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FOREWORD
By Staff

Transportation Research
Board

This report presents the findings of a research task to identify a simple test 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, as well 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-
gous to the Marshall stability and flow tests or the Hveem stabilometer 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 106 equivalent sin-
gle axle loads [ESALs] applied over the service life of the pavement). For higher traf-
ficked projects, the original SHRP Superpave mix analysis procedures1 required a
check for tertiary creep behavior with the repeated shear at constant stress ratio test
(AASHTO TP7) and a rigorous evaluation of the mix design’s potential for permanent
deformation, fatigue cracking, and low-temperature cracking using several other com-
plex test methods in AASHTO TP7 and TP9.

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 UMCP 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 criteria were (1) accuracy (i.e., good correlation of the HMA-response char-
acteristic to actual field performance); (2) reliability (i.e., a minimum 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) experiments with 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*/sinφ, (determined from the triaxial
dynamic modulus test; (2) the flow time, Ft, determined from the triaxial static creep
test; and (3) the flow number, Fn, determined from the triaxial repeated load test. All
combinations exhibit a coefficient of determination, R2, 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. The research
team recommends the dynamic modulus, E*, measured at low test temperatures; the
modulus offers a fair 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.” 

This report includes a detailed description of the experimental program, a dis-
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 Mixtures for
Permanent Deformation;

• Appendix B: Test Method for Repeated Load Testing of Asphalt Concrete Mix-
tures in 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 Mixtures for
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) along 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
America have 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 general
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, especially 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 material characterization meth-
ods needed for detailed distress-prediction models. This
measurement would enable the use of a simple 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 II of FHWA Contract No. DTFH61-95-C-00100) to
develop all necessary test protocols, criteria, and guidelines
for the simple performance test (SPT) to support the Super-
pave volumetric mix design procedure. NCHRP Project 9-19
(“Superpave Support and Performance Models Management”)
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 allow 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 be included as a
final stage in the Superpave volumetric mix design method.
That final stage is a diagnostic evaluation—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



dynamic modulus, creep compliance, and other test methods.
Under Phase II of the FHWA contract with the University
of Maryland, the Superpave Models Team evaluated 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 II work of the FHWA
contract. Results from the initial evaluation of these test
methods clearly demonstrated that there is no “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.
This work was completed under Phase II 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 analysis was initially 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 methods that were considered in the initial 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 a questionnaire to obtain that information directly from
industry. Input from industry or the potential users of 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 distress types
that should be correlated to the SPT. Three distresses were
listed on the questionnaire: rutting, fatigue cracking, and ther-
mal cracking. On a scale of 1 to 3, the average relative impor-
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tance of the SPT’s ability 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 distress is 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:

• Initial investment cost = $36,800, and 
• Testing time = 8.6 h.

The third and final part of the questionnaire obtained
industry’s opinion on the relative 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 a scale
of 0 to 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
questionnaire.

The review of test methods by the project team, the indus-
try questionnaire, and the utility analysis resulted in a set of
preliminary recommendations for the SPT. Those tests judged

TABLE 1 Test categories for SPT



to have the greatest potential for meeting the definition of the
SPT are listed 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. 

3

1.4 SCOPE OF REPORT

This report summarizes the work completed under NCHRP
Project 9-19 to select those test methods and HMA mixture
responses that 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 2 Combinations of material properties and test methods considered in the initial evaluation (3)

TABLE 3 Results from industry questionnaire on importance of the
different factors considered in the utility analysis
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TABLE 4 Candidate test methods and responses for the SPT



5

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.

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. The test protocols
recommended for further field validation as SPTs are pro-
vided in appendixes to the report.
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CHAPTER 2

CANDIDATE TESTS AND RESPONSE PARAMETERS

Table 4 listed the test methods and mixture response para-
meters that were ranked as the “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 the triaxial 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*|, is defined as the
dynamic modulus. The dynamic modulus is mathematically
defined as the maximum (i.e., peak) dynamic stress (σo)
divided by the peak recoverable axial strain (εo):

(1)

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

E* = E′ + iE″ (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, φ, is the angle
by which εo lags behind σo. It is an indicator of the viscous
properties of the material being evaluated. Mathematically,
this is expressed as

E* = |E*| cos φ + i |E*| sin φ (3)

E* o

o
= σ

ε

(4)

where

ti = time lag between a cycle of stress and strain (s);
tp = time for a stress cycle (s); and
i = imaginary number.

For a pure elastic material, φ =0, and the complex modulus
(E*) is equal to the absolute value, or dynamic modulus. For
pure viscous materials, φ =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 modulus in shear: 

(5)

where

|G*| =shear dynamic modulus,
τ0 = peak shear stress amplitude, and
γ0 = 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 is a
strain-controlled test with the maximum shear strain lim-
ited to 0.0001 mm/mm. The shear strain is applied by a hor-

G* = τ
γ

0

0

φ = ×t
t

i

p
( )360
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izontal actuator at a frequency of 10 to 0.01 Hz using a
sinusoidal loading pattern, as shown in Figure 2a. The cylin-
drical test specimen with a diameter 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 is controlled by closed loop 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 a vertical actuator.
The direction and magnitude of the axial 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

The field shear tester (FST) was developed through NCHRP
Project 9-7 to control Superpave-designed HMA mixtures (3).
The device was designed to perform tests comparable with 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 loading frame and is capable of applying repetitive
loads of various waveforms. The FST environmental cham-
ber used during testing is separate from the loading frame. 

Figure 1. Haversine loading pattern or stress pulse for the dynamic mod-
ulus test.

Figure 2. Dynamic modulus tests in shear. (a) Schematic of
the loading pattern applied by the shear testers. (b) Super-
pave shear tester. (c) Field shear tester.
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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 proportional to the den-
sity and elastic properties of the material. For longitudinal
waves, the pulse velocity vcl is related to the density and elas-
tic properties of a solid by Equation 6:

(6)

where

vcl = velocity of sound, m/s;
ρ = density, kg/m3;
E = modulus of elasticity, Pa = N/m2; and
µ = Poisson’s ratio.

If the thickness (i.e., length) of the test specimen is known,
the longitudinal wave velocity can be calculated by measur-
ing the wave pulse time. The modulus of elasticity 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’s ratio. 

2.1.5 Dynamic Modulus Calculated from
Regression Equations

Regression equations are available to calculate 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 al. (5) and Shell Oil pre-

ν
ρ

µ
µ µcl

E= −
+ −

( )
( )( )

1
1 1 2

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

1. In the 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 parallel 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. In the 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 a strain-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 is conducted in a
load-control method of loading (i.e. by applying a con-
stant sinusoidal shear stress and measuring the shear
strain as a function 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 velocities through a material. Ultra-
sonic wave propagation tests use a piezoelectric 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 as glycerin. The sound travels through the test specimen
until it encounters a density change where it is reflected back
towards the transducer. The density change is 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 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 al. 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. This regression model (Equation 7) has the capability
to predict the dynamic modulus of dense-graded HMA mix-
tures over a range of temperatures, rates of loading, and aging
conditions from information that is readily available from
conventional binder tests and the volumetric properties of the
HMA mixture (5). 

(7)

where

|E*| =dynamic modulus, 105 psi;
η = bitumen viscosity, 106 Poise;
f = loading frequency, Hz;

Va = air void content, percent;
Vbeff = effective bitumen content, percent by volume;
ρ34 = cumulative percent retained on 19-mm sieve;
ρ38 = cumulative percent retained on 9.5-mm sieve;
ρ4 = cumulative percent retained on 4.76-mm sieve; and

ρ200 = percent passing 0.075-mm sieve.

Equation 7 is based on more than 2,800 dynamic modulus
measurements from about 200 different HMA mixtures tested
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 Oil predictive equation is
that the modulus of the dense-graded HMA mixture is related
to the modulus of the binder. The binder modulus (Sb) is deter-
mined from laboratory measurements or by the use of a nomo-
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 × 106 < Sb(N/m2) < 109,

log * . . ( ) . ( )
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. . ( ) . ( ) . ( ) . ( )
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(8)

For binder moduli in the range of 109 < Sb(N/m2) < 3 × 109,

log Sm = β2 + β4 + 2.0959 � (β1 − β2 − β4) � (log Sb − 9) (9)

where

(10a)

β2 = 8.0 + 0.00568 � Vg + 0.0002135 � Vg
2, (10b)

(10c)

β4 = 0.7582 � (β1 − β2), (10d)

Sm = modulus of the mix,
Sb = modulus of the binder,
Vb = percent volume of bitumen, and 
Vg = 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 also been used with the test to develop a failure envelope. 

The shear strength of an HMA mixture is developed prin-
cipally from two sources: (1) the cohesion, c, which reflects
the adhesion or bonding mechanism of the binder and is
derived from Mohr–Coulomb plots; and (2) the interlocking
capability of the aggregate matrix from the applied loads,
which is referred to as the angle of internal friction, φ. 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:

τ = c + σ tan φ (11)

where 

τ = shear stress;
σ = normal stress;

β3
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c = intercept parameter, cohesion; and
φ = slope of the failure envelope or the angle of internal

friction.

Typical c-values for dense-graded HMA mixtures are in
the range of 5 to 35 psi; typical φ-values range between 35°
and 48°. Triaxial tests usually require three or more levels of
confinement to accurately determine the failure envelope. 

An alternative to the Mohr–Coulomb failure envelope is
the Drucker–Prager failure envelope, which is defined by an
intercept parameter, k, and slope γ1/2 (7). The Drucker–Prager
failure envelope represents the combination of failure
stresses expressed in terms of the first invariant stress tensor,
I1, and the second invariant deviatoric stress tensor, J 2

1/2, by
the following equation:

(12)

where

J2
1/2 = (1/√3) (σ1 − σ3), and 
I1 = σ1 + 2σ3.

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 viscoelastic materials, however,
it is more advantageous to use the term compliance or D(t).
Compliance is the reciprocal of the modulus. The main advan-
tage of its use in viscoelasticity–viscoplasticity theory is that
compliance allows for the separation of the time-independent
and time-dependent components of the strain response. 

In a static compressive creep test, a total 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 the instan-
taneous elastic (i.e., recoverable) and plastic (i.e., irrecover-
able) components (which are time independent), as well as the
viscoelastic and viscoplastic components (which are time
dependent) of the material’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. The tertiary 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

J I k2
1 2 1 2

1
/ /= +γ
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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, FT,
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, as illustrated in Figure 5. 

D′ = D(t) − Do = a tm (13)

where

D′ = viscoelastic compliance component at any time,
D(t) = total compliance at any time,

Do = instantaneous compliance, 
t = loading time, and

a, m = materials regression coefficients.

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

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

Figure 5. Regression constants a and m obtained from the
secondary zone of the log compliance–log 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 a static creep test. Figure 6 shows the total 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–log 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 is to conduct several

Figure 6. Total axial strain versus time from an actual static creep test.

Figure 7. Plot of the rate of change in compliance versus loading time on a log–log
scale for a static creep test.



thousand repetitions of a repeated 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)
time is applied for the test duration—typically about 3 h or
10,000 loading cycles. 

Results from repeated load 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 (εp)
curve can be divided into three zones: primary, secondary,
and tertiary. The cycle number at which tertiary flow starts is
referred to as the “flow number.”

Figure 9 illustrates the same relationship plotted on a
log–log scale. The intercept a represents the 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-
ters are derived from the linear (i.e., secondary) portion of the
cumulative plastic strain–repetitions relationship. The clas-
sic power-law model, mathematically expressed by Equation
14, is typically used to analyze the test results:

εp = aNb. (14)

The regression constants a and b ignore the tertiary zone
of material deformability (Figure 9) and are dependent on the
material–test combination conditions. Figures 10 through 12
show plots from an actual repeated load test. Figure 11 is a
plot of the total permanent strain versus loading cycles on a
log–log 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 a plot of the rate of change in permanent strain versus
loading cycle on a log–log scale. The flow number is recorded
where the minimum slope occurs. 
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Three other mixture response parameters from the triaxial
repeated load test have been correlated to permanent defor-
mation or rutting: resilient modulus (ER), plastic strain (εp)
per load cycle, and strain ratio (εp/εr). The resilient strain (εr)
is the recoverable axial strain during the rest period of the
load cycle. The resilient shear modulus is defined as the ratio

Figure 8. Typical relationship between total cumulative
plastic strain and loading cycles.

Figure 9. Regression constants a and b when plotted on a
log–log scale.

Figure 10. Cumulative permanent strain versus loading cycles from a repeated load test.



of the applied compressive stress to 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. The first is related
to the asphalt binder modulus: stiffer binders help in resist-
ing permanent deformation because the magnitude of the
shear strains is reduced under each load application. The rate
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 strains in the aggregate skeleton. 

The second mechanism is the 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
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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 increases with increasing load 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 cycles in 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 a log–log scale is linear. 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

Figure 12. Typical plot of the rate of change in permanent strain versus loading
cycles for a repeated load test.

Figure 11. Regression constants a and b from log permanent strain versus log
number of loading cycles plot for a repeated load test.



zone. The resilient shear strain is the recoverable shear strain.
The resilient shear modulus is defined as the ratio of the shear
stress to the recoverable shear strain, and the strain ratio is
defined as the ratio of the permanent shear strain to the resilient
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 correlation 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

The indirect tensile test has been extensively used in struc-
tural design research for flexible pavements since the 1960s
and, to a lesser extent, in HMA mixture design research. It is
the test recommended for mixture characterization in the
Long-Term Pavement Performance (LTPP) Program (10) and
to support structural designs in the 1986 and 1993 AASHTO
Guide for Design of Pavement Structures (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. Properties that have
been used for evaluating moisture damage and fracture-
related distresses are the resilient modulus (under repeated
loadings) and the indirect tensile strength and failure strain (at
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a constant rate of loading) (12). Although the reliability of the
indirect tensile test to detect and predict moisture damage is
questionable, 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 calculated using Equation 16: 

(15)

where 

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

(16)

where
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Figure 13. Permanent shear strain versus number of load-
ing cycles using the SST.

Figure 14. Schematic of the indirect tensile test.



δxx = horizontal deformation across the test specimen,
µ = Poisson’s ratio, and

a, b, d = integration constants that are specimen geometry
dependent. 

The only unknowns in the equation are Poisson’s ratio and
the integration constants. The integration constants are depen-
dent on the geometry of the test specimen. The determination
of Poisson’s ratio requires both horizontal and vertical defor-
mation measurements made on the specimen, or it can be cal-
culated from the regression equation developed by Witczak
and Mirza, as shown below (13):

(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 values include indirect ten-
sile strength (St), horizontal strain at failure (εff), total frac-
ture energy (Γfr), and fracture energy to failure (Γfa). 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 developed at the
center of the specimen in the radial direction during the
loading operation for a fixed geometry. 

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

3. The energy until failure is calculated 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

µ = +
+ − ×

0 15 0 35
1 3 1849 0 04233

. .
exp( . . )Temp
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laboratory indirect tensile test. The resilient modulus is cal-
culated with Equation 18:

(18)

where

ER, MR = resilient modulus,
P = applied load,
t = thickness of the test specimens,

δxx = 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

µ = Poisson’s ratio.

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 material is defined as the number of
load cycles to specimen fracture. The horizontal deformation

Resilient Modulus E M P
t

a bR R
xx

= = = +
δ

µ( )

Figure 15. Illustration showing the determination of the
indirect tensile strength.

Figure 16. Determination of total fracture energy.

Figure 17. Determination of energy to peak load.



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.
The first is the number of cycles to complete failure (Nf);  the
second is the number of cycles at which the resilient modu-
lus is reduced to 50 percent of its original value (N50).

The loading pattern used in the indirect tensile fatigue test
is a haversine load. The loading time was 0.1 s, and the rest
period was 0.4 s. The amplitude of the load for a specific ten-
sile stress was kept constant during the test, and deformations
were recorded at various loading cycles. 

Each specimen is subjected to a different level of stress (or
strain) so that a range of values is obtained for both Nf and
N50 repetitions. This range allows the development of the
classical fatigue relationship between Nf and σ (stress) or ε
(strain) on a log–log model form, as shown in Figure 18 and
mathematically represented by Equations 19 or 20:

Nf = K1 ∗ σ K2, (19)

or 

Nf = K1 ∗ ε K2. (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 calculated using Equations 15 and 16.

Both horizontal and vertical LVDTs are used in the test to
measure the deformations under the static load for calcula-
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tion of Poisson’s ratio. Poisson’s ratio can also be calculated
using Equation 18, when only horizontal deformations are
measured. 

2.2.6.1 Strain-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 (εT) 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:

εT = εe + εp + εve + εvp (21)

where

εT = the total strain;
εe = the elastic strain, recoverable and time-independent;
εp = the plastic strain, irrecoverable and time-independent;
εve = the viscoelastic strain, recoverable and time-depen-

dent; and 
εvp = the viscoplastic 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:

Figure 18. Stress–strain versus number of load repetitions.



(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) = D1 Tm1 (23)
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t
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where

D(t) = total compliance at any time,
t = loading time, and

D1, m1 = material regression coefficients.

The regression coefficients D1 and m1 are generally referred
to as the compliance parameters and are shown in Figure 20.
These parameters are general indicators of the creep behav-
ior of the materials, similar to those parameters determined
from the triaxial compressive creep test. The Paris law’s frac-
ture parameters were also calculated in accordance with the
procedure recommended by Roque et al. (14).

Figure 19. Typical strain-time response for HMA mixtures
for a static creep test.

Figure 20. Illustration of creep-compliance versus time
from a static creep test. 
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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 HMA mix design method must be based on
a set of compromising principles that balance the volumetric
components to optimize the mix’s flexibility 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 manifestations were pursued
in this work, it is important to recognize that rutting was rated
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 distresses included in the experimental factorial.
Each test site is discussed in this chapter. 

3.1.1 Experimental Goal

The goal of the experimental plan was to use field projects
with a diverse range of distress magnitudes to select the test
methods and mixture response parameters that 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 multiple test sections that are identical with the exception
of the composition of the HMA mixture. Thus, the individ-
ual goal of each field project was to allow 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 also
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 II of the FHWA
contract resulted in a significant number of candidates for 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 wide variety of test methods and responses were used in
the laboratory effort in the first 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
were found to have inconsistent relationships or that resulted
in poor correlations with the distress magnitude were removed
from further consideration in the other projects. The test 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 responses ranked as the “best” candidates for the
SPT could be used to identify HMA mixtures that are sus-
ceptible to permanent deformation and fracture over a diverse
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 analyses were conducted to evaluate 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,
R2, standard error of estimate, Se, relative accuracy, Se/Sy, and
assessment of the model rationality. Two types of regression
models were used in the comparisons, a linear and nonlinear
model. The nonlinear model was based on the power law.
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For linear models, the coefficient of determination, R2, is
a measure of model accuracy. The standard error of estimate,
Se, reflects the likely error in our prediction. This value is
good when it is small compared with the average value of the
criterion variable. The model coefficients can sometimes be
a limiting value, as they measure the model 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 R2 is not always a good measure of model 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 R2 was
computed for comparison purposes, that computation was
based on the Se/Sy ratio as follows:

R2 = 1 − [(n − ν)/(n − 1)](Se /Sy)2 (24)

where

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

3.1.4 Evaluation Criteria

In an effort to standardize the statistical results in a “sub-
jective goodness” classification, a criterion was used to rate the
statistical analysis results. The subjective classification crite-
ria is shown in Table 7. Generally, linear trends were 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 5 Experimental site factorial for selection of the SPT

TABLE 6 Experimental test method factorial for selecting the SPT
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16 was designed with the Superpave volumetric mix design
method. Table 9 shows the target gradations for 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-
ties are 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–
Fairbanks were used in the experimental plan. These test sec-
tions included Lanes 5, 7, 8, 9, 10, 11, and 12. The fatigue
cracking sections included 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 binders were
used, as identified in Tables 10 and 11. All mixtures were
designed with the Superpave volumetric mix design method.
Table 12 shows the average in-place gradations for 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
the target 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

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 there is a range
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
(Table 5): Cells 16, 17, 18, 20, and 22. Table 8 shows the tar-
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 Cells 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

TABLE 7 Subjective classification of the goodness-of-fit
statistical parameters

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



TABLE 9 Target test specimen gradation, in-place
gradation at MnRoad

TABLE 10 Target test specimen volumetric properties for the ALF lanes based on the
in-place mixture composition—rutting lanes

TABLE 11 Target test specimen volumetric properties for the ALF lanes based on in-
place mixture composition—cracking lanes

TABLE 12 Average in-place gradation for the ALF test
lanes, percent passing

TABLE 13 Target test specimen volumetric properties for WesTrack test sections
based on in-place mixture composition—rutting sections



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-
quence, the research team decided to discard these test results
for these two sections and not to incorporate them in the final
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
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placement and compaction of the HMA mixtures for each
individual test section. 

The mixing and compaction temperatures were determined
using binder consistency test results and 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 mm in height. The test specimen’s “ideal” geom-
etry was based on the specimen size and the aggregate effects
study that was completed by the Superpave models team (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 specimens were
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 levels of confinement ranging from
0 to 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 specimens was 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; specimens were tested
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 sequential test. Two
replicates were used for all mixtures. 

TABLE 14 Target test specimen volumetric properties for WesTrack test sections
based on in-place mixture composition—cracking sections

TABLE 15 Average in-place gradation for the WesTrack
test sections



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 (1 in.) from the top and bottom of the specimen, were
used to secure the LVDTs in place.

3.3.1.1 Unconfined Testing

Two different stress levels were 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 was tested in an
order of increasing temperatures using dynamic stress levels
of 138 to 965 kPa (20 to 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 stress levels were determined based upon the stress-
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to-strength ratio determined using the cohesion and friction
parameters (c, φ) 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-
ulus test 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
the initial 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 times the normal strain level. 

Table 18 summarizes the final data collection plan. Tests at
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
the final test specimens. For each of the ALF test sections, the
overall testing program required testing six test specimens

TABLE 16 Mixing and compaction temperatures for all mixtures used in the
experimental plan



obtained from three gyratory specimens. For each strain level,
40 combinations of G* and δ 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 the third test was at test frequencies of 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
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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 × 6-in. (150 × 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 × 7.9 × 4-in. (130 ×
200 × 100-mm) was used as a base medium for all testing.
The samples were placed in a temperature chamber 3 to 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 the final testing program for each mixture

TABLE 17 Stress levels, temperatures and frequencies used in dynamic
modulus testing



The sample dimensions were 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 specimens to avoid entrapped air between the contact
surfaces. Three separate pulse 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:

(25)

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). 

The elastic modulus (E) was calculated using Equation 26:

E = (K) DV 2 (26)

where

K = a constant, K = 1, used for all initial calculations and
data analysis;

E = the modulus of elasticity, psi (kPa);
D = density, γ/g, where g-force = 32.19 ft/s2 (ρ = kg/m3);
V = pulse velocity, ft/s (m/s).

Because the value of Poisson’s ratio was not known for the
tested material, a constant, K = 1, was used for all elastic
modulus calculations. In the analysis of the test results, an
attempt was made to estimate the value of Poisson’s ratio 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 (c) and the angle of
internal friction (φ). 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 pressures were 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
a strain 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 load the specimens. The machine
is equipped to apply up to 100 psi (690 kPa) confining pres-
sure and 22,000 lbs (100 KN) maximum vertical load. The
load was measured through the load cell; the deformations
were measured through the actuator LVDT. Thin and fully
lubricated membranes at the sample ends were 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-
cates were used for the coarser mixtures. The test was carried
out on cylindrical specimens, 100 mm (4 in.) 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 lb (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 LVDTs were 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 a commercial 5-min epoxy. 

An alignment rod with a frictionless bushing was used to
keep the studs aligned at extreme failure conditions. For radial
deformations, four externally mounted LVDTs aligned on
diametrical and perpendicular lines were 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 tests were
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
entire test). 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)



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
repeated load tests, a haversine pulse load of 0.1 s and a 0.9-s
dwell (i.e., rest time) was applied for a total 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 at a temperature of 54.4°C
(130°F), which was similar to the field 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
tests were conducted at 138 kPa (20 psi) confining pressure and
828 kPa (120 psi) deviatoric stress level. WesTrack tests were
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 is done 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 a loading time
of 0.1 s and a rest period of 0.6 s. The number of repetitions
applied is a total of 5,000 or until 5-percent shear strain is
reached. An axial stress is applied to maintain constant
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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
(100 and 130°F) were used, and three shear stresses were 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 stresses were 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 to140 mm (5.1 to 5.5 inches) in height—
were cut from each gyratory specimen, as illustrated in Fig-
ure 24. The test specimens met the AASHTO TP7 height
requirements of 50 ± 2.5 mm. The test specimens were 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
a test specimen with LVDT instrumentation mounted on the
side. Two L-shaped brackets are attached to the side of the
specimen. 

Figure 21. Vertical and radial LVDTs setup for an uncon-
fined test.

Figure 22. Confined test setup.



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. Vertical or horizontal
LVDTs were 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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Figure 23. Test setup within triaxial cell with mounted
radial LVDTs.

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.

Figure 26. Specimen ready for testing showing horizontal
LVDT setup.



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 a low stress level that corresponded to 2 percent
of the indirect 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. The load-
ing pattern followed in the fatigue test was a haversine load
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with a rest period. The loading period selected was 0.1 s. The
rest duration selected was 0.4 s. The stress amplitude was
kept constant and corresponding deformations were recorded
at different times. The load was applied until the sample frac-
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 allows the resilient modulus to be esti-
mated as a function of a specific load cycle. Each specimen
is subjected to a different level of stress (or strain) so that the
Nf or N50 will result in a range of values for fracture life. This
will allow for the development of the classic fatigue rela-
tionship between Nf and σ (stress) or ε (strain) on a log–log
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.
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CHAPTER 4

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-
vidual test–experimental site reports developed 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 analysis and graphical comparisons to rutting were
|E*| and a calculated parameter |E*|/sinφ. 

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 stress levels,
which included (1) unconfined low stress levels in 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 a high deviatoric stress level in the non-
linear region. 

Table 19 presents the correlation between |E*|and |E*|/sinφ
and the rut depths measured at all 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*|/sinφ. The
correlation between rutting and dynamic modulus for the

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

4.1.2 Ultrasonic Wave Propagation 
Elastic Modulus

All ultrasonic wave propagation test data are presented in
the individual test–experimental site reports (24, 34, and 44).
The parameter obtained from the ultrasonic testing is the elas-
tic modulus, Ed. 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 and ECORB. These moduli were corrected using
Methods A and B as is described in the individual 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*|/sinφ. Both the SST and FST were used to mea-
sure the dynamic shear modulus of the HMA mixtures for the
MnRoad test sections. As is summarized 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 a result, 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*|/sinφ mea-
sured at all strain amplitudes to rutting for all three experi-



mental sites. Table 25 shows the summary of the weighted
averages for 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. 
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4.1.4 Predictive Equations 
for Dynamic Modulus

The two predictive models (Witczak et al. and Bonnaure
et al. [5 and 6]) were used to calculate the dynamic modulus
from volumetric properties of the HMA mixture and mater-
ial properties of its components. All test section data and

TABLE 19 Summary of the goodness-of-fit statistics, rationality and ratings of the models investigated for the dynamic
modulus testing

Figure 27. Linear |E*| versus rutting for the MnRoad test
sections.

Figure 28. Linear |E*|/sinφversus rutting for the MnRoad
test sections.
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Figure 29. Linear |E*| versus rutting for the ALF test 
sections.

Figure 30. Linear |E*|/sinφversus rutting for the ALF test
sections.

Figure 31. Linear |E*| versus rutting for the WesTrack test
sections.

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

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

Figure 32. Linear |E*|/sinφversus rutting for the WesTrack
test sections.

TABLE 20 Summary of the goodness-of-fit statistics, rationality and ratings for the dynamic modulus
tests, weighted by all experimental sites



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 sections were used
for the comparison studies from the MnRoad project, 7 sec-
tions from the ALF project, and 26 sections from the Wes-
Track project.

The stiffness parameter predicted was |E*| from the Witczak
et al. predictive equation (5) and Sm from the Bonnaure et al.
equation (6 ). In addition, the phase-angle models proposed
for use by Azari et al. (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*|/sinφand
Sm/sinφwere also predicted by both equations. The stiffness
parameters were computed at 37.8 and 54.4°C (100 and
130°F).

Table 26 summarizes the correlation between the measured
rut depths and the predicted mixture stiffness parameters for
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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 laboratory test plan. As shown, the
correlation between rut depth and calculated 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 was less than that for the measured |E*|in either case. One
possible reason for this observation is that the Witczak et al.
equation (5) was not developed from a data set containing
numerous mixtures with very high air voids.

Overall, the Bonnaure et al. equation (6) had slightly bet-
ter correlation to the measured rut depths than did the
Witczak et al. equation (5). However, the magnitude of the
predicted modulus values in the Bonnaure et al. 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* lab values. In con-

TABLE 23 Summary of the goodness-of-fit statistics, rationality and ratings of the models investigated for the FST
shear modulus tests

TABLE 21 Summary of the goodness-of-fit statistics, rationality and ratings of the models investigated for the ultrasonic wave
propagation test parameters

TABLE 22 Summary of the goodness-of-fit statistics, rationality and ratings for the ultrasonic wave
propagation test, weighted for all experimental sites
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TABLE 24 Summary of the goodness-of-fit statistics, rationality and ratings of the models investigated for the SST shear
modulus tests

TABLE 25 Summary of the goodness-of-fit statistics, rationality and ratings of the models investigated
for the SST shear modulus, weighted by all experimental sites

Figure 34. Linear |G*| versus rutting for the ALF test
sections.

Figure 33. Linear |G*| versus rutting for the MnRoad test
sections.
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trast, the lab measured E* values are significantly different
than the Bonnaure et al. 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 all three projects are included in the individual
test–experimental site reports (23, 33, and 43). Conventional
compliance and tertiary flow parameters were calculated and
reported for each test replicate. These response parameters
included the intercept (a), slope (m), total compliance at a
loading time of 1 s (D1), and the flow time (FT). The averages,

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

TABLE 27 Summary of the goodness-of-fit statistics, rationality and ratings of the models investigated for the
predictive stiffness versus rutting using all laboratory test sections

TABLE 26 Summary of the goodness-of-fit statistics, rationality and ratings of the models investigated for the
prediction stiffness versus rutting using all test sections



standard deviations, and coefficient of variation from the two
replicates are included in the individual test–experimental site
reports.

Statistical analyses were completed on all response param-
eters to determine how well these parameters correlated to the
measured rut depths. Tables 29 and 30 summarize the good-
ness-of-fit statistics, the rationality of the trends for the uncon-
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fined and confined test results, and the subjective ratings of the
correlations for each response parameter and regression
model. Table 31 presents the final rating weighted by all 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 depths for each test section versus the flow time

TABLE 28 Weighted summary of the goodness-of-fit statistics, rationality and ratings for the
predictive stiffness versus rutting using laboratory test sections

TABLE 29 Summary of the goodness-of-fit statistics, rationality and ratings of the models investigated for the unconfined
static creep–flow time test



for the unconfined and confined static creep test, respectively.
As shown, the flow time was found to have an excellent com-
parison with the measured rut depths for all 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 a result, these two sections
were treated as outliers in all further comparison studies
because the results were consistent for all test methods and
response parameters for these two sections. The comparisons
between the rutting and mixture responses for these two sec-
tions, however, are shown on the plots for completeness. 

The following provides a summary of the findings for each
of the response parameters from the static creep test. Plots for
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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, all 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. The following are specific findings from
the analyses of the unconfined static creep test. 

• Intercept Parameter (a)—The intercept showed ratio-
nal relationships with the rut depth. The graphical analy-
sis for this parameter showed reasonable distinction
between the mixtures. The statistics obtained for the lin-

TABLE 30 Summary of the goodness-of-fit statistics, rationality and ratings of the models investigated for the confined static
creep–flow time test



ear models showed fair-to-good measures of model
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.
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 also showed a very good distinction among the mix-
tures. The statistics had fair measures of model accuracy. 
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• Compliance D(t) at Long Time—The compliance at
longer time values showed rational relationships with
the rut depth. The linear model statistics were good, and
the distinction among mixtures was also very good. 

• Flow Time (FT)—The statistics indicate excellent model
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

TABLE 31 Summary of the goodness-of-fit statistics, rationality and ratings for the static
creep–flow time tests, weighted by all experimental sites

Figure 37. Rut depth versus confined flow time for the
MnRoad test sections.

Figure 36. Rut depth versus unconfined flow time for the
MnRoad test sections.



intercept and slope parameters when analyzed separately.
All of the models were rational 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 relationship that was
found between the flow parameters and the observed section
rutting.
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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 the field. The following are specific
findings from the analyses of the confined static creep test. 

• Intercept Parameter (a)—The intercept did not show
a rational 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.
The linear-model statistics were indicative of good mea-
sures of model accuracy. 

Figure 41. Rut depth versus confined flow time for the
WesTrack test sections.

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 38. Rut depth versus unconfined flow time for the

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



• Compliance D(t) at Short and Long 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 (FT)—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 as the rut depth increased. The tests
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 (εr), the permanent deformation characteristics of
alpha (α) and mu (µ), the flow number (FN), the permanent
strain at selected number of cycles, the resilient modulus at
flow, and the strain ratio (εp/εr) 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 analyses were 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-
ings on the correlation for each response parameter and regres-
sion model. Table 34 presents the final rating weighted by all
experimental projects. 

The flow number was the 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 number compares well
with the measured rut depths for all projects and test sections
with the exception of Test Sections 2 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. 

The following are specific findings for 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 models had good measures of accuracy and good
distinction among the mixtures. 

• Resilient Strain (�r)—The resilient strain showed a
positive and rational relationship with the rut depth. The
linear models had fair statistical measures of accuracy. 

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

• Flow Number (FN)—All of the tertiary-flow models
were rational 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—The data showed a good 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 (�p /�r)—The
ratio at 2,000 cycles showed a positive and rational rela-
tionship with the rut depth. The results also showed a
reasonable 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



wide range of material behavior from elastic properties, such
as the resilient modulus, to plastic properties, such as tertiary
flow. Overall, the slope, permanent strain, and the flow num-
ber showed good correspondence with rut depth. Among
these parameters, the flow number had the best statistical
measures.
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4.4 SST REPEATED LOAD PERMANENT
DEFORMATION PARAMETERS 
VERSUS RUTTING

All of the shear repeated load permanent deformation data
are presented in the individual test–experimental site reports
(21, 31, and 41). The response parameters for the repeated

TABLE 32 Summary of the goodness-of-fit statistics, rationality and ratings of the models investigated for the
unconfined repeated load tests



load permanent deformation test included the permanent
shear strain at a selected 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 the ratio of the permanent shear
strain to total shear strain. The averages, standard devia-
tions, and coefficient of variations for the replicate 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, the rationality of the trends for the test results,
and the subjective ratings on the correlation for each response
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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

TABLE 33 Summary of the goodness-of-fit statistics, rationality and ratings of the models investigated for the confined
repeated load test



TABLE 34 Summary of the goodness-of-fit statistics, rationality and ratings for the repeated load tests, weighted
by all experimental sites
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Figure 43. Rut depth versus confined flow number for the
MnRoad test sections.

Figure 42. Rut depth versus unconfined flow number for
the MnRoad test sections.



repetitions, shear stress, and temperature. The following are
specific findings for each of the response parameters from the
SST repeated shear load permanent deformation test. All
graphical comparisons of the repeated load 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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• Resilient Strain—The resilient strain also showed a
positive and rational relationship with the rut depth. The
linear models had fair statistical measures of accuracy. 

• Flow Point—In most cases, no tertiary flow was induced.
The models evaluated for the cases obtained provided
fair statistical measures of accuracy. 

• Resilient Modulus—The data showed a fair and ratio-
nal relationship with rutting. The graphical analysis also
showed a reasonable distinction among the mixtures. 

• Shear Strain—The shear strain showed a positive and
rational relationship with the rut depth. The results at
3,000 cycles were 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 triaxial 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 triaxial shear strength parameters from the
Mohr–Coulomb failure envelope included the cohesion (c) and
friction angle (φ); the shear strength, the intercept parameter
(k), and the slope (γ1/2) were from the Drucker–Prager failure

Figure 45. Rut depth versus confined flow number for the
ALF test sections.

Figure 44. Rut depth versus unconfined flow number for
the ALF test sections.

NOTE: Sections 2 and 15 were excluded from the analysis.

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



TABLE 35 Summary of the goodness-of-fit statistics, rationality and ratings of the models investigated for
the repeated shear tests

TABLE 36 Summary of the goodness-of-fit statistics,
rationality and ratings for the repeated shear tests, weighted
by all experimental sites

Figure 47. Rut depth versus permanent shear strain at 1,000
load cycles for the MnRoad test sections.
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envelope. The averages, standard deviations, and coeffi-
cient of variations from the replicates are included in the
site reports.

Statistical analyses were 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 subjective ratings 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 the triaxial shear strength
test. The following are detailed findings for each of the

Figure 51. Rut depth versus permanent shear strain at 3,000
load cycles for the ALF Test sections.

Figure 48. Rut depth versus permanent shear strain at 1,000
load cycles for the ALF test sections.

Figure 50. Rut depth versus permanent shear strain at 3,000
load cycles for the MnRoad test sections.

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.

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

Figure 52. Rut depth versus permanent shear strain at 3,000
load cycles for the WesTrack test sections.
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TABLE 38 Summary of the goodness-of-fit statistics, rationality and ratings for the
triaxial shear strength tests, weighted by all experimental sites

TABLE 37 Summary of the goodness-of-fit statistics, rationality and ratings of the models investigated for the
triaxial shear strength tests
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response parameters from the shear strength test. Plots for all
other shear strength test parameters are included in the indi-
vidual test–experimental site reports.

• Cohesion (c) and Intercept Parameter (k)—The sta-
tistics for 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 (�1/2)—The
results showed a fair 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 statistics for this parameter were indicative of good-
to-fair model accuracy. The trends between the mea-
sured rut depths and shear strength were rational 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.

Figure 54. Rut depth versus shear strength for the ALF test
sections.

Figure 53. Rut depth versus shear strength for the MnRoad
test sections.

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

Figure 55. Rut depth versus shear strength for the WesTrack
test sections.
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CHAPTER 5

ANALYSES AND COMPARISONS OF MIXTURE RESPONSE TO FRACTURE

The analysis of the fatigue (i.e., load) and thermal (i.e., envi-
ronmental) fracture experiment followed the general method-
ology discussed in Chapter 3. Statistical analysis using 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 all 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 sections were the only experimental sites to 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, as done for 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 the trends in 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-
ously cited in Chapter 4. It is important for the reader to recall
the specific types of fracture that were present for each of the
three main experimental sites evaluated. 

The response parameters used in the comparison studies for
the dynamic modulus test were the same as the parameters
used for the rutting analysis (i.e., |E*| and φ). However, the
stiffness factor used in the statistical analysis was |E*| sinφ
rather than |E*|/sinφ. The response parameters from the ultra-
sonic wave propagation test were the same as the parameters
used in the rutting analysis: Ed, ECORA, and ECORB.

The correlation between modulus and cracking for all test
sections is 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 is fair. 

5.2 INDIRECT TENSILE TEST PARAMETERS
VERSUS CRACKING—GENERAL

Three indirect tensile tests were performed on the mix-
tures recovered from the three experimental 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 all 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
Tables 40 through 42 for each test. In general, the correlation
between the response parameters from the indirect 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 relationship. The creep compliance
from the indirect 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

The indirect tensile creep test results and computations of
creep compliance for all three projects are included in the
individual site reports (16, 27, and 37). The creep compli-
ance was calculated as a function of time for each test sec-
tion and mixture tested. The two parameters (i.e., D1 and m1)
of the creep compliance equation (Equation 23) were evalu-
ated by fitting a regression model through the data. Creep
compliance at a time of 1,000 s was 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 models investigated for the stiffness versus
cracking for dynamic modulus and ultrasonic wave propagation tests

TABLE 40 Summary of the goodness-of-fit statistics, rationality and ratings of the models investigated for the indirect tensile
strength tests
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5.3.1 MnRoad

Figure 56 shows the creep compliance values at a time of
1,000 s [D(1,000)] for low-stress levels plotted as a function
of the MnRoad thermal cracking data. Higher correlation
was observed for the low-stress level compared with the
high-stress level. The average observed cracking decreased
with the increase of creep compliance. The models had good
measures of model accuracy. 

5.3.2 ALF

Figure 57 shows the values of D(1,000) for low-stress lev-
els plotted as a function of the number of wheel repetitions
at the ALF project to obtain 100-m fatigue cracking. At the
low-stress level, Lane 4 (i.e., stiffer binder and thick pave-
ment) had the highest compliance at 1,000 s. Lane 2 on the
other hand had the least compliance. The trend of the pave-
ment thickness is reversed in the low-stress level. In other
words, using a stiffer binder gave higher compliance for the
thick pavement but lower compliance for the thin pavement.

No correlation could be obtained from the ALF mixtures
because of the difference in pavement thickness between the
sections.

5.3.3 WesTrack

Figure 58 shows the values of D(1,000) for low-stress lev-
els plotted as a function of the percentage area of fatigue crack-
ing for the WesTrack project. Fair correlation was obtained for
the low-stress level compared with the high-stress level. The
observed percent fatigue cracking increased with an increase
in creep compliance. 

5.4 INDIRECT TENSILE STRENGTH
PARAMETERS VERSUS CRACKING

All indirect tensile strength test data are presented in the
individual test–experimental site reports developed by the
project team (15, 26, and 36). The response parameters from
the indirect tensile strength test included the tensile strength,

TABLE 41 Summary of the goodness-of-fit statistics, rationality and ratings of the models investigated for the indirect tensile
fatigue tests
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tensile strain at failure, fracture energy, and energy at failure.
Table 40 summarizes the results from the graphical compar-
isons and statistical measures of the correlation between the
individual response parameters and cracking. Overall, the
individual response parameters have a poor–to–very poor
correlation to cracking. 

A brief comparison was completed using the indirect ten-
sile strain at failure and modulus and the cracking data mea-
sured at each of the three projects. The indirect tensile strain
at failure was determined in accordance with the procedure

documented in NCHRP Report 338 (12). Two modulus val-
ues were used in the comparison: the triaxial dynamic mod-
ulus and the resilient modulus calculated from the repeated
load indirect tensile fatigue test. 

The rationality of the relationship and comparison was
good—as the failure strain increased, cracking decreased.
In addition, the relationship between modulus (either the
dynamic modulus or resilient modulus) and tensile strain at
failure discriminated between those mixtures susceptible to
cracking and those that were not susceptible to cracking.

TABLE 42 Summary of the goodness-of-fit statistics, rationality and ratings of the models investigated for the indirect
tensile creep tests
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5.5 INDIRECT TENSILE FATIGUE
PARAMETERS VERSUS CRACKING

All indirect tensile fatigue test data are presented in the
individual test–experimental site reports (17, 28, and 38).
The response parameters from the indirect tensile fatigue test
included (1) the tensile stress intercept and the slope of the
relationship between tensile stress and the number of loading
cycles to total failure (i.e., cracking) and to a 50-percent
reduction in resilient modulus; (2) the tensile strain intercept
and slope of the relationship between tensile strain and the
number of loading cycles to total failure and to a 50-percent
reduction in resilient modulus; and (3) the resilient modulus
and the stress-to-strength ratio. 

Table 41 summarized the results from the graphical com-
parisons and statistical measures of the correlation between
the response parameters and cracking. Overall, the corre-
lation to cracking was site dependent. The stress-to-strength
ratio gave the better statistical measures for the correlation. 

Figure 56. Thermal cracking versus indirect tensile creep
compliance at 1,000 s for the MnRoad test sections.

Figure 57. Fatigue cracking versus indirect tensile creep
compliance at 1,000 s for the ALF test sections.

Figure 58. Fatigue cracking versus indirect tensile creep
compliance at 1,000 s for the WesTrack test sections.

TABLE 43 Summary of the goodness-of-fit statistics, rationality and ratings of the
models investigated for the creep compliance parameter



53

CHAPTER 6

SUMMARY OF FINDINGS

6.1 TEST METHODS APPLICABLE 
FOR THE SPT

Industry representatives were interviewed during the first
part of Task C to determine which distress type was most
important in support of the Superpave volumetric mix design
procedure. Overwhelmingly, rutting (i.e., permanent defor-
mation) was identified as the most important distress. As a
result, most follow-up work regarding the SPT was devoted to
developing correlations between HMA mixture response
parameters and rutting. Fracture, however, also was consid-
ered an important distress in the long-term performance of
HMA mixtures. As a result, the Superpave models team has
continued to pursue the use of the SPT for analysis of fracture-
related distresses, primarily load-related fatigue cracking. 

There were specific requirements for developing the SPT: 

• The SPT is to be used in support of the Superpave vol-
umetric mix design procedure.

• The SPT must test HMA specimens compacted with
SGC devices.

• The SPT must accurately measure true fundamental
responses or properties of HMA mixtures, or both.

• The SPT must be based on existing technology and
equipment (i.e., require no new test development).

• Responses measured with the SPT need not predict the
entire performance history, but the test must identify
inferior HMA mixtures (i.e., must determine a mix’s
relative susceptibility to excessive distortion and frac-
ture under defined conditions).

• Properties determined from the SPT should be tied to the
advanced mixture characterization methods being devel-
oped under other tasks of NCHRP Project 9-19, “Super-
pave Support and Performance Models Management.”

Numerous test methods and mixture response parameters
that satisfy the above requirements were used in the experi-
mental test plan for determining the correspondence between
the test results and the magnitude of rutting and cracking.
Some of the test methods and equipment have been used for
decades for evaluating the performance characteristics of
HMA mixtures, while others have been recently developed.
The following sections summarize the findings from the lab-
oratory study and correlation to performance for the three

distresses considered (i.e., rutting, fatigue cracking, and ther-
mal cracking).

6.1.1 SPT for Permanent Deformation—Rutting

Five laboratory tests consistently had parameters that
resulted in an overall good-to-excellent correlation to the
measured rut depths. These test methods and responses are
the dynamic modulus as measured by the SST and triaxial
compression tests at high temperatures, the flow time as mea-
sured by the triaxial creep test, the cumulative permanent
strain measured at 1,000 loading cycles using the triaxial
repeated load test, and the permanent shear strain measured
at 1,000 loading cycles using the SST RSCH test.

6.1.1.1 Summary of Advantages and
Disadvantages of Candidate Test Methods 

Table 44 summarizes the advantages and disadvantages
for each test method and response parameter found to be
highly correlated to the amount of rutting. These advantages
and disadvantages were the consensus of the project team
and were based on the results of the testing program included
in this study and previous test programs. As shown, each test
method has advantages and disadvantages regarding its use
for the SPT.

6.1.1.2 Ranking and Selection of Test Methods
and Responses

The purpose of the statistical analysis of all test data was
to find the best laboratory test method and parameter that sat-
isfy the requirements of the SPT. The utility analysis sum-
marized in Chapter 1 addressed several issues related to the
selection process of the SPT. Some of these factors were as
follows:

• Reliability of the test parameter to distinguish among
the performance of a wide range of mixtures, 

• Repeatability of the test and the sensitivity of the test
parameter to different mixture variables, 



• Complexity of the test procedure,
• Cost of the equipment and testing preparation require-

ments,
• Testing time needed to complete the testing program,

and
• Technical level or experience required from the operator. 

Multiple members of the research team analyzed the statis-
tical results, evaluated the potential test parameters, and out-
lined the advantages and disadvantages of the test procedures
for permanent deformation. The research team ranked the
tests and parameters based on the comprehensive evaluation
conducted on a scale from 1 to 6, 1 having the high or top pri-
ority and 6 having the low or bottom. Results of the team’s
evaluation and ranking procedure are shown in Table 45. The
overall ranking for each test and parameter was obtained by
totaling the entire individual team ranking. The tests and para-
meters then were ranked according to this sum. The lower the
total score, the better the test.
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As shown in Table 45, the top three parameters for per-
manent deformation were (1) the dynamic modulus term,
(E*/sinφ), determined from the triaxial dynamic modulus
test; (2) the flow time (Ft) from the triaxial static creep; and
(3) the flow number (Fn) from the triaxial repeated load test.
During the July 2000 NCHRP panel meeting, the top two
parameters were recommended by the research team for the
follow-up field validation work. The panel’s recommenda-
tion was to include the triaxial repeated load as a third alter-
native. Thus, the above three test methods were selected as
the SPT candidates for evaluating an HMA mixture’s resis-
tance to rutting. 

6.1.2 SPT for Fracture—Fatigue and 
Thermal Cracking

Three laboratory tests had parameters that resulted in a fair
correlation to the measured amount of cracking. These test

TABLE 44 Advantages and disadvantages of the top-selected SPTs for permanent deformation



methods and the mixture response parameters were the
dynamic modulus measured from the triaxial compression
test at lower test temperatures, the compliance measured at
1,000 s from the indirect tensile creep test, and the tensile
strain at failure adjusted by the modulus of the mixture. The
tensile strain at failure is determined from the indirect tensile
strength test, and the modulus from the triaxial dynamic
modulus test. 

The research team recommended two parameters for the
follow-up field validation work. The dynamic modulus mea-
sured at low test temperatures was recommended because it
is compatible with the fatigue cracking–prediction model
from NCHRP Project 1-37A (“Development of the 2002
Guide for Design of New and Rehabilitated Pavement Struc-
tures: Phase II”) and because it provides some consistency in
the tests between rutting and cracking. The compliance mea-
sured by the indirect tensile creep test at longer loading times
and low temperatures was recommended because it is com-
patible with the thermal-cracking model from NCHRP Proj-
ect 1-37A (10).

6.1.3 SPT Protocols

Draft test protocols for the candidate test methods are pro-
vided in Appendixes A through E. These draft test protocols
were prepared in the standard AASHTO format for testing
procedures. The final test and analysis protocol will guide
and direct the user in the following three areas:

1. Provide the steps and procedures required for mixture
and test specimen preparation,

2. Provide a procedure for determining or selecting the
test temperature and stress state to be used for the cli-
mate and pavement structure at a specific site, and

3. Provide the criteria for determining the adequacy of the
HMA mixture for site-specific conditions.

The first area has been completed as the initial part of Task
C. The second part of Task C will finalize details of the test
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protocol, including development of design or evaluation cri-
teria, or both, and field validation of the SPT. 

6.1.4 Time Estimates for SPT Test Methods

Table 46 summarizes the amount of time to perform the test
methods recommended for the SPT for design and quality con-
trol (Appendixes A through E). As shown, most of the tests can
be completed within 3 days in support of the Superpave volu-
metric mix design procedure and within 2 days for quality
control with the exception of the dynamic modulus at five test
temperatures. That time period is considered acceptable for
mixture design, but unacceptable for quality-control opera-
tions. Reducing the time for quality-control operations will be
a goal of future activities under Task C. 

6.2 DEVELOPMENT OF SPT CRITERIA 

Although the goal of the SPT is to identify inferior mix-
tures and not to predict the entire performance history of the
mixture, a model will be needed to develop the criteria for
different conditions. Many distress-prediction models are
available for use. However, compatibility with structural
design methods is important to minimize the confusion that
might occur in industry if different models are used for mix-
ture design and structural design. To integrate mixture and
structural designs, the SPT criteria will be derived from the
same models being enhanced for the 2002 Guide for the
Design of New and Rehabilitated Pavement Structures as a
part of NCHRP Project 1-37A (10). The following lists key
issues related to developing the mix analysis criteria in sup-
port of volumetric mixture design. 

1. The 2002 Guide for the Design of New and Rehabilitated
Pavement Structures distress-prediction models will be
used to determine the amount of rutting, fatigue crack-
ing, and thermal cracking in the HMA mixture under

TABLE 45 Ranking summary of the high-priority SPT candidates for permanent deformation



specific conditions. These models will be used to deter-
mine the criteria to be used in identifying mixtures that
are susceptible to permanent deformation and fracture.
Calibration and validation of these distress-prediction
models are being completed under NCHRP Project 
1-37A for both new and rehabilitated pavements.

2. The rutting model will be used to predict not only one-
dimensional densification, but also the lateral displace-
ment of the mix and tertiary flow. Both types of rutting
will be considered in the criteria development. Accu-
rate calibration of the rutting model is being completed
under NCHRP Project 1-37A. 

3. The amount of fatigue cracks that initiate at the top and
propagate downward, as well as the traditional bottom-
initiated cracks that propagate to the surface, will be
predicted and considered in the criteria development.
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Accurate calibration of the fatigue-cracking model is
being completed under NCHRP Project 1-37A.

4. The thermal-cracking model is being revised under
NCHRP Project 9-19. The revised thermal-cracking
model is being recalibrated under NCHRP 9-19 to
update the model parameters. This effort is substanti-
ated by the significant improvements that will be made
to the model, particularly in the interpretation of labo-
ratory test data and in the development of the master
creep compliance relationship for HMA mixtures. The
recalibrated model will be used to develop the criteria
for the SPT.

5. The pavement temperature regime (i.e., the environ-
mental zone) is a major consideration for permanent
deformation in HMA mixtures because it influences the
viscoelastic and viscoplastic properties of the mixtures.

TABLE 46 Time estimate for the SPTs recommended for further study



Temperature will be included as a key factor in devel-
oping the criteria for permanent deformation and frac-
ture. The temperature-equivalency concept will be used
to determine the test temperature for the SPT.

6. HMA layer thickness, insofar as it influences the mag-
nitudes of stress and strain in the HMA layer, also has
relevance to permanent deformation and fracture. The
total HMA layer thickness not only influences strain
and stress magnitude, but is also linked to the location
where fatigue cracks initiate (i.e., at the bottom of the
HMA layer or at the surface). Thus, total HMA thick-
ness is considered a key factor in developing the eval-
uation criteria. 

7. Similar to the HMA layer thickness noted above, pave-
ment type and rehabilitation strategy are additional fac-
tors for checking the magnitudes of stress and strain in
the HMA mixture and failure hypothesis.

8. Traffic will be considered in the design criteria and will
be compatible with the Superpave mix design traffic
categories. 

9. The modulus and strength of the supporting pavement
layers will be considered in the criteria development as
they related to the occurrence of fatigue cracks and, to
a lesser extent, rutting. 

6.3 FIELD VALIDATION OF THE SPT

The first major element of Task C was to select the best test
methods and responses for the SPT. The second major ele-
ment of Task C is the field validation of the SPT and evalua-
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tion criteria. The goal of most validation plans is to determine
whether (1) the conceptual model or test protocol is a reason-
able representation of the real-world system and (2) the
desired accuracy exists between the laboratory (i.e., test pro-
tocol) and the real-world system. In fact, the validation of the
SPT is considered by industry to be the most important prod-
uct of NCHRP Project 9-19. 

NCHRP and the project team recognize that the long-term
field validation of the SPT protocol is critically important to
its final acceptance and implementation in day-to-day Super-
pave mix design practice. Thus, a field validation effort is
needed and planned for finalizing the test protocols and cri-
teria. The goal of the field validation plan is to provide a reli-
able, fully evaluated test protocol that can be used in support
of the Superpave volumetric design procedure. 

One of the most time-consuming, expensive, and high-risk
activities associated with validating pavement-performance
models is the collection of field performance data on a sub-
stantial number of test sections. Field performance data 
is required for validating the SPT, Superpave mechanistic
distress-prediction models, the new 2002 Guide for the Design
of New and Rehabilitated Pavement Structures (10) based on
mechanistic–empirical principles, and other hypotheses for-
mulated from the LTPP program. 

Coordination of the data collection activities between proj-
ects can substantially reduce the number of test sections that
will be required if each project is conducted independently.
Thus, the field validation plan for the SPT protocol and eval-
uation criteria will use the LTPP SPS-9 experimental proj-
ects and as many of the test sections as possible that are being
used on the other projects.
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CHAPTER 7

RECOMMENDATIONS AND FUTURE ACTIVITIES

• HMA Low-Temperature Cracking (testing conducted
at 0, −10, and −20°C):
– The indirect tensile creep compliance, D(t), deter-

mined from the indirect tensile creep test.

Preliminary draft protocols for these SPTs are presented in
the appendixes to this report.

7.2 FUTURE ACTIVITIES

In the next phase of the project, the SPT method–response
parameter combinations shown in Section 7.1 will be further
validated using HMA materials and performance data from
50 to 75 pavement sections in the FHWA LTPP Special
Pavement Study and similar full-scale field performance
experiments. Based on these results, a final recommendation
will be made of SPT method-response parameter combina-
tions to estimate the susceptibility of an HMA mix design to
rutting, fatigue cracking, and low-temperature cracking. Rec-
ommendations will include proposed specification criteria
developed with the HMA performance models in the 2002
Guide for the Design of New and Rehabilitated Pavement
Structures (10) and recommended test methods in AASHTO
standard format for future review and possible adoption by
state highway agencies.

In addition to the main field validation effort, four ancil-
lary studies will be conducted toward the goals of simplify-
ing the SPTs and making them as practical as possible. These
studies are briefly described in the following sections.

7.2.1 Specimen Diameter Study: 4-in. (100-mm)
Versus 6-in. (150-mm)

A major cost in testing time and equipment expense arises
from the need to core and saw 4-in.-diameter SPT samples
from 6-in.-diameter gyratory-compacted specimens routinely
manufactured in the current Superpave mix design process.

This sample preparation was based on the conclusions of an
extensive study on sample geometry and aggregate size con-
ducted during NCHRP Project 9-19. It was found that (1) a
minimum height-to-diameter ratio of 1.5 was required in
order to ensure that the response of a sample evaluated in
either the dynamic modulus or permanent deformation tests

7.1 SUMMARY AND RECOMMENDATIONS

This report presents the initial results of a comprehensive
research study to identify an SPT or a set of SPTs for use with
the Superpave volumetric mix design method. It describes
the selection of the best candidate simple performance test
method–response parameter combinations through a detailed
laboratory evaluation of actual HMA materials obtained from
three major U.S. accelerated pavement testing (APT) proj-
ects: MnRoad, FHWA-ALF, and WesTrack. 

The research assessed how well the measured results of
33 combinations of SPTs and associated laboratory response
parameters correlated with the degree of distress observed
within each experimental test section in the three APT proj-
ects. Three major distress types were evaluated in this study.
Rutting (i.e., permanent deformation) within the HMA layer
was present at all three field projects. Load-associated fatigue
cracking was found at the ALF and WesTrack projects,
although the fatigue experiment at the former project yielded
limited results because of the small number of test sections
used (i.e., two levels of thickness and two levels of asphalt
concrete stiffness–modulus). Transverse thermal fracture-
associated low-temperature cracking only occurred at the
MnRoad project. The actual effort expended by the research
team for each distress was in relative proportion to the dis-
tress’s generally acknowledged importance, that is, HMA rut-
ting, load-associated fatigue fracture, and low-temperature
cracking, in that order.

The initial recommendations of the research team were
reviewed by the NCHRP project panel, and the following
SPT method–response parameter combinations were selected
for comprehensive field validation in the next phase of the
project.

• HMA Rutting (testing conducted at 100 to 130°F):
– The dynamic complex modulus term, E*/sinφ, deter-

mined from the triaxial dynamic modulus test;
– The flow time, Ft, determined from the triaxial static

creep test; and
– The flow number, Fn, determined from the triaxial

repeated load test.
• HMA Fatigue Cracking (testing conducted at 40 to

60°F):
– The dynamic complex modulus, E*, determined from

the triaxial dynamic modulus test.
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represents a fundamental engineering property; (2) a mini-
mum sample diameter of 4 in. (100 mm) would be satisfac-
tory for all HMA mixtures up to a maximum aggregate size
of 1.5 in. (37.5 mm); and (3) smooth, parallel specimen ends
were needed to eliminate end friction and violation of the
theoretical boundary effects of the specimen during the test.
Another factor discouraging the use of the 6-in.-diameter
specimens is that numerous studies have illustrated the large
degree of nonhomogeniety of air voids within the larger
gyratory-compacted specimens. This variability, and its sub-
sequent impact upon the variability of the SPT results, is sig-
nificantly larger than the variability found when the smaller
4-in.-diameter cored-and-sawn specimens are used.

This ancillary study will determine whether a constant mul-
tiplier can be found between SPT results obtained on 4-in.-
diameter and 6-in.-diameter specimens. Although the utility
of using the 4-in.-diameter specimen for the fundamental
response cannot be argued, it is also apparent that if an accu-
rate common-multiplying factor can be determined for SPTs
at differing diameters, the significant decrease in sample test
time and equipment cost over using the 4-in.-diameter cored-
and-sawn specimens will be a major consideration in the
eventual selection of the final SPT protocol.

7.2.2 Dynamic Complex Modulus Study:
Flexural Versus Compressive Testing

All of the SPTs used for the rutting and load-associated
fatigue cracking distress are based on the use of 4-in.-diam-
eter by 6-in.-high specimens tested in a uniaxial or triaxial
compressive mode. Although this specimen geometry is very
compatible with the use of gyratory-compacted specimens in
volumetric mix design, it does present problems if the SPTs
are used for forensic investigations of existing pavements,
either to prepare for the rehabilitation or to identify specific
causes of premature distress. Generally, pavements do not
incorporate single, 6-in.-high HMA layers, so obtaining a
specimen with the appropriate height-to-diameter ratio for
the SPT is nearly impossible. 

This ancillary study will investigate whether the dynamic
complex modulus measured in compression on 4-in.-diameter
by 6-in.-high specimens can be correlated to the modulus val-
ues measured from flexural beam stiffness testing. If a true

equivalence between the two tests exists, beam testing can be
used with the appropriate SPT specification criteria to esti-
mate the performance characteristics of the existing HMA
pavement.

7.2.3 Sensitivity Study: SPT Response
Parameter and Magnitude

This ancillary study will investigate the sensitivity of can-
didate SPT response parameters to key HMA mixture prop-
erties. For example, if the SPT response parameter chosen to
measure HMA rutting does not significantly change as a func-
tion of the amount of asphalt cement in the mix, the accuracy
of the SPT as an indicator of performance and distress will be
suspect.

The study will focus on the sensitivity of the SPT response
parameter as a function of the air voids and asphalt binder con-
tents (Va and Vb) in both confined and unconfined testing. If time
and resources allow, the sensitivity of the response parameters
to other mix variables such as asphalt-binder type, aggregate
gradation, and aggregate type will also be investigated.

7.2.4 Tertiary Flow Measurement 
Methods Study

The SPTs based on the triaxial repeated load and triaxial
static creep tests use the point of initiation of tertiary flow in
the HMA mixture to determine its flow number (Fn ) and flow
time (Ft ), respectively. The tertiary phase is easily distin-
guishable from the secondary phase in both the repeated
loading and static creep tests by comparing the first deriva-
tives (i.e., rates of change) of the test-response parameters.
These deformation measurements commonly use vertical-
mounted LVDTs to measure the deformation of the test spec-
imens under load. However, there is some evidence that iden-
tical flow numbers and times can be generated by assessing
the rate response of radial-mounted LVDTs.

This ancillary study will investigate the feasibility of defin-
ing the flow time, flow number, or both, of an HMA mixture
from measurements made with radial LVDTs and the load
ram actuator as well as with vertical LVDTs. The purpose is
to find the simplest practical way to determine the flow time
and flow number with the respective SPTs.
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GLOSSARY

ABBREVIATIONS

AC = asphalt concrete
ALF = accelerated loading facility, Turner–Fairbanks
APT = accelerated pavement testing

F or FC = fatigue cracking 
FSCH = frequency sweep at constant height test

FST = field shear tester
HMA = hot mix asphalt

IDT = indirect tensile
LTPP = long-term pavement performance 

LVDT = linear variable differential transducer
MESAL = million equivalent single axle load

PG = performance grade
QC = quality control

R = rutting or rut depth
RSCH = repeated shear at constant height test

SGC = Superpave gyratory compactor
SHRP = Strategic Highway Research Program

SPT = simple performance test
SSCH = simple shear at constant height test

SSD = surface saturated dry test method
SST = Superpave shear tester

T or TC = thermal cracking

NOTATIONS

a = intercept
a, b = mixture permanent deformation parameters,

regression coefficients from the secondary por-
tion of the cumulative permanent deformation
curve

a, m = materials regression coefficients from the visco-
elastic compliance function

a, b, d, = integration constants for the indirect tensile test
that are specimen geometry dependent

b = slope

c = cohesion or intercept parameter from a triaxial
shear strength test

d = diameter of the test specimen
D = density
D′ = viscoelastic compliance component at any time
Do = instantaneous compliance

D(t) = total compliance at any time
D1, m1 = mixture compliance parameters or regression

coefficients from an indirect tensile creep test

E = modulus of elasticity or Young’s modulus
E* = complex modulus

|E*| = dynamic modulus
E′ = storage or elastic modulus
E″ = loss or viscous modulus
Ed = elastic modulus
ER = resilient modulus

f = loading frequency
Fn = flow number from a repeated load permanent defor-

mation test
Ft = flow time from a static creep test

g = 32.19 ft/s2

G* = shear complex modulus
|G*| = shear dynamic modulus

G′ = shear storage modulus
G″ = shear loss or viscous modulus

i = imaginary unit from the complex modulus test
I1 = first invariant stress tensor

J2 = second invariant deviatoric stress tensor

k = intercept parameter of the Drucker–Prager failure
envelope

K1, K2 = regression coefficients or constants from a repeated
load fatigue test

L = distance between the transducers for an ultrasonic
wave propagation test

m = slope

n = sample size or number of test specimens
N = number of loading cycles

Nf = number of loading cycles to failure, fracture life
N50 = number of loading cycles to a 50 percent reduction

in the modulus of a test specimen during a fatigue
test

P = applied load

R2 = coefficient of determination

St = indirect tensile strength
Se = standard error
Sy = standard deviation of the criterion variable
Sb = binder modulus for the Shell Oil predictive equation
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Sm = HMA mixture modulus from the Shell Oil predic-
tive equation

t = thickness of the test specimen
t = time
ti = time lag between a cycle of stress and strain
tp = time for a stress cycle 
T = effective transit time for an ultrasonic wave propa-

gation test

V = pulse velocity from an ultrasonic wave propagation
test

Va = air void content in HMA mixtures, %
Vb = volume of bitumen

Vbeff = effective bitumen content, % by volume
Vg = volume of aggregate

α, µ = plastic or permanent deformation parameters from a
repeated load test

β1–β4 = regression constants in the Shell Oil predictive equa-
tion

δXX = horizontal deformation across the test specimen
from an indirect tensile test

ε = normal strain
εe = elastic strain, recoverable and time-independent
εo = recoverable axial strain
εp = cumulative permanent or plastic strain, irrecoverable

and time-independent
εr = resilient or recoverable axial strain
εT = total strain
εve = viscoelastic strain, recoverable and time-dependent
εvp = viscoplastic strain, irrecoverable and time-dependent
εxx = horizontal tensile strain in an indirect tensile test

specimen

εff = horizontal tensile strain at failure from an indirect
tensile test

Γfr = total fracture energy
Γfa = fracture energy to failure 

η = bitumen viscosity

ρ = density
ρ4 = cumulative percentage retained on 4.76-mm sieve

ρ34 = cumulative percentage retained on 19-mm sieve
ρ38 = cumulative percentage retained on 9.5-mm sieve

ρ200 = percentage passing the 0.075-mm sieve

φ = slope of the failure envelope or the angle of internal
friction from a triaxial shear strength test 

φ = phase angle from the complex modulus test

γ = slope of the Drucker–Prager failure envelope
γ = shear strain

γo = peak shear strain amplitude
γp = plastic shear strain
γr = resilient or recoverable shear strain

σo = dynamic stress
σ = normal stress

σxx = horizontal tensile stress in an indirect tensile test spec-
imen

τ = shear stress
τo = peak shear stress amplitude

µ = Poisson’s ratio

ν = number of regression coefficients
νcl = velocity of sound
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APPENDIX A

TEST METHOD FOR DYNAMIC MODULUS OF ASPHALT CONCRETE MIXTURES
FOR PERMANENT DEFORMATION

1. Scope

1.1 This test method covers procedures for preparing and
testing asphalt concrete mixtures to determine the
dynamic modulus and phase angle at a single effective
temperature Teff and design loading frequency. 

1.2 This test method is a part of test protocols that include
determination of the dynamic modulus of the asphalt
mix for paving purposes. The other test methods are
Standard Test Method for Simple Performance Test for
Fatigue Cracking based Upon Dynamic Modulus of
Asphalt Concrete Mixture and Standard Test Method
for Dynamic Modulus of Asphalt Concrete Mixtures,
which is for constructing a master curve for character-
izing asphalt concrete for pavement thickness design
and performance analysis.

1.3 This standard is applicable to laboratory-prepared spec-
imens of mixtures with nominal maximum size aggre-
gate less than or equal to 37.5 mm (1.5 in).

1.4 This standard may involve hazardous material, oper-
ations, and equipment. This standard does not pur-
port to address all safety problems associated with its
use. It is the responsibility of the user of this proce-
dure to establish appropriate safety and health prac-
tices and to determine the applicability of regulatory
limitations prior to use.

2. Referenced Documents

2.1 AASHTO Standards

TP4 Method for Preparing and Determining the
Density of Hot Mix Asphalt (HMA) Spec-
imens by Means of the SHRP Gyratory
Compactor

PP2 Practice for Mixture Conditioning of Hot
Mix Asphalt (HMA)

T67 Standard Practices for Load Verification
of Testing Machines (cross-listed with
ASTM E4)

T269 Percent Air Voids in Compacted Dense and
Open Bituminous Paving Mixtures

3. Definitions

3.1 Dynamic Modulus—|E*|, the norm value of the com-
plex modulus calculated by dividing the peak-to-peak

stress by the peak-to-peak strain for a material sub-
jected to a sinusoidal loading. 

3.2 Complex Modulus—E*, a complex number that defines
the relationship between stress and strain for a linear
viscoelastic material.

3.3 Phase angle—∂, the angle in degrees between a sinu-
soidally applied stress and the resulting strain in a
controlled-stress test.

3.4 Linear viscoelastic—within the context of this test,
refers to behavior in which the dynamic modulus is
independent of stress or strain amplitude.

3.5 Effective Temperature Teff—Is a single test tempera-
ture at which an amount of permanent deformation
would occur equivalent to that measured by consider-
ing each season separately throughout the year.

4. Summary of Method

4.1 A sinusoidal (haversine) axial compressive stress is
applied to a specimen of asphalt concrete at a given
temperature and loading frequency. The applied stress
and the resulting recoverable axial strain response of
the specimen is measured and used to calculate the
dynamic modulus and phase angle.

4.2 Figure 1 presents a schematic of the dynamic modu-
lus test device.

5. Significance and Use 

5.1 Dynamic modulus values, measured at one effective
temperature Teff and one design frequency selected by
the design engineer, are used as performance criteria
for permanent deformation resistance of the asphalt
concrete mixture to be used in conjunction with the
Superpave Volumetric Mix Design Method.

Note 1—The effective temperature Teff covers
approximately the temperature range of 25 to 60°C
(77 to 140°F).

Note 2—10 Hz frequency can be used for highway
speed and 0.1 Hz for creep—intersection traffic.

5.2 Dynamic modulus values measured over a range of
temperatures and frequencies of loading can be shifted



into a master curve for characterizing asphalt con-
crete for pavement thickness design and performance
analysis.

5.3 This test method covers the determination of the
dynamic modulus values measured unconfined within
the linear viscoelastic range of the asphalt mixture.

Note 3—Future research may indicate the need for
confined stress states and nonlinear material char-
acterization. Confinement may be applied with var-
ious types of axisymmetric triaxial cells to address
these needs. 

6. Apparatus

6.1 Dynamic Modulus Test System—A dynamic modu-
lus test system consisting of a testing machine, envi-
ronmental chamber, measuring system, and specimen
end fixtures.

6.1.1 Testing Machine—A materials testing machine
capable of producing a controlled haversine com-
pressive loading of paragraphs 9.7 and 9.8 is
required. 

Note 4—The testing machine shall have a capabil-
ity of applying load over a range of frequencies
from 0.1 to 30 Hz. Stress levels up to 2800 kPa
(400 psi) may be required at certain temperatures
and frequencies. However, for virtually all effec-
tive temperatures in the US, stress levels between
10 kPa and 690 kPa (1.5–100 psi) have been found
to be sufficient. This latter range of stress levels
converts to an approximate range of 0.08–5.5 kN
18–1218 lbf) on a 100 mm diameter specimen. If
the machine is to be dedicated only to this test pro-
cedure with no requirement for additional strength
testing or low temperature testing, it is recom-
mended that the lowest capacity machine capable
of applying the required waveforms be used. Alter-
natively, larger capacity machines may be used
with low capacity load cells or signal amplifiers. It
has been found that feedback controlled testing
machines equipped with appropriate servovalves
can be used for this test. As a general rule of thumb,
the dynamic load capacity of a testing machine
between 10 and 30 Hz will be approximately 65–75
percent of the monotonic (“static”) capacity, but
this rule varies by manufacturer. A 25–50 kN capac-
ity servohydraulic testing machine has been found
to be adequate for virtually all of the tests in the
suite of simple performance tests.

6.1.2 Environmental Chamber—A chamber for con-
trolling the test specimen at the desired tempera-
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ture is required. The environmental chamber shall
be capable of controlling the temperature of the
specimen over a temperature range from 25 to
60°C (77 to 140°F ) to an accuracy of ±0.5°C
(1°F). The chamber shall be large enough to
accommodate the test specimen and a dummy
specimen with temperature sensor mounted at the
center for temperature verification.

Note 5—A chamber that will control temperatures
down to −10°C (14°F) may be required for other
tests mentioned in paragraph 1.2 of this method.

Note 6—If the chamber does not have sufficient
room for a dummy specimen, it is permissible to
have a second chamber controlling the temperature
of the dummy. The separate dummy chamber must
be operated similar to the operation of the main test
specimen chamber so that the dummy will accu-
rately register the time required to obtain tempera-
ture equilibrium on the test specimen. 

6.1.3 Measurement System—The system shall include
a data acquisition system comprising analog to
digital conversion and/or digital input for storage
and analysis on a computer. The system shall be
capable of measuring and recording the time his-
tory of the applied load and the axial deforma-
tions for the cycles required by this test method.
The system shall be capable of measuring the
period of the applied sinusoidal load and result-
ing deformations with a resolution of 0.5 percent.

6.1.3.1 Load—The load shall be measured with an
electronic load cell having adequate capacity
for the anticipated load requirements. The
load cell shall be calibrated in accordance
with AASHTO T67. The load measuring
transducer shall have an accuracy equal to or
better than 0.25 percent of full scale. 

Note 7—A 25 kN (5600 lbf) load cell has been
found to be the approximate maximum capacity
limit for this test method because of range versus
resolution factors. It is recommended that if the
selected load cell capacity is 25 kN or greater, the
system should be equipped with either manual or
automatic amplification selection capability so that
it can be used to enhance control of the system at the
minimum anticipated loads given in paragraph 9.7.

Axial Deformations—Axial deformations shall be measured
with displacement transducers referenced to gauge points
contacting the specimen as shown in Figure 2. The deforma-
tions shall be measured at a minimum of two locations 180°
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apart (in planview); however, three locations located 120°
apart is recommended to minimize the number of replicate
specimens required for testing. 

Note 8—Analog transducers such as linear vari-
able differential transformers (LVDTs) having a
range of ±0.5 mm (0.02 in) and inherent nonlin-
earity equal to or better than ±0.025 percent of full
scale have been found adequate for this purpose.
Software or firmware linearization techniques may
be used to improve the inherent nonlinearity.
Amplification and signal conditioning techniques
may be used with the ±0.5 mm range LVDTs to
obtain resolutions down to 0.001mm (0.00004 in)
or better for small strain tests conditions. These
techniques may be manual or automatic. In gen-
eral, increasing the resolution by manual signal
amplification will result in reduction of the overall
range of the instrument by the same factor.

6.1.4 Loading Platens—Platens, with a diameter equal
to or greater than that of the test specimen are
required above and below the specimen to trans-
fer the load from the testing machine to the spec-
imen. Generally, these platens should be made
of anodized high strength aluminum. Softer mate-
rials will require more frequent replacement.
Materials that have linear elastic modulus proper-
ties and hardness properties lower than that of
6061-T6 aluminum shall not be used. Steel platens
may cause too much seating load to the specimen
at high temperature and are not recommended.

6.1.5 End Treatment—Friction reducing end treatments
shall be placed between the specimen ends and
the loading platens. 

Note 9—End treatments consisting of two 0.5 mm
(0.02 in) thick latex sheets separated with silicone
grease have been found to be suitable friction reduc-
ing end treatments. 

6.2 Gyratory Compactor—A gyratory compactor and
associated equipment for preparing laboratory speci-
mens in accordance with AASHTO TP4 shall be used.
Field cores shall meet the requirements of paragraphs
7.4 through 7.6 of this test method and any reports
on cores so tested will contain a detailed description
of the location of any lift boundaries within the height
of the specimen (e.g. lift order, thickness and material
homogeneity).

6.3 Saw—A machine for cutting test specimens to the
appropriate length is required. The saw or grinding
machine shall be capable of cutting specimens to the

prescribed dimensions without excessive heating or
shock.

Note 10—A double-bladed diamond masonry saw
greatly facilitates the preparation of test specimens
with smooth, parallel ends. Both single- and double-
bladed diamond saws should have feed mecha-
nisms and speed controls of sufficient precision to
ensure compliance with paragraphs 7.5 and 7.6 of
this method. Adequate blade stiffness is also impor-
tant to control flexing of the blade during thin cuts. 

6.4 Core Drill—A coring machine with cooling system
and a diamond bit for cutting nominal 100 mm (4 in)
diameter test specimens.

Note 11—A coring machine with adjustable verti-
cal feed and rotational speed is recommended. The
variable feeds and speeds may be controlled by var-
ious methods. A vertical feed rate of approximately
0.05 mm/rev (0.002 in/rev) and a rotational speed
of approximately 455 RPM has been found to be
satisfactory for several of the Superpave mixtures.

7. Test Specimens

7.1 Size—Dynamic modulus testing shall be performed
on 100 mm (4 in) diameter by 150 mm (6 in) high test
specimens cored from gyratory compacted mixtures.

7.2 Aging—Mixtures shall be aged in accordance with the
short-term oven aging procedure in AASHTO PP2.

7.3 Gyratory Specimens—Prepare 165 mm (6.5 in) high
specimens to the required air void content in accor-
dance with AASHTO TP-4.

Note 12—Testing should be performed on test spec-
imens meeting specific air void tolerances. The
gyratory specimen air void content required to
obtain a specified test specimen air void content
must be determined by trial and error. Generally,
the test specimen air void content is 1.5 to 2.5 per-
cent lower than the air void content of the gyratory
specimen when the test specimen is removed from
the middle as specified in this test method.

7.4 Coring—Core the nominal 100 mm (4 in) diameter
test specimens from the center of the gyratory speci-
mens. Both the core drill and the gyratory specimen
should be adequately supported to ensure that the
resulting test specimen is cylindrical with sides that
are smooth, parallel, and free from steps, ridges, and
grooves.

7.5 Diameter—Measure the diameter of the test specimen
at the mid-height and third points along axes that are
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presents details of the mounting studs and LVDT
mounting hardware.

Note 14—Quick setting epoxy such as Duro Mas-
ter Mend Extra Strength Quick Set QM-50 has been
found satisfactory for attaching studs. Under cer-
tain conditions when using the triaxial cell men-
tioned in Note 3, the mounting studs may not
require gluing to the specimen. While the surface
contact area of the mounting studs is normally min-
imized consistent with transducer support require-
ments, it is generally recommended that the area of
the studs be sufficiently large to bridge any open
void structure features evident on the cut face of
the specimen. The minimum diameter mounting
stud consistent with support requirements is nor-
mally set at 8 mm (0.315 in), maximum diameters
have not been established. A circular stud contact
surface shape is not required, rectangular or other
shapes are acceptable. 

8.2 The gauge length for measuring axial deformations
shall be 100 mm ±1 mm. An alignment and spacing
fixture similar to that shown in Figure 3 can be used
to facilitate mounting of the axial deformation mea-
suring hardware. The gauge length is normally mea-
sured between the stud centers.

9. Procedure

9.1 The recommended test protocol for the Simple Perfor-
mance Test for use in the Superpave volumetric mix
design consists of testing the asphalt mix at one effec-
tive pavement temperature Teff and one design frequency
selected by the design engineer. The effective pavement
temperature Teff covers approximately the temperature
range of 25 to 60°C (77 to 140°F). The design frequency
covers the range between 0.1 to 10 Hz.

9.2 Place the test specimen in the environmental cham-
ber and allow it to equilibrate to the specified testing
temperature. A dummy specimen with a temperature
sensor mounted at the center can be monitored to
determine when the specimen reaches the specified
test temperature. In the absence of the dummy speci-
men, Table 2 summarizes minimum recommended
temperature equilibrium times from room temperature
(i.e. 25°C).

9.3 Place one of the friction reducing end treatments on
top of the platen at the bottom of the loading frame.
Place the specimen on top of the lower end treatment,
and mount the axial LVDTs to the hardware previ-
ously attached to the specimen. Adjust the LVDT to

90 degrees apart. Record each of the six measurements
to the nearest 1 mm (0.05 in). Calculate the average
and the standard deviation of the six measurements. If
the standard deviation is greater than 2.5 mm (0.01 in)
discard the specimen. For acceptable specimens, the
average diameter, reported to the nearest 1 mm, shall
be used in the stress calculations.

7.6 End Preparation—The ends of all test specimens shall
be smooth and perpendicular to the axis of the speci-
men. Prepare the ends of the specimen by sawing with
a single- or double-bladed saw. The prepared speci-
men ends shall meet the tolerances described below.
Reject test specimens not meeting these tolerances.

7.6.1 The specimen ends shall have a cut surface wavi-
ness height within a tolerance of ±0.05 mm across
any diameter. This requirement shall be checked
in a minimum of three positions at approximately
120° intervals using a straight edge and feeler
gauges approximately 8–12.5 mm (0.315–0.5 in)
wide or an optical comparator.

7.6.2 The specimen end shall not depart from perpen-
dicular to the axis of the specimen by more than
0.5 degrees (i.e. 0.87 mm or 0.03 in across the
diameter of a 100 mm diameter specimen). This
requirement shall be checked on each specimen
using a machinists square and feeler gauges.

7.7 Air Void Content—Determine the air void content of
the final test specimen in accordance with AASHTO
T269. Reject specimens with air voids that differ by
more than 0.5 percent from the target air voids.

7.8 Number—The number of test specimens required
depends on the number of axial strain measurements
made per specimen and the desired accuracy of the
average dynamic modulus. Table 1 summarizes the
replicate number of specimens that should be tested to
obtain an accuracy limit of less than ±15 percent.

7.9 Sample Storage—Wrap completed specimens in poly-
ethylene and store in an environmentally protected
storage area at temperatures between 5 and 25°C (40
and 75°F).

Note 13—To eliminate effects of aging on test
results, it is recommended that specimens be stored
no more than two weeks prior to testing.

8. Test Specimen Instrumentation

8.1 Attach mounting studs for the axial LVDTs to the
sides of the specimen with epoxy cement. Figure 3



near the end of its linear range to allow the full range
to be available for the accumulation of compressive
permanent deformation. 

9.4 Place the upper friction reducing end treatment and
platen on top of the specimen. Center the specimen
with the load actuator visually in order to avoid eccen-
tric loading.

9.5 Apply a contact load (Pmin) equal to 5 percent of the
dynamic load that will be applied to the specimen.

9.6 Adjust and balance the electronic measuring system
as necessary.

9.7 Apply haversine loading (Pdynamic) to the specimen
without impact in a cyclic manner. The dynamic load
should be adjusted to obtain axial strains between 50
and 150 microstrains.

Note 15—The dynamic load depends upon the
specimen stiffness and generally ranges between
10 and 690 kPa (1.5 and 100 psi). Higher load is
needed at colder temperatures. Table 3 presents
target dynamic load levels based on temperature.

9.8 Test the specimens at selected temperature by first
preconditioning the specimen with 200 cycles at 
25 Hz using the target dynamic loads in Table 3 (inter-
polate if necessary). Then load the specimen using
the selected frequency and number of cycles as spec-
ified in Table 4.

9.9 If excessive permanent deformation (greater than 1000
micro units of strain) occurs, reduce the maximum
loading stress level to half. Discard the specimen and
use a new specimen for testing under reduced load
conditions.

10. Calculations

10.1 Capture and store the last 6 loading cycles of full
waveform data for each transducer. Determine the
average amplitude of the sinusoidal load and defor-
mation from each axial displacement transducer over
the first 5 cycles of the last 6 loading cycle group
(since the displacement will lag behind the load, the
computations may use data from the 6th cycle, but
might not have enough of the waveform to fully
determine the properties in the 6th cycle).

10.2 Average the signals from the displacement transduc-
ers. Determine the average time lag between the
peak load and the peak deformation over the 5 load-
ing cycles.
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Note 16—Different approaches are available to
determine these. The approach is highly depen-
dent upon the number of data points collected per
cycle. Approaches that have been used include
peak search algorithms, various curve fitting tech-
niques, and Fourier Transform. Curve fitting tech-
niques and other numerical techniques have also
been used to determine the phase angle from the
more stable center portion of the waveform instead
of the peaks. If any displacement transducer is out
of range or otherwise obviously reading incorrectly
during a cycle, discard the data for that cycle. 

Note 17—For testing that will be used for statisti-
cal within-specimen variability and for establishing
local precision and bias statements, paragraphs
10.3 through 10.7 must include computations from
each individual displacement transducer in addition
to the results from the averaged displacements.
Therefore, it is a strict requirement that the data
storage requirements of paragraph 10.1 be met. 

10.3 Calculate the loading stress, σo, as follows (see Fig-
ure 4):

Where:

= average load amplitude
A = area of specimen
σo = stress.

10.4 Calculate the recoverable axial strain for each fre-
quency, εo, as follows:

Where:

= average deformation amplitude 
GL = gauge length

εo = strain.

10.5 Calculate dynamic modulus, |E*| for each frequency
as follows:

10.6 Calculate the phase angle for each frequency:
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Where 

ti = average time lag between a cycle of stress
and strain (sec)

tp = average time for a stress cycle (sec.).

10.7 Calculate the dynamic modulus divided by sine of
phase angle for each frequency:

E*
sin φ

11. Report

11.1 Report the average stress and strain for each
temperature-frequency combination tested.

11.2 Report the dynamic modulus and phase angle for
each temperature-frequency combination tested.

11.3 Report the average dynamic modulus divided by
sin of phase angle for the test specimen for each
temperature-frequency tested.



Figure 1. Schematic of dynamic modulus test device.

Figure 2. Schematic of gauge points.
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TABLE 1 Recommended number of specimens

Figure 3. Mounting hardware details.

TABLE 2 Recommended equilibrium times

TABLE 3 Target dynamic loads

TABLE 4 Cycles for test
sequence



72

Figure 4. Ideal waveform schematic.
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APPENDIX B

TEST METHOD FOR REPEATED LOAD TESTING OF ASPHALT CONCRETE
MIXTURES IN UNIAXIAL COMPRESSION

1. Scope

1.1 This test method covers procedures for the preparation,
testing and measurement of permanent deformation of
cylindrical asphalt concrete specimens in a triaxial state
of compressive loading. 

1.2 The procedure uses a loading cycle of 1.0 second in
duration, and consisting of applying 0.1-second haver-
sine load followed by 0.9-second rest period. Perma-
nent axial and/or radial strains are recorded through
out the test. 

1.3 The test is conducted at a single effective temperature
Teff and design stress levels. 

1.4 This standard is applicable to laboratory prepared
specimens 100 mm in diameter and 150 mm in height
for mixtures with nominal maximum size aggregate
less than or equal to 37.5 mm (1.5 in).

1.5 This standard may involve hazardous material, oper-
ations, and equipment. This standard does not pur-
port to address all safety problems associated with its
use. It is the responsibility of the user of this proce-
dure to establish appropriate safety and health prac-
tices and to determine the applicability of regulatory
limitations prior to use.

2. Referenced Documents

2.1 AASHTO Standards

TP4 Method for Preparing and Determining the
Density of Hot Mix Asphalt (HMA) Spec-
imens by Means of the SHRP Gyratory
Compactor

PP2 Practice for Mixture Conditioning of Hot
Mix Asphalt (HMA)

T67 Standard Practices for Load Verification
of Testing Machines (cross-listed with
ASTM E4)

T269 Percent Air Voids in Compacted Dense
and Open Bituminous Paving Mixtures

3. Definitions

3.1 Permanent Deformation—is a manifestation of two
different mechanisms and is a combination of densifi-

cation (volume change) and repetitive shear deforma-
tion (plastic flow with no volume change).

3.2 Flow Number—is defined as the number of load rep-
etitions at which shear deformation, under constant
volume, starts.

3.3 Effective Temperature Teff—Is a single test tempera-
ture at which an amount of permanent deformation
would occur equivalent to that measured by consider-
ing each season separately throughout the year.

4. Summary of Method

4.1 A cylindrical sample of bituminous paving mixture is
subjected to a haversine axial load. The load is applied
for duration of 0.1-second with a rest period of 
0.9-second. The rest period has a load equivalent to
the seating load. The test can be performed either
without confinement, or a confining pressure is
applied to better simulate in situ stress conditions.
Cumulative permanent axial and radial strains are
recorded throughout the test. In addition, the number
of repetitions at which shear deformation, under con-
stant volume, starts is defined as the Flow Number. 

5. Significance and Use 

5.1 Current Superpave volumetric mix design procedure
lacks a fundamental design criterion to evaluate fun-
damental engineering properties of the asphalt mix-
ture that directly affect performance. In this test, the
selection of the design binder content and aggregate
structure is fundamentally enhanced by the evaluation
of the mix resistance to shear flow (Flow Number of
Repetitions). 

5.2 This fundamental engineering property can be used as
a performance criteria indicator for permanent defor-
mation resistance of the asphalt concrete mixture, or
can be simply used to compare the shear resistance
properties of various bituminous paving mixtures. 

6. Apparatus

6.1 Load Test System—A load test system consisting of
a testing machine, environmental chamber, measuring
system, and specimen end fixtures.



6.1.1 Testing Machine—The testing machine should be
capable of applying haversine loads up to 25 kN
(5,600 1bs). An electro-hydraulic machine is rec-
ommended but not necessarily required. The
loading device should be calibrated as outlined in
the “Equipment Calibration” Section of the test-
ing manual. 

6.1.2 Confining Pressure Device—A system capable of
maintaining a constant confining pressure, up to
207 kPa (30 psi), such as an air pressure intensi-
fier or a hydraulic pump. The device shall be
equipped with a pressure relief valve and a sys-
tem to pressurize and depressurize the cell with
gas or fluid. The device should also have a high
temperature control subsystem for testing up to
60°C (140°F) within an accuracy of ±0.5°C (1°F)
at constant pressure.

Note 1—It has been found that feedback control of
a servovalve to control the pressure is the preferred
method of control. However, manual valves or pro-
portional valves may be adequate for some applica-
tions. The axisymmetric triaxial cells of AASHTO
T292 or T294 may be used for this purpose. Other
types of triaxial cells may be permitted. In all cases,
see-through cells are not recommended for use with
gas confining media. Sight glass ports or reduced
area windows are recommended with gas media for
safety reasons. It is not required that the specimen
be visible through the cell wall if specimen center-
ing and proper instrumentation operation can be
verified without a see-through pressure vessel. Cer-
tain simulations of pavement loads and extended
material characterization desired for local con-
ditions may suggest using confining pressures
greater than 207 kPa. For pressures higher than
690 kPa (100 psi), fluid cells are recommended.

6.1.3 Environmental Chamber—A chamber for
controlling the test specimen at the desired
temperature is required. The environmental
chamber shall be capable of controlling the
temperature of the specimen over a tempera-
ture range from 25 to 60°C (77 to 140°F ) to
an accuracy of ±0.5°C (1°F). The chamber
shall be large enough to accommodate the test
specimen and a dummy specimen with tem-
perature sensor mounted at the center for tem-
perature verification.

Note 2—If the chamber does not have sufficient
room for a dummy specimen, it is permissible to
have a second chamber controlling the temperature
of the dummy. The separate dummy chamber must
be operated similar to the operation of the main test
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specimen chamber so that the dummy will accu-
rately register the time required to obtain tempera-
ture equilibrium on the test specimen. 

6.1.4 Measurement System—The system shall include
a data acquisition system comprising analog to
digital conversion and/or digital input for storage
and analysis on a computer. The system shall be
capable of measuring and recording the time his-
tory of the applied load, axial and radial defor-
mations for the time duration required by this test
method. The system shall be capable of measur-
ing the load and resulting deformations with a
resolution of 0.5 percent. 

6.1.4.1 Load—The load shall be measured with an
electronic load cell having adequate capacity
for the anticipated load requirements. The
load cell shall be calibrated in accordance
with AASHTO T67. The load measuring
transducer shall have accuracy equal to or
better than 0.25 percent of full scale. 

Note 3—A 25 kN (5600 lbf) load cell has been
found to be the approximate maximum capacity
limit for this test method because of range versus
resolution factors. It is recommended that if the
selected load cell capacity is 25 kN or greater, the
system should be equipped with either manual or
automatic amplification selection capability so that
it can be used to enhance control of the system at
lower anticipated loads. 

6.1.4.2 Axial and Radial Deformations—Axial and/or
radial deformations shall be measured with
displacement transducers referenced to gauge
points contacting the specimen as shown in
Figure 1. The axial deformations shall be
measured at a minimum of two locations
180o apart (in plan view); radial deforma-
tions shall be measured at a minimum of four
locations aligned, in planform, on diametral,
perpendicular lines which intersect at the cen-
ter of the specimen. 

Note 4—Analog transducers such as linear vari-
able differential transformers (LVDTs) having a
range of ±0.5 mm (0.02 in) and inherent nonlin-
earity equal to or better than ±0.025 percent of full
scale have been found adequate for this purpose.
Software or firmware linearization techniques may
be used to improve the inherent nonlinearity.
Amplification and signal conditioning techniques
may be used with the ±0.5 mm range LVDTs to
obtain resolutions down to 0.001mm (0.00004 in)
or better for small strain test conditions. These



techniques may be manual or automatic. In gen-
eral, increasing the resolution by manual signal
amplification will result in reduction of the overall
range of the instrument by the same factor.

6.1.5 Loading Platens—Platens, with a diameter equal
to or greater than that of the test specimen are
required above and below the specimen to trans-
fer the load from the testing machine to the spec-
imen. Generally, these platens should be made of
hardened or plated steel, or anodized high strength
aluminum. Softer materials will require more fre-
quent replacement. Materials that have linear
elastic modulus properties and hardness proper-
ties lower than that of 6061-T6 aluminum shall
not be used.

6.1.6 Flexible Membrane—For the confined tests, the
specimen should be enclosed in an impermeable
flexible membrane. The membrane should be suf-
ficiently long to extend well onto the platens and
when slightly stretched be of the same diameter
as the specimen. Typical membrane wall thick-
ness ranges between 0.012 and 0.0625 inches
(0.305–1.588 mm).

6.1.7 End Treatment—Friction reducing end treatments
shall be placed between the specimen ends and
the loading platens. 

Note 5—End treatments consisting of two 0.5 mm
(0.02 in) thick latex sheets separated with silicone
grease have been found to be suitable friction
reducing end treatments. 

6.2 Gyratory Compactor—A gyratory compactor and
associated equipment for preparing laboratory speci-
mens in accordance with AASHTO TP4 shall be used.
Field cores shall meet the requirements of paragraphs
7.4 through 7.6 of this test method and any reports on
cores so tested will contain a detailed description of
the location of any lift boundaries within the height of
the specimen (e.g. lift order, thickness and material
homogeneity).

6.3 Saw—A machine for sawing test specimen ends to the
appropriate length is required. The saw machine shall
be capable of cutting specimens to the prescribed
dimensions without excessive heating or shock.

Note 6—A diamond masonry saw greatly facili-
tates the preparation of test specimens with smooth,
parallel ends. Both single- or double-bladed dia-
mond saws should have feed mechanisms and speed
controls of sufficient precision to ensure compli-
ance with paragraphs 7.5 and 7.6 of this method.
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Adequate blade stiffness is also important to con-
trol flexing of the blade during thin cuts. 

6.4 Core Drill—A coring machine with cooling system
and a diamond bit for cutting nominal 100 mm (4 in)
diameter test specimens.

Note 7—A coring machine with adjustable vertical
feed and rotational speed is recommended. The
variable feeds and speeds may be controlled by var-
ious methods. A vertical feed rate of approximately
0.05 mm/rev (0.002 in/rev) and a rotational speed
of approximately 455 RPM has been found to be
satisfactory for several of the Superpave mixtures.

7. Test Specimens

7.1 Size—Testing shall be performed on 100 mm (4 in)
diameter by 150 mm (6 in) high test specimens cored
from gyratory compacted mixtures.

7.2 Aging—Mixtures shall be aged in accordance with the
short-term oven aging procedure in AASHTO PP2.

7.3 Gyratory Specimens—Prepare 165 mm (6.5 in) high
specimens to the required air void content in accor-
dance with AASHTO TP-4.

7.4 Coring—Core the nominal 100 mm (4 in) diameter
test specimens from the center of the gyratory speci-
mens. Both the core drill and the gyratory specimen
should be adequately supported to ensure that the
resulting test specimen is cylindrical with sides that
are smooth, parallel, and free from steps, ridges, and
grooves.

7.5 Diameter—Measure the diameter of the test specimen
at the mid-height and third points along axes that are
90 degrees apart. Record each of the six measure-
ments to the nearest 1 mm (0.05 in). Calculate the
average and the standard deviation of the six mea-
surements. If the standard deviation is greater than 
2.5 mm (0.01 in) discard the specimen. For acceptable
specimens, the average diameter, reported to the near-
est 1 mm, shall be used in the stress calculations.

7.6 End Preparation—The ends of all test specimens shall
be smooth and perpendicular to the axis of the speci-
men. Prepare the ends of the specimen by sawing with
a single- or double-bladed saw. To ensure that the
sawed samples have parallel ends, the prepared speci-
men ends shall meet the tolerances described below.
Reject test specimens not meeting these tolerances.

7.6.1 The specimen ends shall have a cut surface wavi-
ness height within a tolerance of ±0.05 mm across



any diameter. This requirement shall be checked
in a minimum of three positions at approximately
120° intervals using a straight edge and feeler
gauges approximately 8–12.5 mm (0.315–0.5 in)
wide or an optical comparator.

7.6.2 The specimen end shall not depart from perpen-
dicular to the axis of the specimen by more than
0.5 degrees (i.e. 0.87 mm or 0.03 in across the
diameter of a 100 mm diameter specimen). This
requirement shall be checked on each specimen
using a machinists square and feeler gauges.

7.7 Air Void Content—Determine the air void content of
the final test specimen in accordance with AASHTO
T269. Reject specimens with air voids that differ by
more than 0.5 percent from the target air voids.

7.8 Replicates—The number of test specimens required
depends on the number of axial and/or radial strain
measurements made per specimen and the desired
accuracy of the average flow time values. Table 1
summarizes the LVDTs and replicate number of spec-
imens needed to obtain a desired accuracy limit. 

7.9 Sample Storage—Wrap completed specimens in poly-
ethylene and store in an environmentally protected
storage area at temperatures between 5 and 25°C (40
and 75°F).

Note 8—To eliminate effects of aging on test
results, it is recommended that specimens be stored
no more than two weeks prior to testing.

8. Test Specimen Instrumentation

8.1 Attach mounting studs for the axial LVDTs to the
sides of the specimen with epoxy cement. Figure 2
presents details of the mounting studs and LVDT
mounting hardware.

Note 9—Quick setting epoxy such as Duro Master
Mend Extra Strength Quick Set QM-50 has been
found satisfactory for attaching studs. Under cer-
tain conditions when using the triaxial cell with
confining pressure, the mounting studs may not
require gluing to the specimen. While the surface
contact area of the mounting studs is normally min-
imized consistent with transducer support require-
ments, it is generally recommended that the area of
the studs be sufficiently large to bridge any open
void structure features evident on the cut face of
the specimen. The minimum diameter mounting
stud consistent with support requirements is nor-
mally set at 8 mm (0.315 in), maximum diameters
have not been established. A circular stud contact
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surface shape is not required, rectangular or other
shapes are acceptable. 

8.2 The gauge length for measuring axial deformations
shall be 100 mm ±1 mm. Suitable alignment and spac-
ing fixture shall be used to facilitate mounting of the
axial deformation measuring hardware. The gauge
length is normally measured between the stud centers.

9. Procedure

9.1 The recommended test protocol for the Simple Per-
formance Test for use in the Superpave volumetric
mix design consists of testing the asphalt mix at one
effective pavement temperature Teff and one design
stress level selected by the design engineer. The effec-
tive pavement temperature Teff covers approximately
the temperature range of 25 to 60°C (77 to 140°F). The
design stress level covers the range between 69 and
207 kPa (10–30 psi) for the unconfined tests, and 483
to 966 kPa for the confined tests. Typical confinement
levels range between 35 and 207 kPa (5–30 psi).

9.2 Place the test specimen in the environmental cham-
ber and allow it to equilibrate to the specified testing
temperature. For the confined tests in a standard geo-
technical cell, glue the gauge points to the specimen
surface as necessary, fit the flexible membrane over
the specimen and mount the axial hardware fixtures
to the gauge points through the membrane. Place the
test specimen with the flexible membrane on in the
environmental chamber. A dummy specimen with
a temperature sensor mounted at the center can be
monitored to determine when the specimen reaches
the specified test temperature. In the absence of the
dummy specimen, Table 2 provides a summary of the
minimum required temperature equilibrium times for
samples starting from room temperature (i.e. 25°C).

Unconfined Tests

9.3 After temperature equilibrium is reached, place one
of the friction reducing end treatments on top of the
platen at the bottom of the loading frame. Place the
specimen on top of the lower end treatment, and
mount the axial LVDTs to the hardware previously
attached to the specimen. Adjust the LVDT to near
the end of its linear range to allow the full range to
be available for the accumulation of compressive
permanent deformation. 

9.4 Place the upper friction reducing end treatment and
platen on top of the specimen. Center the specimen
with the load actuator visually in order to avoid
eccentric loading.



9.5 Apply a contact load equal to 5 percent of the total
load that will be applied to the specimen, while
ensuring the proper response of the LVDTs (i.e.,
check for proper direction sensing for all LVDTs).

9.6 Place the radial LVDTs in contact with the speci-
men, adjust the LVDTs to near the end of their lin-
ear range to allow the full range to be available for
the accumulation of radial permanent deformation.
Adjust and balance the electronic measuring system
as necessary. 

9.7 Close the environmental chamber and allow suffi-
cient time (normally 10 to 15 minutes) for the tem-
perature to stabilize within the specimen and the
chamber. 

9.8 After the time required for the sample to reach the
testing temperature, apply the haversine load, which
yields the desired stress on the specimen. The maxi-
mum applied load (Pmax) is the maximum total load
applied to the sample, including the contact and
cyclic load: Pmax = Pcontact + Pcyclic.

9.9 The contact load (Pcontact) is the vertical load placed
on the specimen to maintain a positive contact
between loading strip and the specimen: Pcontact =
0.05 × Pmax.

9.10 The cyclic load (Pcyclic) is the load applied to the test
specimen which is used to calculate the permanent
deformation parameters: Pcyclic = Pmax − Pcontact.

9.11 Apply the haversine loading (Pcyclic) and continue
until 10,000 cycles (2.8 hours) or until the specimen
fails and results in excessive tertiary deformation to
the specimen, whichever comes first. The total num-
ber of cycles or the testing time will depend on the
temperature and the stress levels applied. 

9.12 During the load applications, record the load applied,
the axial and radial deflection measured from all
LVDTs through the data acquisition system. Signal-
to-noise ratio should be at least 10. All data should be
collected in real time and collected/processed so as to
minimize phase errors due to sequential channel sam-
pling. In order to save storage space during data acqui-
sition for 10,000 cycles, it is recommended to use the
data acquisition of the cycles shown in Table 3.

Confined Tests

9.13 After temperature equilibrium is reached, place one
of the friction reducing end treatments on top of the
platen at the bottom of the loading frame. Place the
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specimen on top of the lower end treatment, place
the top platen and extend the flexible membrane over
the top and bottom platens. Attach the O-rings to seal
the specimen on top and bottom platens from the
confining air/fluid. Center the specimen with the
load actuator visually in order to avoid eccentric
loading.

9.14 Mount the axial LVDTs to the hardware previously
attached to the specimen. Adjust the LVDT to near
the end of its linear range to allow the full range to
be available for the accumulation of compressive
permanent deformation. 

9.15 Connect the appropriate hose through the upper or
lower platen (or take other appropriate steps) to
keep the specimen’s internal void structure under
atmospheric pressure while pressure greater than
atmospheric is applied to the outside of the mem-
brane during testing.

9.16 Assemble the triaxial cell over the specimen, ensure
proper seal with the base and connect the fluid (or
gas) pressure lines.

9.17 Apply a contact load equal to 5 percent of the load that
will be applied to the specimen, while ensuring the
proper response of the LVDTs (i.e., both decrease
accordingly). Place the radial LVDTs in contact
with the specimen, adjust the LVDTs to near the
end of their linear range to allow the full range to
be available for the accumulation of radial perma-
nent deformation. 

9.18 Record the initial LVDT readings and slowly
increase the lateral pressure to the desired test level
(e.g. 2 psi /sec). Adjust and balance the electronic
measuring system as necessary. Close the environ-
mental chamber and allow sufficient time (normally
10 to 15 minutes) for the temperature to stabilize
within the specimen and the chamber.

9.19 After the time required for the sample to reach the
testing temperature, apply the haversine load, which
yields the desired stress on the specimen. Continue
until 10,000 cycles (2.8 hours) or until the specimen
fails and results in excessive tertiary deformation to
the specimen, whichever comes first. The total num-
ber of cycles or the testing time will depend on the
temperature and the stress levels applied. 

9.20 During the load applications, record the load applied,
confining pressure, the axial and radial deflection
measured from all LVDTs through the data acqui-
sition system. Signal-to-noise ratio should be at



least 10. All data should be collected in real time and
collected/processed so as to minimize phase errors
due to sequential channel sampling. In order to save
storage space during data acquisition for 10,000
cycles, it is recommended to use the data acquisition
of the cycles shown in Table 3.

10. Calculations

10.1 Calculate the average axial deformation for each
specimen by averaging the readings from the two
axial LVDTs. Convert the average deformation val-
ues to total axial strain (εTa), in/in, by dividing by the
gauge length, L [100mm (4-inches)]. Typical total
axial strain versus time is shown in Figure 3. 

10.2 Compute the cumulative axial permanent strain.

10.3 Plot the cumulative axial permanent strain versus
number of loading cycles in log space. Determine the
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permanent deformation parameters, intercept (a) and
slope (b), from the linear portion of the permanent
strain curve (see Figure 4). 

10.4 The flow number of repetitions is viewed as the
lowest point in the curve of rate of change in axial
strain versus number of loading cycles (see Fig-
ure 5). The rate of change of axial strain versus
number of loading cycles should be plotted and the
flow number (FN) is estimated where a minimum or
zero slope is observed.

11. Report

11.1 Report all specimen information including mix iden-
tification, storage conditions, dates of manufacturing
and testing, specimen diameter and length, volumet-
ric properties, stress levels used, confining pressure,
axial permanent deformation parameters (a, b) and
flow number of repetitions.
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Figure 1. Schematic of repeated load permanent deformation test.

TABLE 1 Recommended number of specimens



Figure 2. Axial LVDTs instrumentation.

TABLE 2 Recommended equilibrium times

80



81

TABLE 3 Suggested data collection for the
repeated load permanent deformation test

Figure 3. Cumulative permanent strain vs. loading cycles from a repeated load permanent
deformation test.
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Figure 5. Typical plot of the rate of change in permanent strain vs. loading cycles.

Figure 4. Regression constants “a” and “b” from log permanent strain—log number
of loading cycles plot.
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APPENDIX C

TEST METHOD FOR STATIC CREEP/FLOW TIME OF ASPHALT CONCRETE
MIXTURES IN COMPRESSION

1. Scope

1.1 This test method covers procedures for the prepara-
tion, testing and measurement of the resistance to ter-
tiary flow of cylindrical asphalt concrete specimens in
a triaxial state of compressive loading. 

1.2 In this test, a cylindrical sample of bituminous paving
mixture is subjected to a static axial load. Permanent
axial and/or radial strains are recorded throughout the
test. 

1.3 The test is conducted at a single effective temperature
Teff and design stress levels. 

1.4 This standard is applicable to laboratory prepared
specimens 100 mm in diameter and 150 mm in height
for mixtures with nominal maximum size aggregate
less than or equal to 37.5 mm (1.5 in).

1.5 This standard may involve hazardous material, oper-
ations, and equipment. This standard does not pur-
port to address all safety problems associated with its
use. It is the responsibility of the user of this proce-
dure to establish appropriate safety and health prac-
tices and to determine the applicability of regulatory
limitations prior to use.

2. Referenced Documents

2.1 AASHTO Standards

TP4 Method for Preparing and Determining the
Density of Hot Mix Asphalt (HMA) Spec-
imens by Means of the SHRP Gyratory
Compactor

PP2 Practice for Mixture Conditioning of Hot
Mix Asphalt (HMA)

T67 Standard Practices for Load Verification
of Testing Machines (cross-listed with
ASTM E4)

T269 Percent Air Voids in Compacted Dense
and Open Bituminous Paving Mixtures

3. Definitions

3.1 Flow Time—is defined as the postulated time when
shear deformation, under constant volume, starts. 

3.2 Compliance—is the reciprocal of the modulus and
represents the ratio of strain to stress for a viscoelas-
tic material.

3.3 Effective Temperature Teff—is a single test tempera-
ture at which an amount of permanent deformation
would occur equivalent to that measured by consider-
ing each season separately throughout the year.

4. Summary of Method

4.1 A cylindrical sample of bituminous paving mixture is
subjected to a static axial load. The test can be per-
formed either without confinement, or a confining
pressure is applied to better simulate in situ stress con-
ditions. The flow time is defined as the postulated time
when shear deformation, under constant volume, starts.
The applied stress and the resulting permanent and/or
axial strain response of the specimen is measured and
used to calculate the flow time. 

5. Significance and Use 

5.1 Current Superpave volumetric mix design procedure
lacks a basic design criterion to evaluate fundamen-
tal engineering properties of the asphalt mixture that
directly affect performance. The selection of the design
binder content and aggregate structure is enhanced by
the evaluation of the mix resistance to shear flow (Flow
Time) in this test. 

5.2 This fundamental engineering property can be used as
a performance criteria indicator for permanent defor-
mation resistance of the asphalt concrete mixture, or
can be simply used to compare the shear resistance
properties of various bituminous paving mixtures. 

6. Apparatus

6.1 Load Test System—A load test system consisting of
a testing machine, environmental chamber, measuring
system, and specimen end fixtures.

6.1.1 Testing Machine—The testing machine should be
capable of applying static loads up to 25 kN
(5,600 lbs). An electro-hydraulic machine is rec-
ommended but not necessarily required. The load-
ing device should be calibrated as outlined in the



“Equipment Calibration” Section of the testing
manual. 

6.1.2 Confining Pressure Device—A system capable of
maintaining a constant confining pressure, up to
207 kPa (30 psi), such as an air pressure intensi-
fier or a hydraulic pump. The device shall be
equipped with a pressure relief valve, and a sys-
tem to pressurize and depressurize the cell with
gas or fluid. The device should also have a high
temperature control subsystem for testing up to
60°C (140°F) within an accuracy of ±0.5°C (1°F)
at constant pressure.

Note 1—It has been found that feedback control of
a servovalve to control the pressure is the preferred
method of control. However, manual valves or pro-
portional valves may be adequate for some applica-
tions. The axisymmetric triaxial cells of AASHTO
T292 or T294 may be used for this purpose. Other
types of triaxial cells may be permitted. In all
cases, see-through cells are not recommended for
use with gas confining media. Sight glass ports or
reduced area windows are recommended with gas
media for safety reasons. It is not required that the
specimen be visible through the cell wall if speci-
men centering and proper instrumentation opera-
tion can be verified without a see-through pressure
vessel. Certain simulations of pavement loads and
extended material characterization desired for local
conditions may suggest using confining pressures
greater than 207 kPa. For pressures higher than
690 kPa (100 psi), fluid cells are recommended.

6.1.3 Environmental Chamber—A chamber for control-
ling the test specimen at the desired temperature is
required. The environmental chamber shall be
capable of controlling the temperature of the spec-
imen over a temperature range from 25 to 60°C (77
to 140°F ) to an accuracy of ±0.5°C (1°F). The
chamber shall be large enough to accommodate
the test specimen and a dummy specimen with
temperature sensor mounted at the center for tem-
perature verification.

Note 2—If the chamber does not have sufficient
room for a dummy specimen, it is permissible to
have a second chamber controlling the temperature
of the dummy. The separate dummy chamber must
be operated similar to the operation of the main test
specimen chamber so that the dummy will accu-
rately register the time required to obtain tempera-
ture equilibrium on the test specimen. 

6.1.4 Measurement System—The system shall include
a data acquisition system comprising analog to
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digital conversion and/or digital input for storage
and analysis on a computer. The system shall be
capable of measuring and recording the time his-
tory of the applied load, axial and radial defor-
mations for the time duration required by this test
method. The system shall be capable of measur-
ing the load and resulting deformations with a
resolution of 0.5 percent.

6.1.4.1 Load—The load shall be measured with an
electronic load cell having adequate capacity
for the anticipated load requirements. The
load cell shall be calibrated in accordance
with AASHTO T67. The load measuring
transducer shall have accuracy equal to or
better than 0.25 percent of full scale. 

Note 3—A 25 kN (5600 lbf) load cell has been
found to be the approximate maximum capacity
limit for this test method because of range versus
resolution factors. It is recommended that if the
selected load cell capacity is 25 kN or greater, the
system should be equipped with either manual or
automatic amplification selection capability so that
it can be used to enhance control of the system at
lower anticipated loads. 

6.1.4.2 Axial and Radial Deformations—Axial
and/or radial deformations shall be measured
with displacement transducers referenced to
gauge points contacting the specimen as
shown in Figure 1. The axial deformations
shall be measured at a minimum of two loca-
tions 180° apart (in plan view); radial defor-
mations shall be measured at a minimum of
four locations aligned, in planform, on diame-
tral, perpendicular lines which intersect at the
center of the specimen. 

Note 4—Analog transducers such as linear vari-
able differential transformers (LVDTs) having a
range of ±0.5 mm (0.02 in) and inherent nonlin-
earity equal to or better than ±0.025 percent of full
scale have been found adequate for this purpose.
Software or firmware linearization techniques may
be used to improve the inherent nonlinearity.
Amplification and signal conditioning techniques
may be used with the ±0.5 mm range LVDTs to
obtain resolutions down to 0.001mm (0.00004 in)
or better for small strain test conditions. These
techniques may be manual or automatic. In gen-
eral, increasing the resolution by manual signal
amplification will result in reduction of the overall
range of the instrument by the same factor.

6.1.5 Loading Platens—Platens, with a diameter equal
to or greater than that of the test specimen are



required above and below the specimen to trans-
fer the load from the testing machine to the spec-
imen. Generally, these platens should be made of
hardened or plated steel, or anodized high strength
aluminum. Softer materials will require more fre-
quent replacement. Materials that have linear elas-
tic modulus properties and hardness properties
lower than that of 6061-T6 aluminum shall not
be used.

6.1.6 Flexible Membrane—For the confined tests, the
specimen should be enclosed in an impermeable
flexible membrane. The membrane should be suf-
ficiently long to extend well onto the platens and
when slightly stretched be of the same diameter
as the specimen. Typical membrane wall thick-
ness ranges between 0.012 and 0.0625 inches
(0.305–1.588 mm).

6.1.7 End Treatment—Friction reducing end treatments
shall be placed between the specimen ends and
the loading platens. 

Note 5—End treatments consisting of two 0.5 mm
(0.02 in) thick latex sheets separated with silicone
grease have been found to be suitable friction reduc-
ing end treatments. 

6.2 Gyratory Compactor—A gyratory compactor and
associated equipment for preparing laboratory speci-
mens in accordance with AASHTO TP4 shall be used.
Field cores shall meet the requirements of paragraphs
7.4 through 7.6 of this test method and any reports on
cores so tested will contain a detailed description of
the location of any lift boundaries within the height of
the specimen (e.g. lift order, thickness and material
homogeneity).

6.3 Saw—A machine for sawing test specimen ends to 
the appropriate length is required. The saw machine
shall be capable of cutting specimens to the prescribed
dimensions without excessive heating or shock.

Note 6—A double-bladed diamond masonry saw
greatly facilitates the preparation of test specimens
with smooth, parallel ends. Both single- or double-
bladed diamond saws should have feed mecha-
nisms and speed controls of sufficient precision
to ensure compliance with paragraphs 7.5 and 7.6
of this method. Adequate blade stiffness is also
important to control flexing of the blade during
thin cuts. 

6.4 Core Drill—A coring machine with cooling system
and a diamond bit for cutting nominal 100 mm (4 in)
diameter test specimens.
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Note 7—A coring machine with adjustable vertical
feed and rotational speed is recommended. The
variable feeds and speeds may be controlled by var-
ious methods. A vertical feed rate of approximately
0.05 mm/rev (0.002 in/rev) and a rotational speed
of approximately 455 RPM has been found to be
satisfactory for several of the Superpave mixtures.

7. Test Specimens

7.1 Size—Testing shall be performed on 100 mm (4 in)
diameter by 150 mm (6 in) high test specimens cored
from gyratory compacted mixtures.

7.2 Aging—Mixtures shall be aged in accordance with the
short-term oven aging procedure in AASHTO PP2.

7.3 Gyratory Specimens—Prepare 165 mm (6.5 in) high
specimens to the required air void content in accor-
dance with AASHTO TP-4.

7.4 Coring—Core the nominal 100 mm (4 in) diameter
test specimens from the center of the gyratory speci-
mens. Both the core drill and the gyratory specimen
should be adequately supported to ensure that the
resulting test specimen is cylindrical with sides that
are smooth, parallel, and free from steps, ridges, and
grooves.

7.5 Diameter—Measure the diameter of the test specimen
at the mid-height and third points along axes that are
90 degrees apart. Record each of the six measure-
ments to the nearest 1 mm (0.05 in). Calculate the
average and the standard deviation of the six mea-
surements. If the standard deviation is greater than
2.5 mm (0.01 in) discard the specimen. For acceptable
specimens, the average diameter, reported to the near-
est 1 mm, shall be used in the stress calculations.

7.6 End Preparation—The ends of all test specimens shall
be smooth and perpendicular to the axis of the speci-
men. Prepare the ends of the specimen by sawing with
a single- or double-bladed saw. To ensure that the
sawed samples have parallel ends, the prepared speci-
men ends shall meet the tolerances described below.
Reject test specimens not meeting these tolerances.

7.6.1 The specimen ends shall have a cut surface wavi-
ness height within a tolerance of ±0.05 mm across
any diameter. This requirement shall be checked
in a minimum of three positions at approximately
120° intervals using a straight edge and feeler
gauges approximately 8–12.5 mm (0.315–0.5 in)
wide or an optical comparator.



7.6.2 The specimen end shall not depart from perpen-
dicular to the axis of the specimen by more than
0.5 degrees (i.e. 0.87 mm or 0.03 in across the
diameter of a 100 mm diameter specimen). This
requirement shall be checked on each specimen
using a machinists square and feeler gauges.

7.7 Air Void Content—Determine the air void content of
the final test specimen in accordance with AASHTO
T269. Reject specimens with air voids that differ by
more than 0.5 percent from the target air voids.

7.8 Replicates—The number of test specimens required
depends on the number of axial and/or radial strain
measurements made per specimen and the desired
accuracy of the average flow time values. Table 1 sum-
marizes the LVDTs and replicate number of speci-
mens needed to obtain a desired accuracy limit. 

7.9 Sample Storage—Wrap completed specimens in poly-
ethylene and store in an environmentally protected
storage area at temperatures between 5 and 25°C (40
and 75°F).

Note 8—To eliminate effects of aging on test
results, it is recommended that specimens be stored
no more than two weeks prior to testing.

8. Test Specimen Instrumentation

8.1 Attach mounting studs for the axial LVDTs to the sides
of the specimen with epoxy cement. Figure 2 presents
details of the mounting studs and LVDT mounting
hardware.

Note 9—Quick setting epoxy such as Duro Master
Mend Extra Strength Quick Set QM-50 has been
found satisfactory for attaching studs. Under cer-
tain conditions when using the triaxial cell with
confining pressure, the mounting studs may not
require gluing to the specimen. While the surface
contact area of the mounting studs is normally min-
imized consistent with transducer support require-
ments, it is generally recommended that the area of
the studs be sufficiently large to bridge any open
void structure features evident on the cut face of
the specimen. The minimum diameter mounting
stud consistent with support requirements is nor-
mally set at 8 mm (0.315 in), maximum diameters
have not been established. A circular stud contact
surface shape is not required, rectangular or other
shapes are acceptable. 

8.2 The gauge length for measuring axial deformations
shall be 100 mm ±1 mm. Suitable alignment and spac-
ing fixture shall be used to facilitate mounting of the
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axial deformation measuring hardware. The gauge
length is normally measured between the stud centers.

9. Procedure

9.1 The recommended test protocol for the Simple Per-
formance Test for use in the Superpave volumetric
mix design consists of testing the asphalt mix at one
effective pavement temperature Teff and one design
stress level selected by the design engineer. The effec-
tive pavement temperature Teff covers approximately
the temperature range of 25 to 60°C (77 to 140°F). The
design stress level covers the range between 69 and
207 kPa (10–30 psi) for the unconfined tests, and 483
to 966 kPa for the confined tests. Typical confinement
levels range between 35 and 207 kPa (5–30 psi).

9.2 Place the test specimen in the environmental cham-
ber and allow it to equilibrate to the specified testing
temperature. For the confined tests, in a standard geo-
technical cell, glue the gauge points to the specimen
surface as necessary, fit the flexible membrane over
the specimen and mount the axial hardware fixtures
to the gauge points through the membranes. Place the
test specimen with the flexible membrane on in the
environmental chamber. A dummy specimen with a
temperature sensor mounted at the center can be
monitored to determine when the specimen reaches
the specified test temperature. In the absence of the
dummy specimen, Table 2 provides a summary of the
minimum required temperature equilibrium times for
samples starting from room temperature (i.e. 25°C).

Unconfined Tests

9.3 After temperature equilibrium is reached, place one
of the friction reducing end treatments on top of the
platen at the bottom of the loading frame. Place the
specimen on top of the lower end treatment, and
mount the axial LVDTs to the hardware previously
attached to the specimen. Adjust the LVDT to near
the end of its linear range to allow the full range to
be available for the accumulation of compressive
permanent deformation. 

9.4 Place the upper friction reducing end treatment and
platen on top of the specimen. Center the specimen
with the load actuator visually in order to avoid eccen-
tric loading.

9.5 Apply a contact load equal to 5 percent of the static
load that will be applied to the specimen, while ensur-
ing the proper response of the LVDTs (i.e., check for
proper direction sensing for all LVDTs).



9.6 Place the radial LVDTs in contact with the speci-
men, adjust the LVDTs to near the end of their lin-
ear range to allow the full range to be available for
the accumulation of radial permanent deformation.
Adjust and balance the electronic measuring system
as necessary. 

9.7 Close the environmental chamber and allow sufficient
time (normally 10 to 15 minutes) for the temperature
to stabilize within the specimen and the chamber. 

9.8 After the time required for the sample to reach the
testing temperature, apply a rapid axial static load at
approximately 15 MPa/sec to obtain the desired
stress on the specimen. 

9.9 Hold the load constant until tertiary flow occurs or
the total axial strain reaches approximately 2%. The
test time will depend on the temperature and the
stress levels applied. 

9.10 During the load application, record the load applied,
the axial and radial deflection measured from all
LVDTs through the data acquisition system.

Confined Tests

9.11 After temperature equilibrium is reached, place one
of the friction reducing end treatments on top of the
platen at the bottom of the loading frame. Place the
specimen on top of the lower end treatment, place
the top platen and extend the flexible membrane over
the top and bottom platens. Attach the O-rings to seal
the specimen on top and bottom platens from the
confining air/fluid. Center the specimen with the
load actuator visually in order to avoid eccentric
loading.

9.12 Mount the axial LVDTs to the hardware previously
attached to the specimen. Adjust the LVDT to near
the end of its linear range to allow the full range to
be available for the accumulation of compressive
permanent deformation. 

9.13 Connect the appropriate hose through the upper or
lower platen (or take other appropriate steps) to
keep the specimen’s internal void structure under
atmospheric pressure while pressure greater than
atmospheric is applied to the outside of the mem-
brane during testing.

9.14 Assemble the triaxial cell over the specimen, ensure
proper seal with the base and connect the fluid (or
gas) pressure lines.
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9.15 Apply a contact load equal to 5 percent of the static
load that will be applied to the specimen, while
ensuring the proper response of the LVDTs (i.e.,
both decrease accordingly). Place the radial LVDTs
in contact with the specimen, adjust the LVDTs to
near the end of their linear range to allow the full
range to be available for the accumulation of radial
permanent deformation. 

9.16 Record the initial LVDT readings and slowly
increase the lateral pressure to the desired test level
(e.g. 2 psi /sec). Adjust and balance the electronic
measuring system as necessary. Close the environ-
mental chamber and allow sufficient time (normally
10 to 15 minutes) for the temperature to stabilize
within the specimen and the chamber

9.17 After the time required for the sample to reach the
testing temperature, apply a rapid axial static load at
approximately 15 MPa/sec to obtain the desired devi-
atoric stress on the specimen. Hold the load constant
until the tertiary flow occurs or the total axial strain
reaches 4–5%. The test time will depend on the tem-
perature and the stress levels applied. 

9.18 During the load application, record the load, confin-
ing pressure, the axial and radial deflection measured
from all LVDTs through the data acquisition system.

10. Calculations

10.1 Calculate the average axial deformation for each
specimen by averaging the readings from the two
axial LVDTs. Convert the average deformation val-
ues to total axial strain (εTa), in/in, by dividing by the
gauge length, L [100mm (4-inches)]. Typical total
axial strain versus time is shown in Figure 3. 

10.2 Compute the total axial compliance D(t) = εT /σd ,
where σd is the deviator stress applied during testing
in psi. (σd = applied constant load [lb] divided by the
cross sectional area of the specimen [in2]).

10.3 Plot the total axial compliance versus time in log
space. 

10.4 Using the data generated between the total axial
compliance and time, determine the axial creep com-
pliance parameters (Do, D1, M1) from the linear por-
tion of the creep compliance data between a time of
ten seconds until the end of the linear curve (see Fig-
ure 4). The creep compliance parameters are esti-
mated as follows:

Do: is the instantaneous compliance, and can be
assumed to be the value of the total compliance at



a time equal to 100 ms (if the load is applied
rapidly at 50 ms).

D1: is the intercept of the creep compliance–time rela-
tionship, which is the estimated value of the total
compliance at a time of one second.

M1: is the slope of the creep compliance–time rela-
tionship.

10.5 The flow point is viewed as the lowest point in the
curve of rate of change in axial compliance versus
loading time (see Figure 5). The rate of change of
creep compliance D′(t) versus loading time should
be plotted and the flow time (Ft) is estimated using
the following mathematical procedure:

Ten data points are taken from every log scale unit
of time at approximately equal intervals. Then, at a
specific time t1, a polynomial equation is fitted using
five points (two points forward and two points back-
ward from the time t1). The form of this equation is:

D(t)I = a + bt + ct2

Where

D(t)1 = compliance at time t for t1 point evaluated
t = time of loading

a,b,c = regression coefficients
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By taking the derivative of the above equation, one
obtains the following:

Therefore, the rate of change in compliance at time
ti is equal to b + 2cti. For each data point selected one
can obtain the rate of change in compliance by
repeating the above procedure. Once all the rates of
change in compliance are calculated, one can find the
zero value of rate of change in compliance, i.e., the
flow point. This is accomplished by another poly-
nomial curve fit, using equal data points on both
sides of the minimum value. Theoretically the “flow
point” is the time corresponding to a rate of compli-
ance change equal to zero. 

11. Report

11.1 Report all specimen information including mix iden-
tification, storage conditions, dates of manufacturing
and testing, specimen diameter and length, volumet-
ric properties, stress levels used, confining pressure,
creep compliance parameters (Do, D1, M1) and flow
time.

d(D(t) )
dt

b 2cti = +
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Figure 1. Schematic of static creep/flow time test.

TABLE 1 Recommended number of specimens
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Figure 2. Axial LVDTs instrumentation.

TABLE 2 Recommended equilibrium times
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Figure 3. Total axial strain vs. time from a static creep/flow time test.

Figure 4. Regression constants “D1” and “M1” from log compliance—log time
plot.
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Figure 5. Typical plot of the rate of change in compliance vs. loading time on a
log-log scale.
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APPENDIX D

TEST METHOD FOR DYNAMIC MODULUS OF ASPHALT CONCRETE MIXTURES
FOR FATIGUE CRACKING

1. Scope

1.1 This test method covers procedures for preparing and
testing asphalt concrete mixtures to determine the
dynamic modulus and phase angle at a single effective
temperature Teff and design loading frequency. 

1.2 This test method is a part of test protocols that
include determination of the dynamic modulus of the
asphalt mix for paving purposes. The other test
methods are Standard Test Method for Simple Per-
formance Test for Permanent Deformation Based
Upon Dynamic Modulus of Asphalt Concrete Mix-
ture and Standard Test Method for Dynamic Modulus
of Asphalt Concrete Mixtures, which is for construct-
ing a master curve for characterizing asphalt concrete
for pavement thickness design and performance
analysis.

1.3 This standard is applicable to laboratory prepared spec-
imens of mixtures with nominal maximum size aggre-
gate less than or equal to 37.5 mm (1.5 in).

1.4 This standard may involve hazardous material, oper-
ations, and equipment. This standard does not pur-
port to address all safety problems associated with its
use. It is the responsibility of the user of this proce-
dure to establish appropriate safety and health prac-
tices and to determine the applicability of regulatory
limitations prior to use.

2. Referenced Documents

2.1 AASHTO Standards

TP4 Method for Preparing and Determining the
Density of Hot Mix Asphalt (HMA) Spec-
imens by Means of the SHRP Gyratory
Compactor

PP2 Practice for Mixture Conditioning of Hot
Mix Asphalt (HMA)

T67 Standard Practices for Load Verification
of Testing Machines (cross-listed with
ASTM E4)

T269 Percent Air Voids in Compacted Dense and
Open Bituminous Paving Mixtures

3. Definitions

3.1 Dynamic Modulus—|E*|, the norm value of the com-
plex modulus calculated by dividing the peak-to-peak
stress by the peak-to-peak strain for a material sub-
jected to a sinusoidal loading. 

3.2 Complex Modulus—E*, a complex number that defines
the relationship between stress and strain for a linear
viscoelastic material.

3.3 Phase angle—δ, the angle in degrees between a sinu-
soidally applied stress and the resulting strain in a
controlled-stress test.

3.4 Linear viscoelastic—within the context of this test,
refers to behavior in which the dynamic modulus is
independent of stress or strain amplitude.

3.5 Effective Temperature Teff—Is a single test tempera-
ture at which an amount of fatigue cracking would
occur equivalent to that measured by considering each
season separately throughout the year.

4. Summary of Method

4.1 A sinusoidal (haversine) axial compressive stress is
applied to a specimen of asphalt concrete at a given
temperature and loading frequency. The applied stress
and the resulting recoverable axial strain response of
the specimen is measured and used to calculate the
dynamic modulus and phase angle.

4.2 Figure 1 presents a schematic of the dynamic modu-
lus test device.

5. Significance and Use 

5.1 Dynamic modulus values, measured at one effective
temperature Teff and one design frequency selected by
the design engineer, are used as performance criteria
for fatigue cracking resistance of the asphalt concrete
mixture to be used in conjunction with the Superpave
Volumetric Mix Design Method.

Note 1—The effective temperature Teff covers
approximately the temperature range of 4 to 20°C
(39 to 68°F).



5.2 Dynamic modulus values measured over a range of
temperatures and frequencies of loading can be shifted
into a master curve for characterizing asphalt con-
crete for pavement thickness design and performance
analysis.

5.3 This test method covers the determination of the
dynamic modulus values measured unconfined within
the linear viscoelastic range of the asphalt mixture.

Note 2—Future research may indicate the need for
confined stress states and nonlinear material char-
acterization. Confinement may be applied with var-
ious types of axisymmetric triaxial cells to address
these needs. 

6. Apparatus
6.1 Dynamic Modulus Test System—A dynamic modu-

lus test system consisting of a testing machine, envi-
ronmental chamber, measuring system, and specimen
end fixtures.

6.1.1 Testing Machine—A materials testing machine
capable of producing a controlled haversine com-
pressive loading of paragraphs 9.7 and 9.8 is
required. 

Note 3—The testing machine shall have a capabil-
ity of applying load over a range of frequencies
from 1 to 30 Hz. Stress levels up to 2800 kPa (400
psi) may be required at certain temperatures and
frequencies. However, for virtually all effective
temperatures in the US, stress levels between 100
kPa and 1500 kPa (14–280 psi) have been found to
be sufficient. This latter range of stress levels con-
verts to an approximate range of 0.8–11.8 kN
170–2656 lbf) on a 100 mm diameter specimen. If
the machine is to be dedicated only to this test pro-
cedure with no requirement for additional strength
testing or low temperature testing, it is recom-
mended that the lowest capacity machine capable
of applying the required waveforms be used. Alter-
natively, larger capacity machines may be used
with low capacity load cells or signal amplifiers. It
has been found that feedback controlled testing
machines equipped with appropriate servovalves
can be used for this test. As a general rule of thumb,
the dynamic load capacity of a testing machine
between 10 and 30 Hz will be approximately
65–75 percent of the monotonic (“static”) capac-
ity, but this rule varies by manufacturer. A 25–50
kN capacity servohydraulic testing machine has
been found to be adequate for virtually all of the
tests in the suite of simple performance tests.

6.1.2 Environmental Chamber—A chamber for con-
trolling the test specimen at the desired tempera-
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ture is required. The environmental chamber shall
be capable of controlling the temperature of the
specimen over a temperature range from 15 to
60°C (60 to 140°F ) to an accuracy of ±0.5°C
(1°F). The chamber shall be large enough to
accommodate the test specimen and a dummy
specimen with temperature sensor mounted at the
center for temperature verification.

Note 4—A chamber that will control temperatures
down to –10°C (14°F) may be required for other
tests mentioned in paragraph 1.2 of this method.

Note 5—If the chamber does not have sufficient
room for a dummy specimen, it is permissible to
have a second chamber controlling the temperature
of the dummy. The separate dummy chamber must
be operated similar to the operation of the main test
specimen chamber so that the dummy will accu-
rately register the time required to obtain tempera-
ture equilibrium on the test specimen. 

6.1.3 Measurement System—The system shall include
a data acquisition system comprising analog to
digital conversion and/or digital input for storage
and analysis on a computer. The system shall be
capable of measuring and recording the time his-
tory of the applied load and the axial deforma-
tions for the cycles required by this test method.
The system shall be capable of measuring the
period of the applied sinusoidal load and result-
ing deformations with a resolution of 0.5 percent.

6.1.3.1 Load—The load shall be measured with an
electronic load cell having adequate capacity
for the anticipated load requirements. The
load cell shall be calibrated in accordance with
AASHTO T67. The load measuring trans-
ducer shall have an accuracy equal to or bet-
ter than 0.25 percent of full scale. 

Note 6—A 25 kN (5600 lbf) load cell has been
found to be the approximate maximum capacity
limit for this test method because of range versus
resolution factors. It is recommended that if the
selected load cell capacity is 25 kN or greater, the
system should be equipped with either manual or
automatic amplification selection capability so that
it can be used to enhance control of the system at the
minimum anticipated loads given in paragraph 9.7.

Axial Deformations—Axial deformations shall be measured
with displacement transducers referenced to gauge points
contacting the specimen as shown in Figure 2. The deforma-
tions shall be measured at a minimum of two locations 180°
apart (in planview); however, three locations located 120°



apart is recommended to minimize the number of replicate
specimens required for testing. 

Note 7—Analog transducers such as linear vari-
able differential transformers (LVDTs) having a
range of ±0.5 mm (0.02 in) and inherent nonlin-
earity equal to or better than ±0.025 percent of full
scale have been found adequate for this purpose.
Software or firmware linearization techniques may
be used to improve the inherent nonlinearity.
Amplification and signal conditioning techniques
may be used with the ±0.5 mm range LVDTs to
obtain resolutions down to 0.001mm (0.00004 in)
or better for small strain test conditions. These
techniques may be manual or automatic. In gen-
eral, increasing the resolution by manual signal
amplification will result in reduction of the overall
range of the instrument by the same factor.

6.1.4 Loading Platens—Platens, with a diameter equal
to or greater than that of the test specimen are
required above and below the specimen to transfer
the load from the testing machine to the specimen.
Generally, these platens should be made of
anodized high strength aluminum. Softer materials
will require more frequent replacement. Materials
that have linear elastic modulus properties and
hardness properties lower than that of 6061-T6
aluminum shall not be used. Steel platens may
cause too much seating load to the specimen at
high temperature and are not recommended.

6.1.5 End Treatment—Friction reducing end treatments
shall be placed between the specimen ends and
the loading platens. 

Note 8—End treatments consisting of two 0.5 mm
(0.02 in) thick latex sheets separated with silicone
grease have been found to be suitable friction reduc-
ing end treatments. 

6.2 Gyratory Compactor—A gyratory compactor and
associated equipment for preparing laboratory speci-
mens in accordance with AASHTO TP4 shall be used.
Field cores shall meet the requirements of paragraphs
7.4 through 7.6 of this test method and any reports on
cores so tested will contain a detailed description of
the location of any lift boundaries within the height of
the specimen (e.g. lift order, thickness and material
homogeneity).

6.3 Saw—A machine for cutting test specimens to the
appropriate length is required. The saw or grinding
machine shall be capable of cutting specimens to the
prescribed dimensions without excessive heating or
shock.
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Note 9—A double-bladed diamond masonry saw
greatly facilitates the preparation of test specimens
with smooth, parallel ends. Both single- and double-
bladed diamond saws should have feed mecha-
nisms and speed controls of sufficient precision to
ensure compliance with paragraphs 7.5 and 7.6 of
this method. Adequate blade stiffness is also impor-
tant to control flexing of the blade during thin cuts. 

6.4 Core Drill—A coring machine with cooling system
and a diamond bit for cutting nominal 100 mm (4 in)
diameter test specimens.

Note 10—A coring machine with adjustable verti-
cal feed and rotational speed is recommended. The
variable feeds and speeds may be controlled by var-
ious methods. A vertical feed rate of approximately
0.05 mm/rev (0.002 in/rev) and a rotational speed
of approximately 455 RPM has been found to be
satisfactory for several of the Superpave mixtures.

7. Test Specimens

7.1 Size—Dynamic modulus testing shall be performed
on 100 mm (4 in) diameter by 150 mm (6 in) high test
specimens cored from gyratory compacted mixtures.

7.2 Aging—Mixtures shall be aged in accordance with the
short-term oven aging procedure in AASHTO PP2.

7.3 Gyratory Specimens—Prepare 165 mm (6.5 in) high
specimens to the required air void content in accor-
dance with AASHTO TP-4.

Note 11—Testing should be performed on test spec-
imens meeting specific air void tolerances. The
gyratory specimen air void content required to
obtain a specified test specimen air void content
must be determined by trial and error. Generally,
the test specimen air void content is 1.5 to 2.5 per-
cent lower than the air void content of the gyratory
specimen when the test specimen is removed from
the middle as specified in this test method.

7.4 Coring—Core the nominal 100 mm (4 in) diameter
test specimens from the center of the gyratory spec-
imens. Both the core drill and the gyratory specimen
should be adequately supported to ensure that the
resulting test specimen is cylindrical with sides that
are smooth, parallel, and free from steps, ridges, and
grooves.

Diameter—Measure the diameter of the test specimen at the
mid-height and third points along axes that are 90 degrees
apart. Record each of the six measurements to the nearest 
1 mm (0.05 in). Calculate the average and the standard devia-



tion of the six measurements. If the standard deviation is
greater than 2.5 mm (0.01 in) discard the specimen. For
acceptable specimens, the average diameter, reported to the
nearest 1 mm, shall be used in the stress calculations.

7.5 End Preparation—The ends of all test specimens shall
be smooth and perpendicular to the axis of the speci-
men. Prepare the ends of the specimen by sawing with
a single- or double-bladed saw. The prepared speci-
men ends shall meet the tolerances described below.
Reject test specimens not meeting these tolerances.

7.5.1 The specimen ends shall have a cut surface wavi-
ness height within a tolerance of ±0.05 mm across
any diameter. This requirement shall be checked
in a minimum of three positions at approximately
120° intervals using a straight edge and feeler
gauges approximately 8–12.5 mm (0.315–0.5 in)
wide or an optical comparator.

7.5.2 The specimen end shall not depart from perpen-
dicular to the axis of the specimen by more than
0.5 degrees (i.e. 0.87 mm or 0.03 in across the
diameter of a 100 mm diameter specimen). This
requirement shall be checked on each specimen
using a machinists square and feeler gauges.

7.6 Air Void Content—Determine the air void content of
the final test specimen in accordance with AASHTO
T269. Reject specimens with air voids that differ by
more than 0.5 percent from the target air voids.

7.7 Number—The number of test specimens required
depends on the number of axial strain measurements
made per specimen and the desired accuracy of the
average dynamic modulus. Table 1 summarizes the
replicate number of specimens that should be tested to
obtain an accuracy limit of less than ±15 percent.

7.8 Sample Storage—Wrap completed specimens in poly-
ethylene and store in an environmentally protected
storage area at temperatures between 5 and 25°C (40
and 75°F).

Note 12—To eliminate effects of aging on test
results, it is recommended that specimens be stored
no more than two weeks prior to testing.

8. Test Specimen Instrumentation

8.1 Attach mounting studs for the axial LVDTs to the
sides of the specimen with epoxy cement. Figure 3
presents details of the mounting studs and LVDT
mounting hardware.
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Note 13—Quick setting epoxy such as Duro Mas-
ter Mend Extra Strength Quick Set QM-50 has
been found satisfactory for attaching studs. Under
certain conditions when using the triaxial cell men-
tioned in Note 2, the mounting studs may not
require gluing to the specimen. While the surface
contact area of the mounting studs is normally min-
imized consistent with transducer support require-
ments, it is generally recommended that the area of
the studs be sufficiently large to bridge any open
void structure features evident on the cut face of
the specimen. The minimum diameter mounting
stud consistent with support requirements is nor-
mally set at 8 mm (0.315 in), maximum diameters
have not been established. A circular stud contact
surface shape is not required, rectangular or other
shapes are acceptable. 

8.2 The gauge length for measuring axial deformations
shall be 100 mm ±1 mm. An alignment and spacing
fixture similar to that shown in Figure 3 can be used
to facilitate mounting of the axial deformation mea-
suring hardware. The gauge length is normally mea-
sured between the stud centers.

9. Procedure

9.1 The recommended test protocol for the Simple Perfor-
mance Test for use in the Superpave volumetric mix
design consists of testing the asphalt mix at one effec-
tive pavement temperature Teff and one design fre-
quency selected by the design engineer. The effective
pavement temperature Teff covers approximately the
temperature range of 4 to 20°C (39 to 69°F). The
design frequency covers the range between 5 to 20 Hz.

9.2 Place the test specimen in the environmental cham-
ber and allow it to equilibrate to the specified testing
temperature. A dummy specimen with a temperature
sensor mounted at the center can be monitored to
determine when the specimen reaches the specified
test temperature. In the absence of the dummy speci-
men, Table 2 summarizes minimum recommended
temperature equilibrium times from room tempera-
ture (i.e. 25°C).

9.3 Place one of the friction reducing end treatments on
top of the platen at the bottom of the loading frame.
Place the specimen on top of the lower end treatment,
and mount the axial LVDTs to the hardware previ-
ously attached to the specimen. Adjust the LVDT to
near the end of its linear range to allow the full range
to be available for the accumulation of compressive
permanent deformation. 



9.4 Place the upper friction reducing end treatment and
platen on top of the specimen. Center the specimen
with the load actuator visually in order to avoid eccen-
tric loading.

9.5 Apply a contact load (Pmin) equal to 5 percent of the
dynamic load that will be applied to the specimen.

9.6 Adjust and balance the electronic measuring system
as necessary.

9.7 Apply haversine loading (Pdynamic) to the specimen
without impact in a cyclic manner. The dynamic load
should be adjusted to obtain axial strains between 50
and 150 microstrains.

Note 14—The dynamic load depends upon the
specimen stiffness and generally ranges between
100 and 1500 kPa (14 and 218 psi). Higher load is
needed at colder temperatures. Table 3 presents
target dynamic load levels based on temperature.

9.8 Test the specimens at selected temperature by first pre-
conditioning the specimen with 200 cycles at 25 Hz
using the target dynamic loads in Table 3 (interpolate if
necessary). Then load the specimen using the selected
frequency and number of cycles as specified in Table 4.

10. Calculations

10.1 Capture and store the last 6 loading cycles of full
waveform data for each transducer. Determine the
average amplitude of the sinusoidal load and defor-
mation from each axial displacement transducer over
the first 5 cycles of the last 6 loading cycle group
(since the displacement will lag behind the load, the
computations may use data from the 6th cycle, but
might not have enough of the waveform to fully deter-
mine the properties in the 6th cycle).

10.2 Average the signals from the displacement transduc-
ers. Determine the average time lag between the peak
load and the peak deformation over the 5 loading
cycles.

Note 15—Different approaches are available to
determine these. The approach is highly dependent
upon the number of data points collected per cycle.
Approaches that have been used include peak
search algorithms, various curve fitting techniques,
and Fourier Transform. Curve fitting techniques
and other numerical techniques have also been
used to determine the phase angle from the more
stable center portion of the waveform instead of
the peaks. If any displacement transducer is out of
range or otherwise obviously reading incorrectly
during a cycle, discard the data for that cycle. 
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Note 16—For testing that will be used for statisti-
cal within-specimen variability and for establish-
ing local precision and bias statements, paragraphs
10.3 through 10.7 must include computations from
each individual displacement transducer in addition
to the results from the averaged displacements.
Therefore, it is a strict requirement that the data
storage requirements of paragraph 10.1 be met. 

10.3 Calculate the loading stress, σo, as follows (see Fig-
ure 4):

Where:

= average load amplitude
A = area of specimen
σo = stress.

10.4 Calculate the recoverable axial strain for each fre-
quency, εo, as follows:

Where:

= average deformation amplitude
GL = gauge length

εo = strain.

10.5 Calculate dynamic modulus, |E*| for each frequency
as follows:

10.6 Calculate the phase angle for each frequency:

Where 

ti = average time lag between a cycle of stress and
strain (sec)

tp = average time for a stress cycle (sec.).

11. Report

11.1 Report the average stress and strain for each temper-
ature-frequency combination tested.

11.2 Report the dynamic modulus and phase angle for
each temperature-frequency combination tested.
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Figure 1. Schematic of dynamic modulus test device.

Figure 2. Schematic of gauge points.
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TABLE 1 Recommended number of specimens

Figure 3. Mounting hardware details.

TABLE 2 Recommended equilibrium times

TABLE 3 Target dynamic loads

TABLE 4 Cycles for test
sequence
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Figure 4. Ideal waveform schematic.
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APPENDIX E

TEST METHOD FOR INDIRECT TENSILE CREEP TESTING OF ASPHALT
MIXTURES FOR THERMAL CRACKING

1. Scope

1.1 This test method covers procedures for preparing and
testing asphalt concrete mixtures to determine the creep
compliance at a given temperature and stress level. 

1.2 In this test, a disc sample of bituminous paving mix-
ture is subjected to a diametral static creep load. Hori-
zontal and vertical deformations are recorded through-
out the test (vertical deformations are required only if
Poisson’s ratio is to be calculated from the test results).

1.3 This standard is applicable to laboratory prepared spec-
imens of mixtures with nominal maximum size aggre-
gate less than or equal to 19.0 mm (0.75 in).

1.4 This standard may involve hazardous material, oper-
ations, and equipment. This standard does not pur-
port to address all safety problems associated with its
use. It is the responsibility of the user of this proce-
dure to establish appropriate safety and health prac-
tices and to determine the applicability of regulatory
limitations prior to use.

2. Referenced Documents

2.1 AASHTO Standards

TP4 Method for Preparing and Determining
the Density of Hot Mix Asphalt (HMA)
Specimens by Means of the SHRP Gyra-
tory Compactor

PP2 Practice for Mixture Conditioning of Hot
Mix Asphalt (HMA)

T269 Percent Air Voids in Compacted Dense
and Open Bituminous Paving Mixtures

TP9-94 Standard Test Method for Determining the
Creep Compliance and Strength of Hot
Mix Asphalt (HMA) Using the Indirect
Tensile Test Device

3. Definitions

3.1 Creep—The time-dependent part of strain resulting
from stress. 

3.2 Tensile Strength—St, the strength shown by a speci-
men subjected to tension.

3.3 Creep Compliance—D(t), the time-dependent strain
divided by the applied stress.

4. Summary of Method

4.1 This standard describes two procedures, the tensile
strength and the tensile creep. Both testings are deter-
mined for thermal cracking analyses.

4.2 Tensile strength is determined by applying a constant
rate of vertical deformation (ram movement) to failure.

4.3 The tensile creep is determined by applying a static
load of fixed magnitude (percentage of the tensile
strength) along the diametral axis of a specimen. The
horizontal and vertical deformations measured near
the center of the specimen are used to calculate tensile
creep compliance as a function of time (vertical defor-
mations are required only if Poisson’s ratio is to be
calculated from the test results). By measuring defor-
mations in regions with relatively constant stresses
and away from the localized non-linear effects induced
by the steel loading strips, Poisson’s ratio can be more
accurately determined.

5. Significance and Use 

5.1 Tensile strength and tensile creep test data are required
to determine the master relaxation modulus curve
and fracture parameters used for the thermal fracture
analysis.

5.2 The values of creep compliance and tensile strength
can be used in linear visco-elastic analysis to calculate
the fatigue cracking potential of asphalt concrete.

6. Apparatus

6.1 Indirect Tensile Test System—The indirect tensile test
system consists of an axial loading testing machine,
environmental chamber, and measuring system. The
indirect tensile test system is shown in Figure 1.

6.1.1 Testing Machine—A servo-hydraulic testing
machine capable of producing a controlled fixed or
constant compressive loading and constant rate of
ram displacement between 12 and 75 mm/minute.



6.1.2 Environmental Chamber—A chamber for con-
trolling the test specimen at the desired tempera-
ture. The environmental chamber shall be capable
of controlling the temperature of the specimen
over a temperature range from −10 to 21.1°C (14
to 70°F) to an accuracy of ±0.5°C (1°F). The
chamber shall be large enough to accommodate
the test specimen and a dummy specimen with
thermocouple mounted at the center for tempera-
ture verification. 

6.1.3 Measurement System—The system shall be fully
computer controlled capable of measuring and
recording the time history of the applied load and
the deformations. The system shall be capable of
measuring the period of the applied load and
resulting deformations with a resolution of 
0.5 percent.

6.1.3.1 Load—The load shall be measured with an
electronic load cell in contact with one of the
specimen caps. The load measuring system
shall have a range of 0 to 22 kN (0 to 5000 lb)
with a resolution of 5 N (1 lb).

6.1.3.2 Horizontal and Vertical Deformations—Ver-
tical and horizontal deformations shall be
measured with linear variable differential
transformers (LVDT) mounted between brass
gauge points glued to the specimen as shown
in Figure 2. The deformations shall be mea-
sured at both sides of the specimen. The
LVDTs shall have a range of ±0.5 mm 
(0.02 in). The deformation measuring sys-
tem shall have auto zero.

Note 1—Amplification and signal conditioning
techniques may be used to obtain resolutions down
to 0.001mm (0.00004 in) or better for small strain
test conditions. These techniques may be manual
or automatic.

Note 2—Vertical deformations are required only
if Poisson’s ratio is to be calculated from the test
results.

6.1.4 Mounting Template—A mounting template for
placing and mounting the brass gauge points to
each side of the specimen as shown in Figure 3.

6.1.5 Loading Guide Device—A steel frame is used to
apply the load diametrally to the specimen as
shown in Figure 1. 

6.2 Gyratory Compactor—A gyratory compactor and
associated equipment for preparing laboratory speci-
mens in accordance with AASHTO TP4 shall be used.
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6.3 Saw—Diamond masonry saw for cutting test speci-
mens to the appropriate thicknesses. The saw shall
have a diamond cutting edge and shall be capable of
cutting specimens to the prescribed dimensions with-
out excessive heating or shock.

Note 3—A double-bladed saw greatly facilitates
the preparation of test specimens with smooth, par-
allel ends.

7. Test Specimens

7.1 Size—Indirect tensile testing shall be performed on
150 mm (6 in) diameter by 38 mm (1.5 in) thick test
specimens sawed from gyratory compacted mixtures.

7.2 Aging—Mixtures shall be aged in accordance with the
short-term oven aging procedure in AASHTO PP2.

7.3 Gyratory Specimens—Prepare 128 mm (5 in) high
specimens to the required air void content in accor-
dance with AASHTO TP-4.

Note 4—Testing should be performed on test spec-
imens meeting specific air void tolerances. The
gyratory specimen air void content required to
obtain a specified test specimen air void content
must be determined by trial and error.

7.4 Sawing—Saw at least 6 mm from both sides of each
test specimen to provide smooth, parallel surfaces
for mounting the measurement gauges. Then saw the
testing specimen to the required thickness (two spec-
imens out of each compacted plug).

7.5 Thickness—Measure the thickness of the test speci-
men at four different locations. Record each of the
four measurements to the nearest 1 mm (0.05 in).
Calculate the average and the standard deviation of
the four measurements. If the standard deviation is
greater than 2.5 mm (0.01 in) discard the specimen.
For acceptable specimens, the average thickness,
reported to the nearest 1 mm, shall be used in the
stress calculations.

7.6 Mounting LVDTs—Epoxy four brass gauge points
to each flat face of the specimen. Two gauge points
will be placed along the vertical and two along the
horizontal axes. The placement and location of the
gauge points on each face shall produce a mirror of
each other. Mount the LVDTs on the gauge points
(Figure 2).

7.7 Air Void Content—Determine the air void content of
the final test specimen in accordance with AASHTO



T269. Reject specimens with air voids that differ by
more than 0.5 percent from the target air voids.

7.8 Replicates—The number of test specimens required
depends on the number of the desired stress levels.
At least two replicates will be used for each test
condition.

7.9 Sample Storage—Wrap completed specimens in poly-
ethylene and store in an environmentally protected
storage area at temperatures between 5 and 25°C (40
and 75°F).

Note 5—To eliminate effects of aging on test
results, it is recommended that specimens be stored
no more than two weeks prior to testing.

8. Test Specimen Instrumentation

8.1 Attach mounting studs for the LVDTs to the sides of
the specimen with epoxy cement. Only the horizontal
LVDTs are used for the indirect tensile strength test.
For the indirect tensile creep test, both vertical and
horizontal LVDTS are used if Poisson’s ratio is to be
calculated from the test results. However, if Poisson’s
ratio is calculated using the model provided in Section
11.3.4, only horizontal LVDTs will be used.

Note 6—Quick setting epoxy such as Duro Master
Mend Extra Strength Quick Set QM-50 has been
found satisfactory for attaching studs. 

8.2 The gauge length for measuring deformations shall be
76 mm ±1 mm (3 in). An alignment and spacing fixture
similar to that shown in Figure 3 can be used to facili-
tate mounting of the deformation measuring hardware.

9. Preliminary Determinations

9.1 Determining Specimen Thickness and Diameter—
Determine specimen thickness and diameter to the
nearest 1 mm.

9.2 Determining the Bulk Specific Gravity—Determine
the bulk specific gravity of each specimen in accor-
dance with T166.

9.3 Specimen Drying—If the specimens were immersed
directly into water, after determining the bulk specific
gravity allow each specimen to dry at room tempera-
ture to a constant mass.

10. Procedure

10.1 The recommended test protocol for the Simple Per-
formance Test for use in the Superpave volumetric
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mix design consists of testing the asphalt mix at one
temperature and one design stress level. The test
temperature selected for this test for the low temper-
ature thermal fracture analysis is 12.8°C (55°F). A
stress level of 2% of the indirect tensile strength is
recommended for the test.

Indirect Tensile Strength Test

10.2 Set the temperature of the environmental chamber to
the test temperature and, once the test temperature
±0.2°C is achieved, place the test specimen in the
environmental chamber and allow it to equilibrate to
the specified testing temperature. A dummy specimen
with a thermocouple mounted at the center can be
monitored to determine when the specimen reaches
the specified test temperature. In the absence of the
dummy specimen, allow each specimen to remain at
the test temperature from 3 ± 1-hour prior to testing. 

10.3 Center the specimen with the hydraulic load actuator
visually in order to avoid eccentric loading.

10.4 Apply a contact load (Pmin) equal to 5 percent of the
expected load that will be applied to the specimen.

10.5 Zero the load cell reading. Set the LVDTs at the
lower limit to be able to benefit from the whole range
of the LVDT.

10.6 The tensile strength is determined by applying a load
to the specimen at a rate of 50 mm of ram (vertical)
movement per minute (2 in/minute). Record the hor-
izontal deformations on both sides of the specimen
and the load, until the load starts to decrease.

Indirect Tensile Creep Test

10.7 On a new specimen, repeat steps 10.2 to 10.5 similar
to the indirect tensile strength test.

10.8 Calculate the load (P) to be applied on the specimen
that would yield a stress equaled 2% of the tensile
strength of the material.

10.9 Apply the static load (P) to the specimen without
impact. The load should be applied for a time period
of 1000 ± 10 seconds. Unload the specimen, allow a
recovery time of 1000 ± 10 seconds. Horizontal and
vertical deformations will be recorded during the
both the load application and recovery time.

Note 7—The loading head should not be in contact
with the specimen during the unloading time.



Note 8—Vertical deformations are required only if
Poisson’s ratio is to be calculated from the test
results.

11. Calculations

11.1 Determine the air voids for each specimen.

11.2 Tensile Strength Calculations.

11.2.1 Determine the average thickness, diameter for
each replicate.

11.2.2 Obtain the maximum load recorded for each
replicate.

11.2.3 Calculate the horizontal tensile strength for each
replicate, as follows:

Where:

Pmax = maximum load on the load–deformation
plot

d = diameter of specimen
T = thickness of specimen.

11.2.4 Calculate the average horizontal tensile strength
of the two replicates. The two values should be
within 15% of each other.

11.3 Creep Compliance Calculations.

11.3.1 Determine the average thickness, diameter for
each replicate.

11.3.2 Determine the average horizontal (δxx) and ver-
tical (δyy) deformations from both sides of the
specimen as a function of time (t).

11.3.3 Calculate Poisson’s ratio, µ, using the vertical
and horizontal deformations, as follows:

11.3.4 Or Poisson’s ratio, µ, can be determined from
a regression equation developed by (Mirza &

µ
δ δ

δ δ
=

∗ −
− ∗

( . / . )
( . . / )
1 0695 0 2339
0 7801 0 3074

xx yy

xx yy

Horizontal Tensile Stress S
P
Tdt= = 2 max

π
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Witczak) if only horizontal LVDTs are used.
The equation is:

Temperature is expressed in degree Fahrenheit.

11.3.5 Calculate the Modulus, E(t) , as follows:

11.3.6 Calculate Creep Compliance, D(t) , as a function
of time as follows:

D(t) = E(t)-1 = Dtm

Where:

D = the intercept of the creep compliance–time
curve

m = the slope of the creep compliance–time curve.

11.3.7 Fit a power model for the creep compliance ver-
sus time to obtain the slope (m) and the intercept
(D). Using the slope and the intercept values cal-
culate the creep compliance at a time of 1000 sec-
onds from the equation given in Section 11.3.6.
Figure 4 shows a creep compliance versus log
time plot.

11.3.8 Calculate the average values for the creep com-
pliance parameters (D and m) and the creep com-
pliance at 1000 seconds from both replicates.

12. Report

12.1 Report all specimen information including mix iden-
tification, storage conditions, dates of manufacturing
and testing, specimen diameter and thickness, volu-
metric properties, and stress level used.

12.2 Report the average horizontal tensile strength for the
specimen.

12.3 Report the average creep compliance parameters (D
and m) and the creep compliance at the end of the
loading cycle (1000 seconds) by averaging the indi-
rect tensile creep test results from each replicate.

Modulus E t P
T xx

= = +( ) ( . . )
δ

µ0 2339 0 7801

µ = +
+ − ×

0 15 0 35
1 3 1849 0 04233

. .
exp( . . )Temp
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Figure 1. Schematic of indirect tensile test loading frame.

Figure 2. Gauge points.

Figure 3. Mounting hardware details.

Figure 4. Creep compliance vs. log time.



Abbreviations used without definitions in TRB publications:

AASHO American Association of State Highway Officials
AASHTO American Association of State Highway and Transportation Officials
ASCE American Society of Civil Engineers
ASME American Society of Mechanical Engineers
ASTM American Society for Testing and Materials
FAA Federal Aviation Administration
FHWA Federal Highway Administration
FRA Federal Railroad Administration
FTA Federal Transit Administration
IEEE Institute of Electrical and Electronics Engineers
ITE Institute of Transportation Engineers
NCHRP National Cooperative Highway Research Program
NCTRP National Cooperative Transit Research and Development Program
NHTSA National Highway Traffic Safety Administration
SAE Society of Automotive Engineers
TCRP Transit Cooperative Research Program
TRB Transportation Research Board
U.S.DOT United States Department of Transportation

Advisers to the Nation on Science, Engineering, and Medicine

National Academy of Sciences
National Academy of Engineering
Institute of Medicine
National Research Council

The Transportation Research Board is a unit of the National Research Council, which serves 
the National Academy of Sciences and the National Academy of Engineering. The Board’s 
mission is to promote innovation and progress in transportation by stimulating and conducting 
research, facilitating the dissemination of information, and encouraging the implementation of 
research results. The Board’s varied activities annually draw on approximately 4,000 engineers, 
scientists, and other transportation researchers and practitioners from the public and private 
sectors and academia, all of whom contribute their expertise in the public interest. The program 
is supported by state transportation departments, federal agencies including the component 
administrations of the U.S. Department of Transportation, and other organizations and 
individuals interested in the development of transportation. 

The National Academy of Sciences is a private, nonprofit, self-perpetuating society of distin-
guished scholars engaged in scientific and engineering research, dedicated to the furtherance 
of science and technology and to their use for the general welfare. Upon the authority of the 
charter granted to it by the Congress in 1863, the Academy has a mandate that requires it to 
advise the federal government on scientific and technical matters. Dr. Bruce M. Alberts is 
president of the National Academy of Sciences. 

The National Academy of Engineering was established in 1964, under the charter of the 
National Academy of Sciences, as a parallel organization of outstanding engineers. It is 
autonomous in its administration and in the selection of its members, sharing with the National 
Academy of Sciences the responsibility for advising the federal government. The National 
Academy of Engineering also sponsors engineering programs aimed at meeting national needs, 
encourages education and research, and recognizes the superior achievements of engineers. 
Dr. William A. Wulf is president of the National Academy of Engineering.

The Institute of Medicine was established in 1970 by the National Academy of Sciences to 
secure the services of eminent members of appropriate professions in the examination of policy 
matters pertaining to the health of the public. The Institute acts under the responsibility given to 
the National Academy of Sciences by its congressional charter to be an adviser to the federal 
government and, upon its own initiative, to identify issues of medical care, research, and 
education. Dr. Kenneth I. Shine is president of the Institute of Medicine.

The National Research Council was organized by the National Academy of Sciences in 1916 
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