 2, and 1 Hz (i.e,, the first decade); the second test at test
frequencies of 1, 0.5, 0.2, and 0.1 Hz (i.e., the second
decade); and thethird test was at test frequenciesof 0.1, 0.05,
0.02, and 0.01 Hz (i.e., the third decade). For the test temper-
ature of 100°F (37.7°C), three magnitudes of shear stresses

were used: 2.90, 5.80, and 8.70 psi (20, 40, and 60 kPa). The
stress levels resulted in shear strains of approximately 50 to
150 microstrains, 150 to 300 microstrains, and 300 to 500
microstrains at a frequency of 10 Hz. For tests conducted at
130°F (54.4°C), the shear stress levels used were 1.45, 2.90,
and 4.35 psi (10, 20, and 30 kPa).

3.3.4 Ultrasonic Wave Propagation Specimens

The basic procedure used in the experimental plan follows
ASTM C597, “Standard of Test Method for Pulse Velocity
Through Concrete.” A cylindrical 6 x 6-in. (150 x 150-mm)
specimen was used for the ultrasonic testing. Both ends of
each specimen were sawn to obtain a smooth surface for the
transducers. A block of Styrofoam 4.7 x 7.9 x 4-in. (130 x
200 x 100-mm) was used as a base medium for all testing.
The samples were placed in atemperature chamber 3to 4 h
before testing and then individually transferred to room tem-
perature for testing. Testing time was kept under 1 min to
minimize the temperature loss during testing.

TABLE 18 Summary of thefinal testing program for each mixture

Strain Levels, Temperature, Frequency, .
(microstrain) (°F) (Hz) Replicates
10,5,2,1,0.5,0.2,0.1, 0.05,
100, 150, 200 40, 70, 100, 130 0.02,0.01 2




The sampl e dimensionswere measured to obtain the needed
path length for the ultrasonic measurements. High vacuum
grease was applied to the transducer faces and to the test sur-
face of specimensto avoid entrapped air between the contact
surfaces. Three separate pul se time measurements were taken
from one location and then averaged. The transit time dis-
played on the display unit in microseconds was recorded.
The density (D) of specimens was determined using the sur-
face saturated (SSD) test method (AASHTO-T166, “ Stan-
dard Test Method for Bulk Specific Gravity of Compacted
Asphalt Mixtures Using Saturated Surface-Dry Specimens”).

The pulse velocity (V) was calculated dividing the mea
sured path length by the measured pulse time:

V= (25)

L
T
where

V = pulse velocity, ft/s (m/s);

L = distance between transducers, ft (m); and

T = effective transit time, s (measured time minus zero
correction, and corrected for calibration errors).

Theelastic modulus (E) was cal cul ated using Equation 26:
E =(K) DV? (26)

where

K =aconstant, K =1, used for al initial calculations and
data analysis,

E = the modulus of elasticity, psi (kPa);

D = density, y/g, where g-force = 32.19 ft/s? (p = kg/m?);

V = pulse velocity, ft/s (m/s).

Because the val ue of Poisson’ sratio was not known for the
tested material, a constant, K = 1, was used for al elastic
modulus calculations. In the analysis of the test results, an
attempt was made to estimate the value of Poisson’sratio to
correct the measured elastic modulus values.

3.3.5 Triaxial Shear Strength Specimens

Four triaxial strength tests, one unconfined and three con-
fined, were conducted for each mixture in the three experi-
mental sites to evaluate the cohesion (¢) and the angle of
internal friction (). The test was carried out on cylindrical
samples 100 mm (4 in.) in diameter and 150 mm (6 in.) in
height. Test temperatures were similar to the other tests
described. MnRoad mixtures were tested at 37.8 and 54.4°C
(100 and 130°F); ALF and WesTrack mixtures were only
tested at 54.4°C (130°F). In addition to the unconfined test,
three additional confining pressureswere used: 138, 276, and
414 kPa (20, 40, and 60 psi). The samples were loaded axi-
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ally to failure, at the selected constant confining pressure at
adtrain rate of 0.05 in./in./min (1.27 mm/mm/min).

An IPC universal testing machine (UTM 100) electro-
hydraulic system was used to |oad the specimens. Themachine
is equipped to apply up to 100 psi (690 kPa) confining pres-
sure and 22,000 |bs (100 KN) maximum vertical load. The
load was measured through the load cell; the deformations
were measured through the actuator LVDT. Thin and fully
[ubricated membranes at the sample endswere used to reduce
end friction. All tests were conducted within an environmen-
tally controlled chamber throughout the testing sequence, con-
trolled within +1°F throughout the entire test.

3.3.6 Static Creep and Repeated Load
Specimens

Static creep and repeated load tests, confined and uncon-
fined, were conducted using at least two replicate test speci-
mens for each of the mixtures to evaluate the compliance
properties and the flow time and flow number. Three repli-
cateswere used for the coarser mixtures. Thetest was carried
out on cylindrical specimens, 100 mm (4in.) in diameter and
150 mm (6 in.) in height.

An IPC universal testing machine (UTM 25-14P) electro-
pneumatic system was used to load the specimens. The
machine is equipped to apply up to 90 psi (620 kPa) confin-
ing pressure and 5,500 Ib (24.9 KN) maximum vertical load.
The load was measured through the load cell; the deforma-
tions were measured through six spring-loaded LVDTs. Two
axial LVDTswere mounted vertically on diametrically oppo-
site specimen sides. Parallel studs—mounted on the test spec-
imen, placed 100-mm (4-in.) apart, and located at the center
of the specimen—were used to secure the LVDTs in place.
The studs were glued using acommercial 5-min epoxy.

An alignment rod with a frictionless bushing was used to
keep the studs aligned at extremefailure conditions. For radial
deformations, four externally mounted LVDTSs aligned on
diametrical and perpendicular lineswere located at the center
of the specimen and along opposite specimen sides. Thin and
fully lubricated membranes at the test specimen ends were
used to warrant frictionless surface conditions. All testswere
conducted within an environmentally controlled chamber
throughout the testing sequence (i.e., the temperature was
held constant within the chamber to +1°F throughout the
entiretest). Figure 21 shows typical unconfined test setup for
either a static creep or the repeated load unconfined test. Fig-
ures 22 and 23 show the same for a confined test setup.

3.3.6.1 MnRoad Tests
MnRoad tests were performed at two temperatures,

37.8°C (100°F) and 54.4°C (130°F). Unconfined tests were
conducted at one deviatoric stress level of 207 kPa (30 psi)
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Figure 21. Vertical and radial LVDTSs setup for an uncon-
fined test.

for the 37.8°C (100°F) and two deviatoric stress levels of 69
and 207 kPa (10 and 30 psi) for the 54.4°C (130°F). For the
static creep tests, a static constant load was applied with a
variable time of load until tertiary flow occurred. For the
repested load tests, a haversine pulseload of 0.1 sand a0.9-s
dwell (i.e., rest time) was applied for atotal of 10,000 cycles.
This number was less if the test specimen failed under ter-
tiary flow before reaching this target level.

3.3.6.2 ALF Tests

ALF tests were performed a a temperature of 54.4°C
(230°F), whichwassimilar to thefield test temperature of 58°C
(136°F). Unconfined tests were conducted at two deviatoric
stress levels of 69 and 138 kPa (10 and 20 psi), and confined
testswere conducted at 138 kPa (20 psi) confining pressureand
828 kPa (120 psi) deviatoric stresslevel. WesTrack testswere
performed at a temperature of 54.4°C (130°F). Unconfined
tests were conducted at a stress level of 69 kPa (10 psi), and
confined tests were conducted at 138 kPa (20 psi) confining
pressure and 828 kPa (120 psi) deviatoric stress level.

3.3.7 Repeated Shear Permanent Deformation
Specimens

The repeated shear test at constant height is a stress-
controlled test. A repetitive shear haversine load is applied
to the specimen, and the shear deformation is measured.
Testing isdone according to AASHTO TP7. However, some
modifications were necessary for this study to harmonize the
test method with the triaxial repeated load permanent defor-
mation test.

AASHTO TP7 requires the shear load be applied with a
maximum shear stress of 69 kPa (10 psi) for aloading time
of 0.1 sand arest period of 0.6 s. The number of repetitions
applied is atotal of 5,000 or until 5-percent shear strain is
reached. An axia stress is applied to maintain constant

Figure 22. Confined test setup.

height. The test is conducted at the maximum 7-day pave-
ment temperature.

In this test program, test temperatures of 37.8 and 54.4°C
(200 and 130°F) were used, and three shear stresseswere used
for each of the test temperatures. At 100°F, the shear stresses
were 69, 138, and 207 kPa (10, 20, and 30 psi). At 130°F, the
shear stresseswere 35, 69, and 104 kPa (5, 10, and 15 psi). The
dwell period between load pulses was 0.9 s and the number of
load pulses was 10,000 or until the test specimen failed.

Two test specimens—150 mm (6 in.) in diameter and
approximately 130 t0140 mm (5.1 to 5.5 inches) in height—
were cut from each gyratory specimen, asillustrated in Fig-
ure 24. The test specimens met the AASHTO TP7 height
requirementsof 50 + 2.5 mm. Thetest specimenswere glued
to the aluminum platens for mounting in the SST (Figure
25). The specimens were instrumented in the SST to mea-
sure both shear and vertical deformations. Figure 26 shows
atest specimen with LV DT instrumentation mounted on the
side. Two L-shaped brackets are attached to the side of the
specimen.
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Figure 23. Test setup within triaxial cell with mounted
radial LVDTSs.

3.3.8 Indirect Tensile Specimens

All three indirect tensile cracking tests were carried out
according to the procedure described in the “Superpave
Models Team Inter-Laboratory Testing Manual” (46). All
test specimens were sawed from gyratory fabricated speci-
mens. The test specimen had a dimension of 38 mm (1.5-
in.) in thickness by 150 mm (6 in.) in diameter. Two repli-
cates were tested for each test. Vertica or horizontal
LVDTswere used on the specimen for measuring the hori-
zontal and vertical deformation using a gage length of 76.2
mm (3 in.) for both. The tests were carried out at one tem-
perature—12.8°C (55°F) for MnRoad and Wes Track and
21.1°C (70°F) for ALF.

3.3.8.1 Indirect Tensile Strength Test

The load was applied using a constant rate of deformation
of 50.8 mm/min (2 in./min). The strength test was stopped
when the applied load went to zero (i.e., total failure of the
specimen occurred).
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Top 150 mmdiameter
by 50 mm high
Three Saw Cuts

Bottom 150 mmdianmeter
by 50 mm high

Figure 24. Manufacture of shear test specimens from gyra-
tory specimen.

Figure 25. Test specimen prepared for testing with alu-
minum platens glued to top and bottom.

ﬁ

Figure 26. Specimen ready for testing showing horizontal
LVDT setup.
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3.3.8.2 Indirect Tensile Creep Test

The static creep test used in the study was one cycle load-
unload. Two stress levels were used: a high stress level that
equaled 10 percent of the indirect tensile strength of the
material and alow stresslevel that corresponded to 2 percent
of theindirect tensile strength of the material. A 1,000-s static
loading time was used for the test followed by another 1,000
s for unloading. The indirect tensile creep test was used to
provide the vertical and horizontal deformations as a func-
tion of time. These deformations were then used to estimate
the creep compliance parameters, as presented in Chapter 2.

3.3.8.3 Indirect Tensile Fatigue Test

Eight to twelve replicates were tested for each of the
experimental sites sections considered in the study. Theload-
ing pattern followed in the fatigue test was a haversine load

with arest period. Theloading period selected was0.1s. The
rest duration selected was 0.4 s. The stress amplitude was
kept constant and corresponding deformationswere recorded
at different times. Theload was applied until the samplefrac-
tured along the vertical diameter.

In the indirect fatigue test, horizontal deformations (i.e.,
strains) are recorded as a function of load repetitions. This
method of recording alows the resilient modulus to be esti-
mated as a function of a specific load cycle. Each specimen
issubjected to adifferent level of stress (or strain) so that the
N; or N5, will result in arange of valuesfor fracturelife. This
will allow for the development of the classic fatigue rela
tionship between N; and o (stress) or € (strain) on alog-og
model form. Different stress levels were used for each sam-
ple in order to obtain fatigue life between 100 to 100,000
load cycles. These fracture relations then can be evaluated to
see whether a relationship exists between these parameters
and the fatigue cracking measured from the road tests.




CHAPTER 4

29

ANALYSES AND COMPARISONS OF MIXTURE RESPONSE

TO PERMANENT DEFORMATION

The analysis of the permanent deformation experiment
followed the general methodology discussed in Chapter 3.
Statistical analysis using regression techniques was used to
determine the level of correlation between the measured lab-
oratory mixture response and rut depth. Graphical compar-
isons were also prepared to judge the reasonableness of the
trends in the data. This chapter summarizes the test results,
graphical comparisons, and statistical analyses of the mea-
sured response parameters and rut depths measured in each
project.

4.1 MODULUS PARAMETERS
VERSUS RUTTING

4.1.1 Triaxial Dynamic Modulus

All dynamic modulus test data are presented in the indi-
vidua test—experimental site reports devel oped by the project
team (25, 26, 35, 36, 45, and 46). Dynamic moduli measured
at 100 and 130°F at 5 Hz were selected for the correlation
analysis. The mixture response parameters included in the
statistical analysisand graphical comparisonsto rutting were
|E*| and a calculated parameter |E* |/sing.

Linear and nonlinear regression were used to fit a linear
and power model form through the data. The analysis was
performed for all test data measured at different stresslevels,
which included (1) unconfined low stress levelsin the linear
region; (2) unconfined high stress levels in the nonlinear
region; and (3) two levels of confinement (138 and 206 kPa
[20 and 30 psi]) with ahigh deviatoric stresslevel in the non-
linear region.

Table 19 presentsthe correl ation between |E* Jand |E* |/sing
and the rut depths measured at al three experimental sites.
Typical plots and analyses of the test results using the power
model for the unconfined test are shown in Figures 27 through
32. Plots of the confined tests and all analyses using the
linear regression model are provided in the individual
test—experimental site project reports.

Table 20 presents a summary of the weighted average
correlation between dynamic modulus and rutting for all
experimental projects. The statistical results show that the
unconfined tests in the linear range had the best correlation
to rutting. This was the case for both |E*| and| E*|/sing. The
correlation between rutting and dynamic modulus for the

unconfined testsin the nonlinear range was slightly less. The
statistical measures for confined testing were very poor to
fair. Overal, the stiffness parameter |E*|/sing had the best
statistical correlation with rutting.

4.1.2 Ultrasonic Wave Propagation
Elastic Modulus

All ultrasonic wave propagation test data are presented in
theindividual test—experimental site reports (24, 34, and 44).
The parameter obtained from the ultrasonic testing isthe elas-
tic modulus, E;. The measured modulus was corrected using
Poisson’s ratio because of the lateral confinement effects.
Without the correction, the elastic modulus was much larger
than the dynamic modulus, |E*|. Table 21 shows two other
moduli, Ecora @nd Ecors. These moduli were corrected using
Methods A and B asisdescribed intheindividual site reports.

Table 21 presents the correlation between rut depths and
the three wave-propagation parameters for all three experi-
mental projects. Table 22 presents the weighted average of
the correlation between elastic modulus and rutting for all
experimental sites. As shown, the correlation between the
ultrasonic test parameters and rutting was only poor to fair.

4.1.3 SST and FST Dynamic Shear Modulus

All dynamic shear modulus test data are presented in the
individual test—experimental site reports developed by the
team (19, 20, 30, and 40)- Similar to the dynamic modulus
testing, two stiffness parameters were compared with rutting:
|G*| and |G*|/sing. Both the SST and FST were used to mea-
surethe dynamic shear modulus of the HMA mixturesfor the
MnRoad test sections. Asissummarized in Table 23, the cor-
relation between the rut depths measured on the MnRoad
sections and the stiffness parameters measured with the FST
were very poor. As aresult, the FST was dropped from fur-
ther evaluation and from use on the other experimental sites.

The SST was used to measure the two stiffness parameters
at three strain amplitudes: 100, 150, and 200 microstrains.
Table 24 shows the correlation of |G*| and |G* |/sing mea-
sured at al strain amplitudes to rutting for all three experi-
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TABLE 19 Summary of the goodness-of-fit statistics, rationality and ratings of the modelsinvestigated for the dynamic

modulustesting

STATISTICAL MEASURE
TEST STRESS SITES TEST TEMP 100°F TEST TEMP 130°F
PARAMETER LEVEL
Se R2 Se/Sy | Rational Rating Se R2 Se/Sy | Rational Rating
WST 0.302 | 0.753 | 0.609 Yes Fair 0.357 | 0.656 | 0.719 Yes Fair
E* UnC-Lin ALF | 0404 | 0660 | 0.637 | Yes Fair 0.292 | 0820 | 0.460 | Yes Good
MnR 0.063 | 0.930 | 0.305 Yes Excellent | 0.092 | 0.853 | 0.443 Yes Good
WST 0.368 | 0.633 | 0.742 Yes Fair 0.470 | 0.402 | 0.947 Yes Very Poor
UnC-NonL ALF 0.331 | 0.770 | 0.521 Yes Good 0.341 | 0.760 | 0.537 Yes Good
MnR 0.086 | 0.876 | 0.407 Yes Good 0.090 | 0.861 | 0.431 Yes Good
E* Con-20-NonL WST 0.510 | 0.296 | 1.028 Yes Very Poor | 0.595 | 0.041 | 1.199 Yes Very Poor
ALF 0.407 | 0.660 | 0.641 Yes Fair 0.408 | 0.660 | 0.643 Yes Fair
Con-30-NonL WST 0.224 | 0.865 | 0.450 Yes Good 0.290 | 0.772 | 0.585 Yes Fair
ALF 0.633 | 0.170 | 0.996 Yes Very Poor | 0.528 | 0.430 | 0.831 Yes Poor
WST 0.196 | 0.896 | 0.394 Yes Good 0.041 | 0.996 | 0.082 Yes Excellent
E*/sing UnC-Lin ALF 0.311 | 0.800 | 0.489 Yes Good 0.222 | 0.900 | 0.350 Yes Good
MnR 0.066 | 0.925 | 0.316 Yes Excellent | 0.087 | 0.868 | 0.420 Yes Good
WST 0.307 | 0.896 | 0.353 Yes Good 0.212 | 0.879 | 0.426 Yes Good
UnC-NonL ALF 0.224 | 0.900 | 0.353 Yes Good 0.250 | 0.870 | 0.394 Yes Good
MnR 0.086 | 0.872 | 0.413 Yes Good 0.047 | 0.962 | 0.225 Yes Excellent
E*/sing Con-20-NonL WST 0.541 | 0.209 | 1.089 Yes Very Poor | 0.607 | 0.348 | 0.885 Yes Poor
ALF 0.334 | 0.770 | 0.526 Yes Good 0.562 | 0.350 | 0.890 Yes Poor
Con-30-NonL WST 0.608 | 0.000 | 1.225 Yes Very Poor | 0.539 | 0.215 | 1.085 Yes Very Poor
ALF 0.581 | 0.300 | 0.914 Yes Very Poor | 0.681 | 0.040 | 1.071 Yes Very Poor

mental sites. Table 25 shows the summary of the weighted
averagesfor these data. Figures 33 through 35 show the plots
of shear modulus versus rutting for the stiffness parameter
|G*|. The |G* | measured at 100 microstrains had the best cor-
relation to rutting for the SST. Plots for the other response
parameters are included in the individual test—experimental
site reports.

4.1.4 Predictive Equations
for Dynamic Modulus

The two predictive models (Witczak et a. and Bonnaure
et a. [5 and 6]) were used to calcul ate the dynamic modulus
from volumetric properties of the HMA mixture and mater-
ial properties of its components. All test section data and
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Figure 27. Linear |E*| versusrutting for the MnRoad test
sections.
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Figure 28. Linear |E*|/sing versus rutting for the MnRoad
test sections.
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Figure 29. Linear |E*| versus rutting for the ALF test
sections.
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NoTe: Sections 2 and 15 were treated as outliers and were not included in
statistical analysis.

Figure 31. Linear |E*|versusrutting for the WesTrack test
sections.
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Figure 30. Linear |E*|/sing versusrutting for the ALF test
sections.

NoTE: Sections 2 and 15 were treated as outliers and were not included in
statistical analysis.

Figure 32. Linear |E*|/sing versusrutting for the WesTrack
test sections.

TABLE 20 Summary of the goodness-of-fit statistics, rationality and ratingsfor the dynamic modulus

tests, weighted by all experimental sites

Dynamic Modulus STRESS/ 100 °F 130 °F
SPT 2J-K (5 Hz) |STRAIN LEVEL R? Se/Sy | Rational | Rating R2 Se/Sy |Rational| Rating
E* UnC-Linear 0.768 | 0.526 Yes Good 0.789 | 0.519 Yes Good
E* UnC-NonL 0.769 | 0.541 Yes Good 0.702 | 0.606 Yes Fair
E* C-20psi-NonL | 0.528 | 0.782 Yes Poor 0.435 | 0.845 Yes Poor
E* C-30psi-NonL | 0.423 | 0.797 Yes Poor 0.554 | 0.742 Yes Fair
E*/sing UnC-Linear 0.863 | 0.411 Yes Good 0.914 | 0.305 Yes Excellent
E*/sing UnC-NonL 0.890 | 0.372 Yes Good 0.901 0.349 Yes Excellent
E*/sing C-20psi-NonL | 0.566 | 0.731 Yes Fair 0.349 | 0.888 Yes Poor
E*/sing C-30psi-NonL | 0.191 | 1.027 Yes Very Poor| 0.104 | 1.076 Yes Very Poor
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TABLE 21 Summary of the goodness-of-fit statistics, rationality and ratings of the modelsinvestigated for the ultrasonic wave

propagation test parameters

STATISTICAL MEASURE
TEST STRESS SITES TEST TEMP 100°F TEST TEMP 130°F
PARAMETER LEVEL
Se R2 Se/Sy | Rational Rating Se R2 Se/Sy | Rational Rating
WST [0.3215| 0.72 | 0.648 Yes Fair 0.32 | 0.709 | 0.66 Yes Fair
Ecora ALF 0.4291]| 0.62 | 0.676 Yes Fair 0.4504 ] 0.581 | 0.709 Yes Fair
MnR 0.074 | 0.905 | 0.357 Yes Good 0.222 | 0.144 | 1.068 Yes Very Poor
WST ]0.3286] 0.708 | 0.662 Yes Fair 0.3525| 0.664 | 0.71 Yes Fair
Ecors Linear ALF 0.4284] 0.621 | 0.675 Yes Fair 0.4511] 0.58 0.71 Yes Fair
MnR 0.1 0.826 | 0.482 Yes Good 0.171 | 0.491 | 0.823 Yes Poor
WST ]0.4859] 0.361 | 0.979 Yes Very Poor | 0.4491 | 0.454 | 0.905 Yes Very Poor
Eq ALF 0.3126| 0.798 | 0.492 Yes Good 0.2076 | 0.911 | 0.327 Yes Excellent
MnR 0.159 | 0.56 0.76 Yes Poor 0.162 | 0.54 0.78 Yes Poor

TABLE 22 Summary of the goodness-of-fit statistics, rationality and ratings for the ultrasonic wave

propagation test, weighted for all experimental sites

E, Wave Propag. STRESS/ 100 °F 130 °F
SPT 2J-K STRAIN LEVEL| R? Se/Sy | Rational | Rating R? Se/Sy |Rational| Rating
Ecora Linear 0.750 | 0.554 Yes Good 0.462 | 0.823 Yes Poor
Ecors Linear 0.719 | 0.602 Yes Fair 0.572 | 0.750 Yes Fair
Eq4 (54 kHz) Linear 0.588 | 0.727 Yes Fair 0648 | 0.654 | Yes Fair

mixture properties required by these two predictive equa
tions are provided for each experimental project in the indi-
vidual test—experimental site reports developed by the proj-
ect team (25, 35, and 45). A total of 9 test sectionswere used
for the comparison studies from the MnRoad project, 7 sec-
tions from the ALF project, and 26 sections from the Wes-
Track project.

Thedtiffness parameter predicted was |E* | from the Witczak
et a. predictive equation (5) and Smfrom the Bonnaure et al.
equation (6). In addition, the phase-angle model s proposed
for use by Azari et a. (48) and Bonnaure et al. were used to
predict the phase angle of each mixture. Using the com-
puted phase angle, the stiffness parameters of |E* |/sing and
Sw/sing were also predicted by both equations. The stiffness
parameters were computed at 37.8 and 54.4°C (100 and
130°F).

Table 26 summarizesthe correl ation between the measured
rut depths and the predicted mixture stiffness parameters for

all test sections at the three experimental sites. Table 27 sum-
marizes the same information, but only for the test sections
used in the experimental |aboratory test plan. As shown, the
correlation between rut depth and cal culated dynamic modu-
lus increased when only those test sections included in the
experimental laboratory test plan were used in the analysis.
However, the correlation between the predicted |E*| and rut-
ting waslessthan that for the measured |[E* |in either case. One
possible reason for this observation is that the Witczak et a.
equation (5) was not developed from a data set containing
numerous mixtures with very high air voids.

Overdll, the Bonnaure et a. equation (6) had dightly bet-
ter correlation to the measured rut depths than did the
Witczak et al. equation (5). However, the magnitude of the
predicted modulusvaluesinthe Bonnaureet a. model are sub-
stantially lower than those obtained from the Witczak et al.
model. An excellent correlation exists, however, between the
Witczak et al. model and the measured E* 1ab values. In con-

TABLE 23 Summary of the goodness-of-fit statistics, rationality and ratings of the modelsinvestigated for the FST

shear modulustests

TEST STATISTICAL MEASURE
PARAMETER SITE TEST TEMP 100°F TEST TEMP 130°F
FST Se | R2 | seisy | Rational | Rating Se | R2 | Seisy | Rational | Rating
G* MnRoad | 0.123 | 0.07 | 1.115 Yes Very Poor | 0.119 | 0.13 | 1.074 Yes Very Poor
G*/sing MnRoad | 0.123 | 0.07 | 1.112 Yes Very Poor | 0.129 | -0.03 | 1.170 No Very Poor
G* MnRoad | 0.238 | 0.02 | 1.144 Yes Very Poor | 0.221 0.15 | 1.060 Yes Very Poor
G*/sing MnRoad | 0.236 | 0.03 | 1.135 Yes Very Poor | 0.246 | -0.05 | 1.180 No Very Poor
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TABLE 24 Summary of the goodness-of-fit statistics, rationality and ratings of the modelsinvestigated for the SST shear

modulustests
TEST STRESS STATISTICAL MEASURE
PARAMETER LEVEL SITE TEST TEMP 100 °F TEST TEMP 130 °F
Ssi Se R? | Se/Sy | Rational Rating Se R? | Se/Sy | Rational Rating
MnRoad | 0.097 | 0.838 | 0.465 Yes Good 0.105 | 0.809 | 0.505 Yes Good
1.0 ALF 0.010 | 0.625 | 0.670 Yes Fair 0.006 | 0.858 | 0.413 Yes Good
WesTrack | 0.174 | 0.680 | 0.570 Yes Fair 0.220 | 0.660 | 0.720 Yes Fair
MnRoad | 0.229 | 0.093 | 1.099 Yes Very poor | 0.194 | 0.347 | 0.933 Yes Very poor
G* 15 ALF 0.009 | 0.708 | 0.593 Yes Fair 0.005 | 0.886 | 0.370 Yes Good
WesTrack | 0.106 | 0.880 | 0.350 Yes Good 0.261 | 0.510 | 0.860 Yes Poor
MnRoad | 0.204 | 0.276 | 0.983 Yes Very Poor | 0.098 | 0.832 | 0.473 Yes Good
2.0 ALF 0.008 | 0.722 | 0.577 Yes Fair 0.007 | 0.804 | 0.485 Yes Good
WesTrack | 0.282 | 0.420 | 0.920 Yes Very Poor | 0.225 | 0.640 | 0.740 Yes Fair
MnRoad | 0.099 | 0.828 | 0.478 Yes Good 0.130 | 0.707 | 0.625 Yes Fair
1.0 ALF 0.009 | 0.653 | 0.646 Yes Fair 0.006 | 0.856 | 0.414 Yes Good
WesTrack | 0,193 | 0.730 | 0.630 Yes Fair 0.242 | 0.580 | 0.790 Yes Poor
MnRoad | 0.214 | 0.207 | 1.028 Yes Very Poor | 0.186 | 0.402 | 0.893 Yes Poor
G*/sin¢ 15 ALF 0.008 | 0.722 | 0.577 Yes Fair 0.005 | 0.885 | 0.370 Yes Good
WesTrack | 0.113 | 0.910 | 0.430 Yes Good 0.304 | 0.340 | 1.000 Yes Very Poor
MnRoad | 0.197 | 0.330 | 0.945 Yes Very Poor | 0.098 | 0.832 | 0.473 Yes Good
2.0 ALF 0.008 | 0.742 | 0.558 Yes Fair 0.007 | 0.779 | 0.516 Yes Fair
WesTrack | 0.292 | 0.390 | 0.960 Yes Very Poor | 0.211 | 0.680 | 0.690 Yes Fair
TABLE 25 Summary of the goodness-of-fit statistics, rationality and ratings of the modelsinvestigated
for the SST shear modulus, weighted by all experimental sites
Shear Modulus STRAIN LEVEL 100 °F 130 °F
SPT 2F (5Hz) (WSTRAIN) R? Se/Sy |Rational| Rating | R® | Se/Sy |Rational| Rating
G* 100 0.705 | 0.580 | Yes Good | 0.790 | 0.520 | Yes Good
G*/sind 100 0.740 | 0.570 | Yes Good | 0.780 | 0.574 | Yes Good
G* 150 0559 | 0.690 | Yes Fair 0.624 | 0.668 | Yes Fair
G*/sind 150 0.608 | 0.681 Yes Fair 0.597 | 0.691 | Yes Fair
G* 200 0.507 | 0.789 | Yes Fair 0.772 | 0.545 | Yes Good
G*/sind 200 0525 | 0.779 | Yes Fair 0.771 | 0.546 | Yes Good
MnR: Rut Depth vs. |G*| @ 130 °F (54.4 °C) ALF: Rut Depth vs. |G*| @ 130 °F (54.4 °C)
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Figure 33. Linear |G*| versusrutting for the MnRoad test

sections.

Figure 34. Linear |G*| versusrutting for the ALF test

sect

ions.
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Figure 35. Linear |G*| versus rutting for the WesTrack test
sections.

trast, the lab measured E* values are significantly different
than the Bonnaure et a. predictive model. Table 28 summa-
rizes the summary of the weighted average analysis for both
predictive equations.

4.2 STATIC CREEP PARAMETERS
VERSUS RUTTING

The results from the static confined and unconfined creep
tests for al three projects are included in the individua
test—experimental site reports (23, 33, and 43). Conventional
compliance and tertiary flow parameters were cal culated and
reported for each test replicate. These response parameters
included the intercept (a), slope (m), total compliance at a
loading timeof 1s(D1), and theflow time (F;). The averages,

TABLE 26 Summary of the goodness-of-fit statistics, rationality and ratings of the modelsinvestigated for the

prediction stiffness versus rutting using all test sections

TES STATISTICAL MEASURE
pAR,fMgTER SITE TEST TEMP_106F TEST TEMP 130F
Se R? | Se/Sy| Rational Rating Se R? | Se/Sy| Rational Rating
WST | 8.133 | 0.116] 0.959 No Very Poor | 8.146| 0.113| 0.961 No Very Poor
E* MnR 0.128 | 0.559] 0.728 Yes Fair 0.128] 0.554 | 0.731 Yes Fair
ALF 5.547 | 0.506| 0.770 Yes Poor 3.089] 0.768] 0.528 Yes Good
WST 8.345| 0.070| 0.984 Yes Very Poor | 7.963| 0.153 | 0.939 Yes Very Poor
Sm MnR 0.058 | 0.910( 0.328 Yes Excellent | 0.053] 0.923 | 0.303 Yes Excellent
ALF 4.414 | 0.855] 0.417 Yes Good 4.912] 0.834] 0.446 Yes Good
WST 8.133 | 0.116 | 0.959 No Very Poor | 8.146] 0.113| 0.961 No Very Poor
E*/sing MnR 0.128 | 0.559| 0.728 Yes Fair 0.134| 0.513] 0.764 Yes Fair
ALF 4.940 ] 0.500] 0.774 Yes Poor 2.811] 0.770] 0.525 Yes Good
WST [ 8.210] 0.099| 0.969 Yes Very Poor | 7.825] 0.182| 0.923 Yes Very Poor
Sm/sing MnR 0.056 | 0.914| 0.322 Yes Excellent | 0.050| 0.931| 0.287 Yes Excellent
ALF 4.163 | 0.859] 0.412 Yes Good 4.910| 0.835] 0.444 Yes Good

TABLE 27 Summary of the goodness-of-fit statistics, rationality and ratings of the modelsinvestigated for the
predictive stiffness ver sus rutting using all laboratory test sections

TEST STATISTICAL MEASURE
PARAMET| SITE TEST TEMP 106F TEST TEMP 136F
ER Se | R? |[se/sy| Rational| Rating Se | R? |Se/Sy| Rational [ Rating
WST | 6.417 | 0.827] 0.509 Yes Good 6.295| 0.834| 0.499 Yes Good
E* ALF 3.386 | 0.929( 0.309 Yes Excellent | 2.881] 0.948| 0.263 Yes Excellent
MnR | 0.139| 0.665| 0.669 Yes Fair 0.137] 0.675| 0.658 Yes Fair
WST | 1.383 0.992| 0.110 Yes Excellent | 0.434| 0.999| 0.034 Yes Excellent
Sm ALF 5.713 | 0.796| 0.521 Yes Good 6.304| 0.752] 0.575 Yes Fair
MnR | 0.074 ] 0.905| 0.356 Yes Good 0.063] 0.932| 0.302 Yes Excellent
WST | 6.460| 0.825] 0.512 Yes Good 6.347] 0.831 0.503 Yes Good
E*/sinp ALF 3.180 | 0.937] 0.290 Yes Excellent | 2.551| 0.959| 0.233 Yes Excellent
MnR | 0.140| 0.661| 0.673 Yes Fair 0.140] 0.661| 0.673 Yes Fair
WST | 0.967 | 0.996| 0.077 Yes Excellent | 0.240| 1.000| 0.019 Yes Excellent
Smlsind ALF 5.773] 0.792] 0.526 Yes Good 6.305( 0.752] 0.575 Yes Fair
MnR | 0.073 | 0.908| 0.350 Yes Good 0.073] 0.908| 0.350 Yes Good
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TABLE 28 Weighted summary of the goodness-of-fit statistics, rationality and ratings for the
predictive stiffness ver sus rutting using laboratory test sections

Predicted Modulus 100 °F 130 °F
SPT 2L (5Hz) R Se/Sy | Rational Rating R* | Se/Sy |Rational| Rating
E* o 0.806 | 0.495 [ Yes Good 0.818 | 0.472 | Yes Good
B /sing 0.806 | 0.490 | Yes Good 0.816 | 0.467 | Yes Good
Sm 0.891 | 0.345 | Yes Excellent | 0.887 | 0.323 | Yes | Excellent
Sm/sing 0.892 [ 0.335 | Yes Excellent | 0.879 [ 0.336 | Yes | Excellent

standard deviations, and coefficient of variation from the two
replicatesareincluded in theindividual test—experimental site
reports.

Statistical analyses were completed on all response param-
etersto determine how well these parameters correlated to the
mesasured rut depths. Tables 29 and 30 summarize the good-
ness-of-fit statistics, the rationality of the trends for the uncon-

fined and confined test results, and the subjective ratings of the
correlations for each response parameter and regression
moddl. Table 31 presentsthefinal rating weighted by al exper-
imental projects.

The flow time was the highest ranked test parameter for
the static creep test. Figures 36 through 41 are plots of the
measured rut depthsfor each test section versusthe flow time

TABLE 29 Summary of the goodness-of-fit statistics, rationality and ratings of the modelsinvestigated for the unconfined

static creep—flow time test

STATISTICAL MEASURE
TEST STRESS! MODEL o o
PARAMETER (ps) PROJECT TYPE TEST TEMP 100 °F TEST TEMP 130 °F
Se R? | Se/Sy |Rational| Rating | Se R? | Se/Sy |Rational | Rating
?88128 E MnRoad | Power | 0.032 | 0.99 | 0.137 Yes |Excellent] 0.036 | 0.98 | 0.155 Yes Excellent
Flow Time 10 ALF Power 0.181 | 0.92 | 0.310 Yes |Excellent
(FT) 20 Power 0.296 | 0.82 | 0.466 Yes Good
10 WesTrack | Power 0.152 | 0.94 | 0.306 Yes Excellent
30@100 F MnRoad | Linear | 0.175 | 0.62 | 0.758 Yes Fair 0.045 | 0.98 | 0.193 Yes Excellent
10@130 F
10 Linear 0.292 | 0.82 | 0.459 Yes Good
Slope (m) 20 AP [inear 0495 | 0.49 | 0.779 | Yes Fair
10 WesTrack | Linear 0.407 | 0.48 | 0.882 Yes Fair
?8%128 E MnRoad | Linear | 0.038 | 0.98 | 0.163 Yes |Excellent|] 0.061 | 0.95 | 0.265 Yes Excellent
C li
Do(g‘gt'i'g;f 10 ALF | Linear 0635 | 0.17 | 0.999 | Yes |Very Poor
Ti 20 Linear 0.347 | 0.75 | 0.546 Yes Good
ime
10 WesTrack | Linear 0.248 | 0.81 | 0.537 Yes Good
?gg;gg ,E MnRoad | Linear | 0.061 | 0.95 | 0.262 Yes |Excellent] 0.026 | 0.99 | 0.112 Yes Excellent
g‘;g‘g:'i’i’c: 10 ALF | Linear 0491 | 0.50 | 0.774 | Yes Fair
L g 20 Linear 0.264 | 0.86 | 0416 | Yes | Good
Time
10 WesTrack | Linear 0.206 | 0.87 | 0.447 Yes Good
30@100 F MnRoad | Linear | 0.136 | 0.77 | 0.588 Yes Good 0.170 | 0.64 | 0.735 Yes Fair
10@130 F
10 ALF Linear 0.692 | 0.01 | 1.089 - Very Poor
Intercept (a) 20 Linear 0483 | 052 | 0.760 | Yes Fair
10 WesTrack | Linear 0.305 | 0.71 | 0.661 Yes Good
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TABLE 30 Summary of the goodness-of-fit statistics, rationality and ratings of the modelsinvestigated for the confined static

creep—flow time test

STATISTICAL MEASURE
rest | ST | prosect | MODEL 0 0
PARAMETER | ©° p_sic TYPE TEST TEMP 100 °F TEST TEMP 130°F
Se | R? |Se/Sy|Rational| Rating | Se R? | Se/Sy | Rational | Rating
20-120 | MnRoad | Power | 0.167 | 0.61 | 0.719 Yes Fair 0.107 | 0.84 | 0.462 Yes Good
Flow Time (FT) | 20-140 ALF Power 0.133 | 0.97 | 0.206 Yes Excellent
20-140 |WesTrack | Power 0.304| 0.75 | 0.613 Yes Fair
20-120 | MnRoad | Linear | 0.253 | 0.20 | 1.095 Yes Poor 0.184| 0.58 | 0.794 Yes Fair
Slope (m) 20-140 ALF Linear 0.373| 0.71 | 0.588 Yes Good
20-140 |WesTrack | Linear 0.209| 0.86 | 0.453 Yes Good
20-120 | MnRoad | Linear | 0.256 [ 0.18 | 1.109 No |Very Poor| 0.038 | 0.98 | 0.166 Yes Excellent
Compliance )
D(t) at Low 20-140 ALF Linear 0.691| 0.01 | 1.088 - Very Poor
Time
20-140 |WesTrack | Linear 0.416| 0.46 | 0.901 Yes Fair
20-120 | MnRoad | Linear | 0.274 | 0.06 | 1.186 - Very Poor| 0.083 | 0.91 | 0.360 Yes Excellent
Compliance
D(t) at High 20-140 ALF Linear 0.675| 0.06 | 1.062 - Very Poor
Time
20-140 |WesTrack | Linear 0.391 | 0.52 | 0.848 Yes Fair
20-120 | MnRoad | Linear | 0.236 | 0.19 | 1.020 No Poor 0259 0.16 | 1.122 - Very Poor
Intercept (a) 20-140 ALF Linear 0.664 | 0.09 | 1.046 No Very Poor
20-140 |WesTrack | Linear 0.480( 0.28 | 1.039 Yes Poor

for the unconfined and confined static creep test, respectively.
Asshown, the flow timewas found to have an excellent com-
parison with the measured rut depths for al projects and test
sections with the exception of Test Sections 2 and 15 of the
WesTrack project (Figures 40 and 41).

This poor correlation between measured rutting and mix-
ture response for these two WesTrack sections was also evi-
dent for all other tests evaluated within this project; thus, it
appears that the reported volumetric properties of these two
sections may be inaccurate. As aresult, these two sections
were treated as outliers in all further comparison studies
because the results were consistent for all test methods and
response parametersfor these two sections. The comparisons
between the rutting and mixture responses for these two sec-
tions, however, are shown on the plots for compl eteness.

Thefollowing providesasummary of thefindingsfor each
of the response parametersfrom the static creep test. Plotsfor

all other static creep parameters were included in the indi-
vidual test—experimental site reports.

4.2.1 Unconfined Static Creep Test Parameters

In summary, al of the graphical comparisons at both tem-
peratures for the unconfined static creep test demonstrated
good-to-excellent relationships between the test parameters
and the measured rutting. The flow time showed the best
rational correlation. Thefollowing are specific findingsfrom
the analyses of the unconfined static creep test.

* Intercept Parameter (a)—The intercept showed ratio-
nal relationshipswith the rut depth. The graphical analy-
sis for this parameter showed reasonable distinction
between the mixtures. The statistics obtained for thelin-
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TABLE 31 Summary of the goodness-of-fit statistics, rationality and ratings for the static
creep—flow timetests, weighted by all experimental sites

. 100°F 130°F
Unconfined Static Creep | Model v - - < - -
R Se/Sy | Rational | Rating R Se/Sy | Rational | Rating
Flow Time (FT) Power | 0.99 | 0.137 Yes Excellent | 0.91 0.323 Yes Excellent
Slope (m) Linear | 0.62 | 0.758 Yes Fair 0.70 0.572 Yes Good
Compliance D(t) at Low Time | Linear | 0.98 | 0.163 Yes Excellent | 0.63 0.621 Yes Fair
C°mp"a"°ﬁ nf’e“) atHigh |\ inear | 0.95 | 0.262 | Yes |Excellent| 0.78 | 0464 | Yes | Good
Intercept (a) Linear | 0.77 | 0.588 Yes Good 0.42 0.837 Yes Fair
Confined Static Creep Model 100°F 130°F
R? | Se/Sy | Rational | Rating R? Se/Sy | Rational | Rating
Flow Time (FT) Power | 0.61 | 0.719 Yes Fair 0.87 | 0.388 Yes Good
Slope (m) Linear | 0.20 | 1.095 Yes Poor 0.71 0.619 Yes Fair
Compliance D(t) at Low Time | Linear | 0.18 | 1.109 No Very Poor| 0.43 0.753 Yes Fair
C°mp"a"‘ﬁ ni“) atHigh 1\ inear | 0.06 | 1.186 - |VeryPoor| 0.44 | 0.789 | Yes Fair
Intercept (a) Linear | 0.19 | 1.020 No Poor 0.16 1.068 Yes | Very Poor

accuracy.
» Slope Parameter (m)—The slope parameter showed a
positive and rational relationship with the rut depth. The

linear models had fair-to-good measures of accuracy.

measures of model

» Compliance D(t) at Long Time—The compliance at
longer time values showed rational relationships with
therut depth. Thelinear model statistics were good, and
the distinction among mixtures was also very good.

* Flow Time(F;)—Thestatisticsindicate excellent model

The graphical analysis showed a reasonable distinction
among the mixtures.
» Compliance D(t) at Short Time—The compliance at
short-time (i.e., low) values showed a positive and ratio-
nal relationship with the rut depth. The graphical analy-

sis aso showed a very good distinction among the mix-
tures. The statisticshad fair measures of model accuracy.

accuracy. The relationships obtained in the correlation
models were rational and provided good distinction
among the different mixtures.

Overall, the flow-time and the compliance parameters
showed stronger correlations with rut depth than did the
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Figure 36. Rut depth versus unconfined flow time for the
MnRoad test sections.

Figure 37. Rut depth versus confined flow time for the

MnRoad test sections.
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ALF: Confined Static Creep Test - Flow Time
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Figure 38. Rut depth versus unconfined flow time for the
ALF test sections.

intercept and slope parameters when analyzed separately.
All of themodelswererational in that the flow time decreased
as the rut depth increased. The flow-time models showed a
very good distinction among the different mixtures. Poor-
performing mixtures had the lowest flow time (i.e., the short-
est time to failure); the good-performing mixtures had the
largest flow time (i.e., the longest time to failure).

The ALF experiment provided a particularly good assess-
ment of the flow-time parameter. The high-and-wide range
of air void levels present among the different ALF mixtures
might be expected to interfere with the relationship to the
performance because densification has a strong influence on
parameters such as the intercept and compliance. The densi-
fication range, however, did not affect the onset of tertiary
flow as can be observed by the excellent rel ationship that was
found between the flow parameters and the observed section
rutting.
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Figure 39. Rut depth versus confined flow time for the ALF
test sections.

NoTE: Sections 2 and 15 treated as outliers and are not included in statistical
analysis.

Figure 40. Rut depth versus unconfined flow time for the
WesTrack test sections.

4.2.2 Confined Static Creep Test Parameters

All of the plots for the confined testing at 130°F (except
for the intercept) demonstrated fair-to-good relationships
between the test parameters and the permanent deformation
(i.e., rutting) behavior in thefield. The following are specific
findings from the analyses of the confined static creep test.

* Intercept Parameter (a)—The intercept did not show
arational relationship with the rut depth and had very
poor measures of model accuracy. No clear trend was
observed with the rut-depth measurements.

» Slope Parameter (m)—The slope parameter showed
positive and rational relationships with the rut depth.
Thelinear-model statisticswereindicative of good mea
sures of model accuracy.

WST: Confined Static Creep Test - Flow Time @
130 °F (54.4 °C)

£
f—, 60 \ Se/Sy = 0.613 -
9 \ R?=0.75 &2 Fine
% 50 \ — 04 Fine
w 40 % 15 Fine
SN
0 30 07 Coarse
;_, 20 \ + A 23 Coarse
& \A\H + 24 Coarse
8 10 < =
€ o

0 50000 100000 150000 200000

Flow Time, sec

Figure41. Rut depth versus confined flow time for the
WesTrack test sections.



» ComplianceD(t) at Short and L ong Times—The com-
pliance at both short- and long-time values showed a
rational correlation with the rut depth. The linear-model
statistics indicated fair measures of model accuracy.

* Flow Time (F;)—The flow time for the confined tests
also showed good correlation with field rut depth mea-
surements. The statistics obtained for the power models
were good. All of the models were rational in that the
flow time decreased asthe rut depth increased. Thetests
conducted at 130°F showed better goodness-of-fit sta-
tistics than did the tests conducted at 100°F.

The correlation results obtained at 130°F were generally
better than those obtained at 100°F. The slope and the flow-
time parameters can discriminate among the different mix-
tures even when a wide range of volumetric properties are
present among the different mixtures. Overall, the flow
time showed the best rational correlation and statistical
measures.

4.3 TRIAXIAL REPEATED LOAD PERMANENT
DEFORMATION PARAMETERS
VERSUS RUTTING

All of the repeated load permanent deformation data are
presented in the individual test—experimental site reports
(22, 32, and 42). The permanent deformation parameters
included the conventional intercept (a) and slope (b), resilient
strain (g, the permanent deformation characteristics of
alpha (a) and mu (p), the flow number (Fy), the permanent
strain at selected number of cycles, the resilient modulus at
flow, and the strain ratio (g,/€;) at a selected number of
cycles. The averages, standard deviations, and coefficient of
variations for the replicate test specimens were determined
and are included in the individual site reports produced by
the project team.

Statistical analyseswere completed on all response param-
eters to determine how well those parameters correlated to
the measured rut depths. Tables 32 and 33 summarize the
goodness-of -fit statistics, the rationality of the trends for the
unconfined and confined test results, and the subjective rat-
ingson thecorrelation for each response parameter and regres-
sion model. Table 34 presentsthefinal rating weighted by all
experimental projects.

The flow number wasthe highest ranked test parameter for
the triaxial repeated load permanent deformation test. Fig-
ures 42 through 46 are plots of the measured rut depths for
each test section versus the flow number for the unconfined
and confined tests. As shown, the flow humber compareswell
with the measured rut depthsfor all projects and test sections
with the exception of Test Sections2 and 15 of the WesTrack
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project. The reason and possible explanation for this diver-
gence was discussed earlier in this chapter.

Thefollowing are specific findingsfor each of the response
parameters from both the confined and unconfined triaxial
repeated load permanent deformation test. All graphical
comparisons of the repeated load permanent deformation
parameters and measured rut depths are included in the indi-
vidual test—experimental site reports.

+ Confined Versus Unconfined Tests—The statistical
measures for the correlation between the unconfined
test parameters and rutting were slightly higher than
the measures for the confined test parameters, espe-
cially for the slope, permanent strain, and flow num-
ber. However, the weighted average statistical results
and final ratings were similar for both the unconfined
and confined tests.

* Intercept Parameter—The intercept did not show any
clear trends with rut depth. The linear-model statistics
were indicative of poor measures of model accuracy.

+ Slope Parameter—The slope parameter showed a pos-
itive and rational relationship with the rut depth. The
linear model s had good measures of accuracy and good
distinction among the mixtures.

* Resilient Strain (g,)—The resilient strain showed a
positive and rational relationship with therut depth. The
linear models had fair statistical measures of accuracy.

* Mu Parameter (n)—The linear model statistics were
poor, and the distinction among the mixtures was not
clear.

* Flow Number (Fy)—All of the tertiary-flow models
were rationa in that the flow number decreased as the
rut depth increased. The power model provided good
(nearly excellent) statistical measures of accuracy.

* Permanent Strain—The permanent strain showed a
positive and rational relationship with the rut depth. The
graphical analysis also showed a very good distinction
among the mixtures. The models had good measures of
model accuracy.

* Resilient Modulus—Thedatashowed agood and ratio-
nal relationship with the rut depth. The graphical analy-
sis also showed a good distinction among the mixtures.

+ Ratio of Permanent to Elastic Strain (g,/e;)—The
ratio at 2,000 cycles showed apositive and rational rela-
tionship with the rut depth. The results also showed a
reasonabl e distinction among the mixtures. The model
statistics were indicative of fair measures of model
accuracy.

In summary, many mixture-response parameters for both
the unconfined and confined repeated load test correlated
well with the measured rut depths. These parameters cover a
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TABLE 32 Summary of the goodness-of-fit statistics, rationality and ratings of the modelsinvestigated for the
unconfined repeated load tests

STATISTICAL MEASURE
TEST MODEL = <
PARAMETER STRESS |PROJECT] TYPE TEST TEMPjOOF : TEST TEMP.130 F :
Se | R? | Se/Sy|Rational| Rating | Se | R? | Se/Sy|Rational| Rating
30@100 A MnRoad| Power | 0.07] 0.86| 0.313| Yes |[Excellent] 0.09|0.85| 0.453| Yes Good
10@130 F
Flow Number 10 ALF Power 0.1710.94| 0.295| Yes |Excellent
(Fn) 20 Power 0.28(0.84| 0.435| Yes | Good
10 WesTrack|] Power 0.21]| 0.88| 0.424| Yes Good
30@100 A MnRoad| Linear |0.154 0.59| 0.743| Yes Fair [0.055 0.95| 0.264| Yes |Excellent
10@130 A
Slope (b) 10 ALF Linear 0.201 0.92| 0.310| Yes |Excellent
20 Linear 0.26/0.86] 0.410] Yes Good
10 \WesTrack| Linear 0.31/0.70| 0.672| Yes Good
i’gglggg MnRoad| Linear |[0.053 0.95| 0.256| Yes [Excellent|0.052 0.95| 0.249| Yes |Excellent
P
g{g;":tm 10 ALF | Linear 0.26/ 0.86] 0.416] Yes | Good
- 20 Linear 0.33]0.78/ 0.520| Yes Good
N=1000
10 WesTrack| Linear 0.19/0.89| 0.408| Yes Good
Resilient ?ggggi MnRoad| Linear |0.075 0.90| 0.362| Yes [Excellent|0.141 0.65{0.680| Yes Fair
Strain 10 ALF | Linear 034]0.76| 0.5633| Yes | Good
€200 20 Linear 0.40]| 0.67| 0.629] Yes Fair
10 WesTrack| Linear 0.41]0.47| 0.881| Yes Fair
MnRoad
Mi%sd:fs”;t 10 ALF | Linear 0.14| 0.96] 0.225] Yes |Excellent
Flow 20 Linear 0.48| 0.52| 0.761| Yes Fair
10 WesTrack| Linear 0.34| 0.64| 0.739| Yes Fair
30@100 A MnRoad| Linear [0.098 0.83| 0.472| Yes Good |0.240 0.00| 1.153 - |VeryPoor
10@130 F
: 10 Linear 0.41/0.66/ 0.638] Yes Fair
/e Ratio -
Epfer el 20 ALF T inear 0.24/0.88] 0.379| Yes | Good
10 \WesTrack| Linear 0.31/0.70| 0.667| Yes Good
30@100 H )
10@130 F MnRoad| Linear [0.11Q 0.79| 0.530 - Good (0.225 0.12] 1.081 - |VeryPoor
10 Linear 0.65] 0.13] 1.021 - |VeryPoor
M
U 20 ALF T linear 0.68] 0.05] 1.068] - |VeryPoor
10 WesTrack| Linear 0.03{0.99| 0.060 - Excellent

widerange of material behavior from elastic properties, such 4.4 SST REPEATED LOAD PERMANENT
astheresilient modulus, to plastic properties, such astertiary ~ DEFORMATION PARAMETERS

. VERSUS RUTTING
flow. Overall, the slope, permanent strain, and the flow num-
ber showed good correspondence with rut depth. Among All of the shear repeated | oad permanent deformation data
these parameters, the flow number had the best statistical are presented in theindividual test—experimental site reports
measures. (21, 31, and 41). The response parameters for the repeated
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TABLE 33 Summary of the goodness-of-fit statistics, rationality and ratings of the modelsinvestigated for the confined

repeated load test

CAL MEASURE
rest | T | prosecr | MODEL T - TEST TEMP 130°F
PARAMETER | ©°~° TYPE ESTTEMP 100 F - ! :
psi Se I R? I Se/Sy |Rational| Rating Se | R® | Se/Sy|Rational| Rating
20-120 MnRoad - - Yes - 0.08 | 0.93| 0.32 Yes | Excellent
Flow Number
(FN) 20 - 140 ALF Power 0.35]0.75| 0.520| Yes Good
20-130 | WesTrack | Power Yes
20-120 MnRoad Linear |0.080{ 0.89 | 0.386 | Yes Good }0.149/0.62]0.715| Yes Fair
Slope (b) 20 - 140 ALF Linear 0.430.62|0.672| Yes Fair
20-130 | WesTrack | Linear 0.28 |0.75]10.609| Yes Good
20-120 MnRoad Linear {0.128] 0.71| 0.617 | Yes Good 0.171/0.49|0.821| Yes Fair
Permanent - .
Strain at N=1000 20 - 140 ALF Linear 0.41]0.66] 0.638| Yes Fair
20-130 | WesTrack | Linear 0.24 |0.82| 0.517| Yes Good
20-120 MnRoad Linear |0.091| 0.86 | 0.438 | Yes Good 0.129{0.71]0.621| Yes Good
Permanent -
Strain at N>5000 20 - 140 ALF Linear 0.3710.7110.589| Yes Good
20-130 | WesTrack | Linear 0.160}0.891 0.399 | Yes Good
Resilient Strain 20-120 MnRoad Linear |0.157| 0.58 | 0.753 | Yes Fair 0.197]|0.33]0.949| Yes Poor
& 20-140 ALF Linear 0.46 10.61{0.721| Yes Fair
20-130 WesTrack | Linear 0.3210.68|0.697 | Yes Fair
20-120 MnRoad Linear
Resilient - -
Modulus at Flow 20 - 140 ALF Linear 0.42]10.63]|0.663| Yes Fair
20-130 | WesTrack | Linear 0.28 10.75] 0.611 Yes Good
20-120 MnRoad Linear [0.099{ 0.82 | 0.478 | Yes Good ]0.196/0.33/0.944( Yes Poor
g,/€, Ratio 20 - 140 ALF Linear 0.37|0.73|0.569| Yes Good
20-130 | WesTrack | Linear 0.320.68]0.690| Yes Fair
20-120 MnRoad Linear |0.237] 0.02 | 1.142 - Very Poor |0.228{ 0.09| 1.101 - Very Poor
Mu (n) 20 - 140 ALF Linear 0.65]0.13| 1.024 - Very Poor
20-130 | WesTrack | Linear 0.3210.68| 0.68 - Fair
20-120 MnRoad Linear |0.231} 0.07 | 1.113 No | Very Poor |0.224|0.13| 1.078 No |Very Poor
Intercept (a) 20 - 140 ALF Linear 0.69 | 0.02] 1.087 - Very Poor
20-130 | WesTrack | Linear 0.5510.04] 1.199| Yes |VeryPoor

load permanent deformation test included the permanent
shear strain at aselected number of load repetitions, the con-
ventional slope and intercept parameters, the flow number,
the resilient shear strain (i.e., recoverable shear strain), the
resilient shear modulus, and theratio of the permanent shear
strain to total shear strain. The averages, standard devia-
tions, and coefficient of variationsfor thereplicate test spec-
imens were determined and are included in the site project
reports.

Statistical analyses were completed on all response param-
eters to determine how well those parameters correlated with
the measured rut depths. Table 35 summarizes the goodness-
of-fit statistics, therationality of thetrendsfor thetest results,
and the subjective ratings on the correl ation for each response

parameter and regression model. Table 36 presents the final
rating weighted by all experimental projects.

The permanent shear strain at 3,000 load repetitions was
the highest ranked test parameter for the SST repeated shear
constant height (RSCH) test. Figures 47 through 52 are plots
of the measured rut depths for each test section versus the
permanent shear strain at 1,000 and 3,000 load repetitions.
All other repeated load—parameter plots are included in the
individual test—experimental site reports along with all com-
binations of statistical models, temperatures, and stress lev-
els used in the study.

The SST repeated shear data showed rational trends and
fair-to-good relationships with the measured rut depths. The
permanent deformation increased with the number of load
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TABLE 34 Summary of the goodness-of-fit statistics, rationality and ratings for therepeated load tests, weighted
by all experimental sites

Unconfined Repeated Model 100°F 130°F

Load R? | Se/Sy | Rational | Rating R? Se/Sy |Rational | Rating

Flow Number (Fp) Power | 0.96 | 0.229 Yes Excellent | 0.90 0.359 Yes Good
Slope (b) Linear | 0.59 | 0.743 Yes Fair 0.87 | 0.393 Yes Good
Permanent Strain Linear | 0.95 | 0.256 Yes Excellent | 0.86 | 0.410 Yes Good
Resilient Strain Linear | 0.90 | 0.362 Yes Excellent | 0.66 | 0.652 Yes Fair
Resilient Modulus at Flow Linear 0.72 | 0.548 Yes Good
gple, Ratio Linear | 0.83 | 0.472 Yes Good 0.59 | 0.676 Yes Fair

Mu (p) Linear | 0.79 | 0.530 - Good 0.25 0.881 - Poor

Intercept (a) Linear | 0.30 | 0.964 Yes Poor 0.13 1.055 Yes Very Poor
Confined Repeated Load | Model - 1000F - - 13OOE -

R Se/Sy | Rational | Rating R Se/Sy | Rational | Rating

Flow Number (Fy) Power Yes 0.75 0.520 Yes Good
Slope (b) Linear | 0.89 | 0.386 Yes Good 0.65 | 0.670 Yes Fair
Permanent Strain Linear | 0.86 | 0.438 Yes Good 0.76 | 0.552 Yes Good
Resilient Strain Linear | 0.58 | 0.753 Yes Fair 0.54 | 0.786 Yes Fair
Resilient Modulus at Flow Linear 0.46 | 0.443 Yes Fair
gple, Ratio Linear | 0.82 | 0.478 Yes Good 0.59 | 0.716 Yes Fair

Mu () Linear | 0.02 | 1.142 - Very Poor| 0.26 | 0.962 Poor

Intercept (a) Linear | 0.07 | 1.113 No Very Poor| 0.02 1.088 Very Poor
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Figure 42. Rut depth versus unconfined flow number for

the MnRoad test sections.

Figure 43. Rut depth versus confined flow number for the
MnRoad test sections.




ALF: Unconfined Repeated Load Test -
Flow Number @ 130 °F (54.4 °C) (20 psi)
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Figure 44. Rut depth versus unconfined flow number for
the ALF test sections.

repetitions, shear stress, and temperature. The following are
specific findingsfor each of the response parametersfromthe
SST repeated shear load permanent deformation test. All
graphical comparisons of the repeated |oad permanent defor-
mation parameters and measured rut depths are included in
the individual site reports.

* Intercept Parameter—The intercept linear-model
statistics were indicative of poor measures of model
accuracy.

» Slope Parameter—The slope parameter showed a pos-
itive and rational relationship with the rut depth. The
linear models had fair measures of accuracy and good
distinction among the mixtures.
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Figure 45. Rut depth versus confined flow number for the
ALF test sections.

WST: Unconfined Repeated Load Test -
Flow Number @ 130 °F (54.4 °C)
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NoTE: Sections 2 and 15 were excluded from the analysis.

Figure 46. Rut depth versus unconfined flow number for
the WesTrack test sections.

* Resilient Strain—The resilient strain aso showed a
positive and rational relationship with therut depth. The
linear models had fair statistical measures of accuracy.

* Flow Point—Inmost cases, notertiary flow wasinduced.
The models evaluated for the cases obtained provided
fair statistical measures of accuracy.

* Resilient Modulus—The data showed afair and ratio-
nal relationship with rutting. The graphical analysisalso
showed a reasonabl e distinction among the mixtures.

» Shear Strain—The shear strain showed a positive and
rational relationship with the rut depth. The results at
3,000 cycleswere better than those at 1,000 cycles. The
graphical analysis also showed a very good distinction
among the mixtures. The models had good measures of
model accuracy.

In summary, the accumulated shear strain is the response
parameter from the SST RSCH test that had the best correla-
tion to the measured rut depth. The best correlation was
obtained at the higher test temperature and higher number of
load cycles.

4.5 TRIAXIAL SHEAR STRENGTH
PARAMETERS VERSUS RUTTING

All of the triaxia shear strength data are presented in the
individual test—experimental site reports (18, 29, and 40).
These reports summarize the maximum deviatoric stress, nor-
mal stress, and percent strain at failure for each test condition
and project. The triaxia shear strength parameters from the
Mohr—Coulomb failure envel opeincluded the cohesion (¢) and
friction angle (¢); the shear strength, the intercept parameter
(k), and the slope (y¥?) were from the Drucker—Prager failure



TABLE 35 Summary of the goodness-of-fit statistics, rationality and ratings of the modelsinvestigated for
therepeated shear tests

STATISTICAL MEASURE
PARTAE,SETER ST(ESEDS S| ProJECT NRI;EL TEST TEMP 100°F TEST TEMP 130°F
2 . T Vi T -
Se | R® |Se/Sy Rationall Rating Se R |Se/Sy Rationall Rating
MnRoad
v» 100 Cycles ALF Log-Log 8.389| 0.7710.520, Yes Good
WesTrack
MnRoad o
¥, 1000 Cycles 10 ALF Log-Log 5.324| 0.91/0.330] Yes | Excellent
WesTrack
MnRoad
¥ 3000 Cycles ALF Linear 4.517] 0.93/0.280] Yes Excellent
WesTrack
MnRoad Linear 0.108| 0.80|0.519] Yes Good
¥p 100 Cycles ALF Semi-Log 5.001] 0.92|0.310, Yes | Excellent
WesTrack| Linear 7.302| 0.6710.640 Yes Fair
MnRoad Linear 0.105| 0.81/0.503{ Yes Good
¥p 1000 Cycles| ALF Semi-Log 5.646] 0.91] 0.35| Yes Excellent
WesTrack | Linear 8.443| 0.56|0.740, Yes Fair
MnRoad Linear | 0.015] 1.00{0.072] Yes | Excellent
¥p 3000 Cycles ALF Semi-Log 3.549| 0.96(0.220, Yes Excellent
WesTrack| Linear 9.927] 0.40]0.870 - Poor
MnRoad Linear |0.240{0.00[1.154 - Very Poor| 0.240| 0.00|1.154 - Very Poor
Slope ALF Semi-Log | 7.098| 0.840.440, Yes Good
WesTrack| Linear 5.591]| 0.80|0.490 Yes Good
. MnRoad
T:;f'g;;f: ALF | Log-Log 6.614] 0.86]0.410, Yes | Good
WesTrack| Linear 6.047| 0.7710.530, Yes Good
- ’ MnRoad Linear ]0.227|0.11/1.089 - Very Poor| 0.216] 0.19|1.039 - Very Poor|
Re;‘g‘f’(‘:‘ysc‘l?'“ 15 ALF_| Log-Log 6.614] 0.86]0.410 Yes | Good
WesTrack| Linear 6.161] 0.7710.540, Yes Good
i MnRoad Linear ]0.208) 0.25|1.000] - Very Poor| 0.202| 0.29]0.973 - Very Poor
Res,:};gghﬁzear ALF__ | Log-Log 5.969] 0.88(0.370] Yes | Good
WesTrack | Power 6.960| 0.70/0.610] Yes Fair
Strain Ratio MnRoad Linear 0.208]0.01]1.149 - Very Poor| 0.215| 0.20|1.033] - Very Poor|
per Cycle ALF Linear 14.841] 0.30/0.920 - Very Poor|
WesTrack| Linear 7.645| 0.64]|0.670, Yes Fair
. . MnRoad
P?gt'@?gg'" ALF Linear ~ |10.486 0.65]0.650] Yes Fair
WesTrack| Linear 8.215] 0.59/0.720| Yes Fair
MnRoad Linear ]0.227/0.11]1.091 - Very Poor| 0.217] 0.18 | 1.044] - Very Poor
Intercept ALF Log-Log 6.937] 0.8510.430, Yes Good
WesTrack | Log-Log 11.410 0.20(1.000 - Very Poor
MnRoad Linear |0.224|0.13{1.077 - Very Poor| 0.198/0.320|0.952] - Very Poor
Flow Point ALF Linear 8.873| 0.75[0.550] Yes Good
WesTrack
MnRoad Linear ]0.221]/0.15|1.062 - | Very Poor
¥» 100 Cycles ALF
WesTrack
MnRoad Linear ]0.221]/0.15/1.065 - Very Poor
¥ 1000 Cycles 30 ___ALF ~
WesTrack
MnRoad Linear ]0.199]0.31/0.956 - Very Poor
¥p 3000 Cycles ALF i -
WesTrack

TABLE 36 Summary of the goodness-of-fit statistics,
rationality and ratingsfor therepeated shear tests, weighted

by all experimental sites
Y P MnR: Rut Depth vs. Permanent Shear Strain
o 1000 cycles, 15psi @ 130 °F
Repeated Shear MODEL 130 °F ’
SPT 2(G) R Se/Sy |Rational| Rating 0.8 4o
R?=0.58
~ 0.7 4
P @ 1000 cycles Linear | 075 | 0577 | Yes | Good g Se/Sy = 0.75 °
<06 ©16 - AC-20
o
P @ 3000 cycles Linear | 0.88 | 0392 | Yes | Good 3 05 017-AC20
Z 04 %18 - AC-20
slope . " s
Linear 0.60 0.728 Yes Fair 203 £ 020 - 120/150 PEN
. A 2 52 . / o £22 - 120/150 PEN
ntercep! Linear | 0.28 | 0982 | Yes | Poor € o, 7
Flow Point Linear | 060 | 0730 | Yes | Fair 0
000 200 400 600 800 10.00
Total Shear Strain / cycle Linear 0.64 | 0.696 Yes Fair Permanent Shear Strain (%)
Resilient Strain / cycle Linear | 060 | 0.728 | Yes | Fair ) )
reeont Modun Figure 47. Rut depth versus permanent shear strain at 1,000
esilient oaulus . N .
Linear | 042 | 0.878 | Yes | Fair load cycles for the MnRoad test sections.
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ALF: Rut Depth vs. Permanent Shear Strain
1000 cycles, 15psi @ 130 °F
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Figure 48. Rut depth versus permanent shear strain at 1,000
load cycles for the ALF test sections.
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NoTe: Sections 2 and 15 treated as outliers and are not included in statistical
analysis.

Figure 49. Rut depth versus permanent shear strain at 1,000
load cycles for the WesTrack test sections.
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Figure 50. Rut depth versus permanent shear strain at 3,000
load cycles for the MnRoad test sections.
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Figure51. Rut depth versus permanent shear strain at 3,000
load cycles for the ALF Test sections.
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Figure 52. Rut depth versus permanent shear strain at 3,000
load cycles for the WesTrack test sections.

envelope. The averages, standard deviations, and coeffi-
cient of variations from the replicates are included in the
site reports.

Statistical analyseswere completed on all response param-
eters to determine how well these parameters correlated to
the measured rut depths. Table 37 summarizes the goodness-
of-fit statistics, the rationality of the trends for the triaxial
shear strength test results, and the subjectiveratings of the cor-
relation for each response parameter and regression model.
Table 38 presents the final rating weighted by all experi-
mental projects.

Figures 53 through 55 are plots of the measured rut depths
for each test section versus the shear strength at a selected
normal stress for each project. The shear strength was the
highest-ranked test parameter from thetriaxial shear strength
test. The following are detailed findings for each of the
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TABLE 37 Summary of the goodness-of-fit statistics, rationality and ratings of the modelsinvestigated for the
triaxial shear strength tests

STATISTICAL MEASURE

PAR&FSETER PROJECT ""TC\’(E,EL TEST TEMP 100°F TEST TEMP 130°F
Se | R? | Se/Sy|Rational| Rating] Se | R? | Se/Sy| Rational| Rating
MnRoad Power [0.116]|0.77| 0.559| Yes Good | 0.078|0.90| 0.374| Yes Good
Shear Strength ALF Power 11.970, 0.54| 0.742| Yes Fair
WesTrack | Power 10.560 0.35| 0.901 No Poor
MnRoad Power [0.113|0.78| 0.546| Yes | Good | 0.235|0.04| 1.133 - Very Poor
Cohesion (c) ALF Power 13.860 0.38| 0.859 Yes Poor
WesTrack | Power 9.720| 0.45| 0.829 No Poor
MnRoad Power |0.125/0.73/ 0.601| Yes Fair | 0.237|0.02| 1.141 - Very Poor
Intercept (k) ALF Power 14.030] 0.37| 0.870 Yes Poor
WesTrack | Power 9.450| 0.48| 0.806 No Poor
MnRoad Power [0.154/0.59| 0.743| Yes Fair [ 0.134|0.69| 0.647| Yes Fair
Friction Angle ¢) ALF Power 17.220, 0.05| 1.068| Yes Very Poor
WesTrack | Power 11.940 0.17| 1.019 No Very Poor
MnRoad Power |0.118/0.76| 0.567| Yes Fair 1 0.078|0.90| 0.374| Yes Good
Slope ¢'?) ALF Power 17.210/0.05| 1.067| Yes | Very Poor
WesTrack | Power 12.220 0.13| 1.043 No Very Poor

TABLE 38 Summary of the goodness-of-fit statistics, rationality and ratingsfor the
triaxial shear strength tests, weighted by all experimental sites

Triaxial Strength Model 100°F 130°F
Test R? | Se/Sy | Rational | Rating R? | Se/Sy | Rational| Rating
Shear Strength Power | 0.77 | 0.559 Yes Good 0.52 | 0.692 Yes Fair
Cohesion (c) Power | 0.78 | 0.546 Yes Good 0.18 | 0.980 - Very Poor
Intercept (k) Power | 0.73 | 0.601 Yes Fair 0.17 | 0.987 - Very Poor
Friction Angle (¢) | Power | 0.59 | 0.743 Yes Fair 0.24 | 0.919 - Very Poor
Slope ('3 Power | 0.76 | 0.567 | Yes Fair 0.30 | 0.834 - Poor
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Figure 53. Rut depth versus shear strength for the MnRoad
test sections.

response parametersfrom the shear strength test. Plotsfor all
other shear strength test parameters are included in the indi-
vidual test—experimental site reports.

« Cohesion (c) and Intercept Parameter (k)—The sta-
tisticsfor the cohesion parameter (c) indicated good rel-
ative accuracy of model prediction at 100°F, but very
poor measures were observed at 130°F. Similar results
were found for the intercept parameter (K).

* Friction Angle (¢) and Slope Parameter (yY?)—The
results showed afair relationship between the rut depth
and the friction angle at 100°F. The results at 130°F
showed a very poor relationship between the rut depth
and friction angle.

» Shear Strength Values at Selected Normal Stress—
The statisticsfor this parameter wereindicative of good-
to-fair model accuracy. The trends between the mea
sured rut depths and shear strength wererational and did
distinguish between the extreme mixtures, except for
the WesTrack test sections.

In summary, the shear strength exhibited a rational, fair-
to-good correspondence with rutting that was measured on
each of the test sections.
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@ 130 °F (54.4 °C)

ALF: Shear Strength at 20 psi Normal Stress
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Figure 54. Rut depth versus shear strength for the ALF test

sections.
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CHAPTER 5

ANALYSES AND COMPARISONS OF MIXTURE RESPONSE TO FRACTURE

Theanalysisof thefatigue(i.e., load) and thermal (i.e., envi-
ronmental) fracture experiment followed the general method-
ology discussed in Chapter 3. Statistical analysisusing regres-
sion techniques was used to determine the level of correlation
between the measured laboratory mixture response to both
fatigue and thermal cracking. However, it must be recognized
that not al of the experimental sites investigated possessed
both load-associated fatigue cracking and thermal fracture. For
the MnRoad test sites, the observed cracking on the selected
test sections was thermal cracking. In contrast, the ALF and
WesTrack sectionswere the only experimentd sitesto exhibit
fatigue cracking (Table 5). Because a limited number of sec-
tions selected for the FHWA—-ALF study possessed fatigue
cracking (i.e., 2 thickness levels by 2 stiffness levels), a
detailed statistical correlation analysis, asdonefor all other
main experimental sites could not be done with only the two
points. Wherever possible, graphical comparisons were also
prepared to judge the reasonableness of thetrendsin the data.
This chapter summarizes the test results, graphical compar-
isons, and statistical analyses of the measured response pa-
rameters and fracture (i.e., fatigue cracking and thermal
cracking) on specific projects.

5.1 MODULUS PARAMETERS
VERSUS CRACKING

The mixture modulus for the cracking study was obtained
only from the triaxial dynamic modulus and ultrasonic wave
propagation tests. All dynamic modulus test data are pre-
sented in the individual test—experimental site reports previ-
oudly cited in Chapter 4. It isimportant for the reader to recall
the specific types of fracturethat were present for each of the
three main experimental sites evaluated.

Theresponse parameters used in the comparison studiesfor
the dynamic modulus test were the same as the parameters
used for the rutting analysis (i.e., |E*| and ¢). However, the
stiffness factor used in the statistical analysis was |E*| sing
rather than |E* |/sing. Theresponse parametersfromthe ultra-
sonic wave propagation test were the same as the parameters
used in the rutting analysis: Egy, Ecora, and Ecoge.

The correlation between modulus and cracking for all test
sectionsis provided in Table 39. Both the dynamic modulus
and elastic modulus from the ultrasonic wave propagation

tests were used in the statistical comparison. The ALF proj-
ect had only two data points. Only the rationality of the test
results could therefore be assessed. Overall, the correlation
between mixture modulus or stiffness and cracking isfair.

5.2 INDIRECT TENSILE TEST PARAMETERS
VERSUS CRACKING—GENERAL

Three indirect tensile tests were performed on the mix-
tures recovered from the three experimenta projects. the
indirect tensile strength, the indirect tensile fatigue, and the
indirect tensile creep. Numerous parameters were computed
from these tests and then regressed against the cracking data
measured on each test section.

All test data that were used in the comparisons are pre-
sented in the individual test—experimental site reports (15,
17, 26, 28, 36, and 38). Statistical analyses were completed
on al response parameters to determine how well these pa-
rameters correlated to the measured cracking at each test sec-
tion. The statistical goodness-of-fit values are presented in
Tables40 through 42 for each test. In general, the correlation
between the response parametersfrom theindirect tensile test
and cracking was poor and site dependent. The exception to
this observation was the compliance values and the tensile
strain at failure-modulus rel ationship. The creep compliance
from theindirect tensile creep test had the best correlation to
cracking for the test section included in this study.

5.3 INDIRECT TENSILE CREEP PARAMETERS
VERSUS CRACKING

Theindirect tensile creep test results and computations of
creep compliance for al three projects are included in the
individual site reports (16, 27, and 37). The cregp compli-
ance was calculated as a function of time for each test sec-
tion and mixture tested. Thetwo parameters (i.e., D, and my)
of the creep compliance equation (Equation 23) were evalu-
ated by fitting a regression model through the data. Creep
compliance at atime of 1,000 swas calculated for each cell
tested in the study and for two stress levels. The statistical
results for this parameter are summarized in Table 43.
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TABLE 39 Summary of the goodness-of-fit statistics, rationality and ratings of the modelsinvestigated for the stiffness ver sus
cracking for dynamic modulus and ultrasonic wave propagation tests

STATISTICAL MEASURE
P AR&EN?I;TER SJg}EESLS SITE TEST TEMP 40°F TEST TEMP 70°F
Se R? | Se/Sy| Rational Rating Se R? Se/Sy | Rational Rating
WST 54.03 0.09 | 1.17 No Very Poor | 54.87 | 0.06 | 1.19 No Very Poor
E*max UnC-Lin MnR 126.28 | 0.53 | 0.79 Yes Poor 170.08 | 0.15 | 1.06 Yes Very Poor
ALF Yes Yes
Con-20 - WST 56.24 0.01 1.22 No VeryPoor | 5553 | 0.04 | 1.20 No Very Poor
£ ALF Yes Yes
Con-30 - WST 20.60 | 0.87 | 0.45 Yes Good 2590 | 0.79 | 0.56 Yes Fair
ALF Yes Yes
WST 5.89 0.99 | 0.13 No Excellent 5420 | 0.08 | 1.17 Yes Very Poor
E*maxsind UnC-Lin MnR 136.65 | 0.45 | 0.85 Yes Poor 176.24 | 0.09 1.10 Yes Very Poor
ALF Yes Yes
Con-20- WST 56.09 | 0.02 | 1.21 No VeryPoor | 53.94 | 0.35 | 0.89 No Poor
E*sino ALF Yes Yes
Con-30- WST 3364 | 065 | 0.73 Yes Fair 2587 | 0.79 | 0.56 No Fair
ALF Yes Yes
Ecora WST 36.32 | 059 | 0.79 Yes Poor 36.65 | 0.58 | 0.79 Yes Poor
Ecors Linear WST 26.19 | 0.79 | 0.57 No Fair 2237 | 0.84 | 048 No Good
Eus WST 3585 | 0.60 | 0.78 Yes Poor 3587 | 060 | 0.78 Yes Poor

TABLE 40 Summary of the goodness-of-fit statistics, rationality and ratings of the modelsinvestigated for the indirect tensile

strength tests
STATISTICAL MEASURE
oaramirer | PROJECT | MODEL TEST TEMP 55°F TEST TEMP 70°F
Se R? | Se/Sy| Rational | Rating S. | R? | Se/Sy | Rational | Rating
MnRoad Linear |181.55] 0.04 | 1.133 No Very Poor
Tensile Strength ALF Yes
WesTrack Log. 38.16 | 0.55 0.826 Yes Fair
MnRoad Exp. |[167.88] 0.18 | 1.048 Yes Very Poor
Horizogttra;i;ll'ensile ALF Yes
WesTrack Linear | 55.20 |1 0