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Foreword

This publication, Performance Tests for Hot Mix Asphalt (HMA), including Fundamental and
Empirical Procedures, includes peer reviewed papers presented at the ASTM D04 symposium by this
same name in December of 2003. The symposium, held in Tampa, FL, on December 9-10, 2003, fo-
cused on this critical topic, chosen to provide practitioners with a forum to discuss the development,
application, and field experience of both empirically mechanistically based performance test proce-
dures for use in HMA mixture and quality control.
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Overview

Background

ASTM Committee D04 on Road and Paving Materials is active in sponsoring symposia and the pub-
lication of technical papers related to the standardization work of the Committee. This STP,
Performance Tests for Hot Mix Asphalt (HMA), Including Fundamental and Empirical Procedures,
resulted from the Committee D04 Symposium held on December 9, 2003, at the ASTM Standards
Development Meeting in Tampa, Florida. This critical topic was chosen to provide practitioners with
a forum to discuss the development, application, and field experience of both empirically and mech-
anistically based performance test procedures for use in HMA mixture design and quality control.
The call for papers brought in 37 abstracts from authors all over the world who wished to present pa-
pers at the symposium. Of the 13 papers included in the STP, thirteen were accepted for presentation
at the symposium. In addition, xx papers have been published in the Journal of ASTM International
(JAID), Vol. 2, No.3, March 2005 (online publication).

SHRP and Other Performance Test Research
The Strategic Highway Research Program (SHRP) concluded with the introduction of the Superpave
(Superior Performing Asphalt Pavements) mix design and analysis system. Many state departments
of transportation have either implemented or are currently implementing the Superpave system. This
system includes the performance graded binder specifications and mixture design methodology. The
mixture design method is based on mix volumetric properties of the mixture and has no strength test
to complement the designed mixtures similar to traditional Marshall and Hveem mix design methods.
However, the original Superpave mix design protocol required mix verification for intermediate and
high volume traffic through advanced materials characterizations tests utilizing the Superpave Shear
Tester test protocols. It was quickly recognized the complexity of those test protocols for routine
mix design application and that a simple performance test is needed to complement the Superpave
volumetric mix design procedure. At present, both empirically based test procedures (wheel track-
ing such as Hamburg, French tester, APA, etc) and engineering based (mechanistic) procedures are
being used as proof tests to provide a comfort level in Superpave mix design for rutting. In the past
few years, major research was conducted under the National Cooperative Highway Research
Program (NCHRP) Project 9-19 “Superpave Support and Performance Models Management”, which
was aimed to recommend a “Simple Performance Test (SPT)” to complement the Superpave volu-
metric mixture design method. The results from the NCHRP 9-19 project recommended three candi-
date SPT tests: dynamic modulus |E*|, static creep (flow time), and triaxial repeated load permanent
deformation (flow number) to be used with the Superpave volumetric mix design procedures.
However, it will take several years more before these tests are field-validated and standardized for
routine use.

This volume provides a collection of research and practical papers from an international as well as
state agency research and technology activities on the use of performance tests for HMA mixture de-
sign and filed control.

Vii



viii OVERVIEW

The papers are arranged in four groups designed to aid the reader in locating papers of interest and
to compare and contrast the range of work and opinions presented:

(1) Mixture Simulative Performance Tests — The first section relates to the practical use of some
simulative loaded-wheel testers used in identifying rut-prone HMA mixtures.

(2) Mechanistic Test for Quality Control — The next grouping includes papers in that the mecha-
nistic tests were used in field Quality Control of HMA mixtures.

(3) Mechanistic Tests for Mixture Design — This group contains several papers relating to the need
for mechanistic tests in HMA mixture design.

(4) Application of New Mechanistic Test Methods in HMA Mixture Performance Evaluation —
The last group of papers concerns the use of newly developed mechanistic test methods, which
have potentials to be used in HMA mixture performance evaluation.

While many of the papers might have been placed in several groups, it is hoped that this organiza-
tion will help the reader understand and use the technology presented and to help Committee D04 in
developing the new standards and tests needed to advance the performance evaluation of HMA ma-
terials in the asphalt pavement community.

Importance of Mixture Performance Tests

User experience with the HMA mix design and performance evaluation, combined with the long-
standing problems associated with the original SHRP Superpave performance models supporting
what was then termed “Level 2 and 3” analyses, demonstrated the need for developing new perfor-
mance tests used in complementing the current Superpave mixture design system. In the long run, it
is important to field-validated and standardized for routine use of those developed test methods. The
key is the development of evaluation procedures that will provide an accurate indication of the long-
term performance of a mixture when produced, placed, and compacted properly. In advance of stan-
dards development, this STP volume provides a cross section of research and practice on the devel-
opment, application, and field experience of both empirically based and mechanistic based
performance test procedures for use in a HMA mixture performance evaluation.
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An Overview of Fundamental and Simulative Performance
Tests for Hot Mix Asphalt

ABSTRACT: Numerous fundamental and simulative test methods are being used to evaluate the
performance of Hot Mix Asphalt (HMA). Permanent deformation, fatigue cracking, thermal cracking,
loss of surface friction, and stripping are the five main distress types for HMA pavements. All of these
distresses can result in loss of performance, but rutting is the one distress that is most likely to be a
sudden failure as a result of unsatisfactory HMA. Other distresses are typically long term and show up
after a few years of traffic.

This paper provides a general overview of the fundamental, empirical, and simulative tests for HMA
corresponding to each of these five distresses. All test methods have been evaluated in terms of
advantages and disadvantages. However, major emphasis has been placed on tests for evaluating
permanent deformation.

KEYWORDS: Hot Mix Asphalt, performance test, permanent deformation, fundamental, empirical,
simulative

Introduction

Numerous test methods are being used to evaluate the performance of Hot Mix Asphalt
(HMA). Permanent deformation, fatigue cracking, thermal cracking, loss of surface friction, and
stripping are the five main distress types for HMA pavements. All of these distresses can result
in loss of performance, but rutting is the one distress that is most likely to be a sudden failure as
a result of unsatisfactory HMA. Other distresses are typically long term and show up after a few
years of traffic.

Test methods used to characterize the permanent deformation response of asphalt pavement
material can generally be categorized as fundamental tests, empirical tests, and simulative tests.

e Fundamental Tests:
1. Uniaxial and Triaxial Tests: unconfined and confined cylindrical specimens in
creep, repeated loading, and strength tests
2. Diametral Tests: cylindrical specimens in creep or repeated loading test, strength
test
3. Shear Loading Tests: Superpave Shear Tester - Repeated Shear at Constant
Height, Frequency Sweep at Constant Height, Field Shear Test, direct shear test
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4 PERFORMANCE TESTS FOR HOT MIX ASPHALT

e Empirical Tests
1. Marshall Test
2. Hveem Test
3. Corps of Engineering Gyratory Testing Machine
4. Lateral Pressure Indicator
e Simulative Tests
1. Asphalt Pavement Analyzer
Hamburg Wheel-Tracking Device
French Rutting Tester
Purdue University Laboratory Wheel Tracking Device
Model Mobile Load Simulator
Dry Wheel Tracker
Rotary Loaded Wheel Tester

Nowbkwbd

Uniaxial and Triaxial Tests

Creep tests, repeated load tests, and dynamic modulus tests can be conducted both in
unconfined and confined modes.

Uniaxial and Triaxial Creep Tests

A creep test is conducted by applying a static load to an HMA specimen and measuring the
resulting permanent deformation. Extensive studies using the unconfined creep test as a basis of
predicting permanent deformation in HMA have been conducted [1-3]. It has been found that
the creep test must be performed at relatively low stress levels; otherwise the sample fails
prematurely. Test conditions (applying 100 kPa load at 40°C for 1 h) were standardized
following a seminar in Zurich in 1977 [4]. This test is inexpensive and easy to conduct, but the
ability of the test to predict performance is questionable because the conditions of this test do not
closely simulate in-place conditions [5].

The confined creep test, which more closely relates to field conditions, is also relatively
simple and easy to perform. By applying a confining pressure (usually approximately 138 kPa
(20 psi)), the sample can be tested at a vertical pressure up to 828 kPa (120 psi) or higher and at a
temperature up to 60°C. These test conditions are more closely related to actual field conditions
than those for unconfined [6].

The creep test has been widely used for determining material properties for predictive
analysis because of its simplicity and the fact that many laboratories have the necessary
equipment and expertise. Test procedures for both the unconfined and confined creep tests are
available. The confined creep test appears to be much more feasible for use since some
confinement is needed for some mixes to ensure that early failure of the samples does not occur.

Uniaxial and Triaxial Repeated Load Tests

Uniaxial or triaxial repeated load tests are approaches to measure the permanent deformation
characteristics of HMA mixtures typically using several thousand repetitions. During the test,
the cumulative permanent deformation as a function of the number of load cycles is recorded.
Similar to the comparison between unconfined and confined creep tests, the confined repeated
load test has the advantage that both vertical and horizontal stresses can be applied at the levels
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observed in the pavement structure and at a temperature representative of that experienced in-
place.

Triaxial and uniaxial repeated load tests appear to be more sensitive than the creep test to
HMA mix variables. On the basis of extensive testing, Barksdale [5] reported that triaxial
repeated load tests appear to provide a better measure of rutting characteristics than the creep
tests. The triaxial repeated load test, conducted on 100-mm diameter by 150-mm height
specimens, is being studied by NCHRP 9-19 as one of their top selected simple performance
tests for rutting prediction.

Mallick, Ahlrich, and Brown [8] and Kandhal and Cooley [9] have successfully used other
specimen dimensions, which are easy to prepare in the lab, to study the potential of using triaxial
repeated load tests to predict rutting. Gabrielson [10] and Brown and Cross [11,12] provided
information to show that 13 % strain was a good pass/fail criterion for triaxial repeated load
tests.

Uniaxial and Triaxial Dynamic Modulus Tests

The uniaxial dynamic modulus test was standardized in 1979 as ASTM D 3479, “Standard
Test for Dynamic Modulus of Asphalt Concrete Mixtures.” The test consists of applying a
uniaxial sinusoidal compressive stress to an unconfined HMA cylindrical test specimen.

The triaxial dynamic modulus test was used by Francken [13] in the determination of
dynamic properties of cylindrical HMA specimens. A constant lateral pressure was used, and
sinusoidal vertical pressure was varied over a range of frequencies. Triaxial dynamic tests also
permit the determination of additional fundamental properties, such as the phase angle as
functions of the frequency of loading, the number of load cycles, and temperature. The dynamic
modulus as measured from the triaxial compression test is being evaluated as a simple
performance test by NCHRP Project 9-19.

The dynamic modulus test is more difficult to perform than the repeated load test, since a
much more accurate deformation measuring system is necessary. The specified height/diameter
ratio of the specimen and the complex equipment increase the difficulty of conducting dynamic
modulus test as a routine QC/QA test for contractors and agencies.

Diametral Tests

Since the indirect tension device was originally described by Schmidt [14], several versions
of this device have been used recently. Sousa et al. [15] have suggested that the diametral test is
more suitable for the repeated load testing associated with modulus measurements compared
with diametral creep measurements, which take longer time periods for testing. The repeated-
load indirect tension test for determining resilient modulus of HMA is conducted by applying
diametral loads with a haversine or other suitable waveform.

Diametral testing has been deemed inappropriate for permanent deformation characteristics
for two critical reasons [16]:

1. The state of stress is non-uniform and strongly dependent on the shape of the specimen.
At high temperature or load, permanent deformation produces changes in the specimen
shape that significantly affect both the state of stress and the test measurements.

2. During the test, the only relatively uniform state of stress is tension along the vertical
diameter of the specimen. All other states of stress are distinctly non-uniform.
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Khosla and Komer [16] found that use of mechanical properties determined by diametral
testing almost always resulted in overestimates of pavement rutting. Christienson and Bonaquist
[17,18] found a strong relationship between indirect tensile strength and permanent shear strain
measured from the repeated shear at constant height test. They reasoned that this relationship
was expected since indirect tensile strength is a good predicator of mixture cohesion and binder
stiffness. However, it was insensitive to the angle of internal friction component of shear
strength and therefore would not relate to rutting resistance by itself. They recommended the use
of IDT strength along with the compaction slope from the Superpave gyratory compactor to
develop a Mohr-Coulomb type model of asphalt mixture shear strength.

Shear Loading Tests

The Superpave Shear Tester (SST) was developed under SHRP as a way to measure the
shear characteristics of HMA. Six SST tests can be performed with the SST for measuring the
mix performance characteristics. The Simple Shear, Frequency Sweep, Uniaxial Strain,
Volumetric Shear, Repeated Shear at Constant Stress Ratio, and Repeated Shear at Constant
Height tests measure properties that may be useful in calculating the resistance to permanent
deformation and fatigue cracking. The two tests most often used to evaluate permanent
deformation are discussed below.

SST Repeated Shear at Constant Height Test (RSCH)

The Superpave RSCH test was developed to evaluate the rutting resistance of HMA
mixtures. As outlined in the AASHTO TP7-01, test procedure C, the RSCH test consists of
applying a repeated haversine shear stress of 68 kPa (0.1-s load and 0.6-s rest) to a compacted
HMA (150 mm diameter by 50 mm height) specimen while supplying necessary axial stress to
maintain a constant height. The test is performed either to 5000 load cycles or until 5 %
permanent strain is incurred by the sample. Permanent strain is measured as the response
variable at certain interval load cycles throughout the test and recorded using LVDTs and a
computerized data acquisition system.

Results from the RSCH tests have been shown to correlate with rutting performance [19-22].
The Asphalt Institute set up criteria for interpreting RSCH maximum permanent shear strain
[23]. Unfortunately, even under the most controlled circumstances and operated by experienced
users, the data from the RSCH have been shown to have high variability [19-22]. To remedy the
high variations, Romero and Anderson [24] recommended that five specimens be tested and the
two extremes be discarded from further analysis. The remaining three should be averaged to
provide an effective way to reduce the coefficient of variation.

Shear Frequency Sweep Test at Constant Height (FSCH)

FSCH test consists of applying a sinusoidal shear strain of 0.0001 mm/mm at each of the
following frequencies (10, 5, 2, 1, 0.5, 0.2, 0.1, 0.05, 0.02, and 0.01 Hz). During the loading
cycles, the specimen height is held constant by applying sufficient axial stress. This is
accomplished by controlling the vertical actuator using close-up feedback from the axial LVDT.

The shear dynamic modulus (G*) is the output from this test. The master curve can be
developed for each mixture using the G* data at all temperatures/frequencies. Specification
temperature can also be derived from the master curve.
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The SST device is expensive, and availability is limited (at the time this report was prepared
there were ten SST devices in the world, eight of them in the United States). It is complex to
run, and usually special training is needed to perform the shear tests using SST.

Other Shear Tests

The Field Shear Tester (FST) was developed through NCHRP 9-7 to control Superpave
designed HMA mixtures [25]. The device was designed to perform tests comparable to two of
the Superpave load related mixture tests: the frequency sweep test at constant height and the
simple shear test at constant height (AASHTO TP7-01). The control software is very similar to
the software for the SST and can be used to measure the dynamic modulus in shear.

The shear strength test was originally developed to determine the shear strength of bonded
concrete. It has also been used to determine the shear strength of Hot Mix Asphalt. Molenaar,
Heerkens, and Verhoeven [26] have used the shear test to evaluate the shear resistance of several
pavement structures. The direct shear strength test has been used to a much lesser extent than the
dynamic modulus and repeated load test in evaluating an HMA mixture’s susceptibility to
permanent deformation. Insufficient data are available to consider this test for use in predicting
performance of HMA.

Empirical Tests

The Marshall Test

The concepts of the Marshall test were developed by Bruce Marshall, formerly Bituminous
Engineer with the Mississippi State Highway Department. In 1948, the U.S. Corps of Engineers
improved and added certain features to the Marshall test procedure and ultimately developed mix
design criteria [27]. The purpose of the test was to measure the strength of an asphalt mixture
that had been compacted to a standard laboratory compactive effort. This test is also used as part
of the Marshall mix design procedure for optimizing the design asphalt content, and it is used in
the quality control of asphalt mixtures. There is much information concerning this test since the
Marshall mix design procedure was widely used for more than 50 years.

The Marshall flow indicates when a mixture is over-asphalted — high flow values indicate
excessive binder content. The Marshall test conditions may affect the test’s values in predicting
rutting performance. The effects of the specimen edges are amplified, and the assumption that
the Marshall breaking head is applying a uniform load across the specimen is not valid. The
effective load on the specimen is higher for mixture with larger nominal maximum aggregate
size [28]. The Marshall Method has had its shortcomings despite the overall success. Research
at the University of Nottingham [29] showed that the Marshall test is a poor measure of
resistance to permanent deformation and may not be able to rank mixes in order of their rut
resistance, compared with more realistic repeated load triaxial tests.

The Hveem Test

The concepts of the Hveem method of designing paving mixtures were developed under the
direction of Francis N. Hveem, a former Materials and Research Engineer for the California
Department of Transportation. It is an HMA mixture design tool that was used primarily in the
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Western United States. The basic philosophy of the Hveem method of mix design was
summarized by Vallerga and Lovering [30] as containing the following elements:

1. It should provide sufficient asphalt cement to absorb aggregate and to produce an
optimum film of asphalt cement on the aggregate as determined by the surface area
method.

2. It should produce a compacted aggregate-asphalt cement mixture with sufficient stability
to resist traffic.

3. It should contain enough asphalt cement for durability from weathering, including effects
of oxidation and moisture susceptibility.

The Hveem stabilometer is a triaxial testing device consisting essentially of a rubber sleeve
within a metallic cylinder containing a liquid which registers the horizontal pressure developed
by a compacted test specimen as a vertical load is applied. The stabilometer values are
measurements of internal friction, which are more a reflection of the properties of the aggregate
and the asphalt content than of the binder grade [28]. Stabilometer values are relatively
insensitive to asphalt cement characteristics but are indicative of aggregate characteristics.
Similar to the Marshall flow values, the Hveem stability does provide an indication when a
mixture is over-asphalted — low stability values indicate excessive binder content. Similar to the
Marshall mix design method, the Hveem method has a large amount of research data available.

The stabilometer values are measurements of internal friction, which are more a reflection of
the properties of the aggregate and the asphalt content than of the binder grade [28].
Stabilometer values are relatively insensitive to asphalt cement characteristics but are indicative
of aggregate characteristics. Similar to the Marshall flow values, the Hveem stability does
provide an indication when a mixture is over-asphalted — low stability values indicate excessive
binder content. Different agencies have modified the Hveem procedure and related equation
slightly. Since this test has been replaced with Superpave and there is no significant amount of
data to correlate this test with performance, it should not be considered for performance testing.

Gyratory Testing Machine (GTM)

The GTM developed by the Corps of Engineers has been shown to be an effective tool in the
evaluation of HMA mixture quality. This machine has the capability to compact HMA mixtures
using a kneading process that simulates the action of rollers during construction. The GTM has
the flexibility of varying the vertical pressure, gyration angle, and number of gyrations to
simulate field compaction equipment and subsequent traffic.

During compaction of a specimen in the GTM, several mixture properties are determined.
The gyratory shear index (GSI) is a measure of mixture stability and is related to permanent
deformation. GSI values close to 1.0 have been shown to be typical for stable mixtures, and
values significantly above 1.1 usually indicate unstable mixtures [5]. However, results have
indicted that this does not provide a good relationship with performance [12].

The GTM also has the capability of measuring the shear resistance of the mixture during
compaction. Shear resistance, which is measured during compaction at high temperature, is
primarily a measure of aggregate properties, since the viscosity of the asphalt is low, resulting in
little cohesion.
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Lateral Pressure Indicator (LPI)

The lateral pressure indicator gives an indication of the lateral confinement pressure that
builds up during compaction of an HMA sample in the mold of a Superpave Gyratory
Compactor. The basic premise is that aggregates and asphalt in the gyratory mold, during
compaction, behave much like an unsaturatured soil. The mix needs a certain degree of
confinement to generate enough confining stress to develop adequate shear strength. Generally,
as a mix is compacted, the pressure in the asphalt binder builds up, and at some point this
pressure can become excessive, resulting in loss of strength. The LPI provides a method to
measure pore pressure on the walls of the molds. In a mix with crushed aggregate particles and
good interlocking gradation, the mix aggregates will begin forming a stable interlocking
structure with an increase in lateral confinement stress. The mix will show good performance in
the field, provided it is designed and constructed properly. It is also believed that use of more
rounded aggregate will result in an increase in lateral pressure.

The LPI test can be conducted as a part of the compaction process so testing and time are
minimized. Early indications show that this test has potential, but more results are needed before
it can be recommended for use in mix design or QC/QA.

Simulative Tests

The stress conditions in a pavement as a loaded wheel passes over it are extremely complex
and cannot be precisely calculated nor replicated in a laboratory test on a HMA sample. Hence,
it is very difficult to predict performance accurately using a purely mechanistic approach.
Recently, advances have been made in mechanistic methods for predicting HMA performance.
However, much work is still needed. Simulative tests where the actual traffic loads are modeled
have been used to compare the performance of a wide range of materials including HMA. With
these tests, conditions similar to that on the roadway are applied to the test specimen, and the
performance is monitored. It is difficult to closely simulate the stress conditions observed in the
field, but these tests attempt to do that [31].

Several simulative test methods have been used in the past and are currently being used to
evaluate rutting performance. Some of these methods include the Asphalt Pavement Analyzer
(Georgia Loaded Wheel Tester), Hamburg Wheel-Tracking Device, French Rutting Tester
(LCPC Wheel tracker), Purdue University Laboratory Wheel Tracking Device, Model Mobile
Load Simulator, Dry Wheel Tracker (Wessex Engineering), and Rotary Loaded Wheel Tester
(Rutmeter).

Asphalt Pavement Analyzer

The APA is a modification of the Georgia Loaded Wheel Tester (GLWT) and was first
manufactured in 1996 by Pavement Technology, Inc. The APA has been used in an attempt to
evaluate rutting, fatigue, and moisture resistance of HMA mixtures.

A loaded wheel is placed on a pressurized linear hose, which sits on the test specimens and is
then tracked back and forth to induce rutting. Most testing in the APA is carried out to 8000
cycles. Unlike the GLWT, samples also can be tested dry or while submerged in water. Test
specimens for the APA can be either beam or cylindrical. Beams are most often compacted to
7 % air voids; cylindrical samples have been fabricated to both 4 and 7 % air voids [32]. Test
temperatures for the APA have ranged from 40.6-64°C. The most recent work has been



10 PERFORMANCE TESTS FOR HOT MIX ASPHALT

conducted at or near expected maximum pavement temperatures [33,34]. Wheel load and hose
pressure have basically stayed the same as for the GLWT, 445 N, and 690 kPa, respectively.
One recent research study [34] did use a wheel load of 533 N and hose pressure of 830 kPa with
good success.

Results from the WesTrack Forensic Team study [35] and the NCHRP 9-17 [11] project
show that use of the APA may help ensure that a satisfactory mix is designed and produced.

WesTrack Forensic Team study [35] indicates that a laboratory rut depth of 6-mm results in a
field rut depth of 12.5 mm. Criteria have also been developed in the past for some other test
conditions. Georgia and other states have long specified a maximum rut depth of 5 mm for
HMA mixtures as the pass/fail criteria at a temperature of 50°C [36]. A recent study conducted
at the National Center for Asphalt Technology [37] provided a criterion of 8.2-mm for the APA
rut test at standard PG temperature for the location in which the HMA will be used. This higher
value for pass/fail criteria is associated with the higher PG temperature used.

Hamburg Wheel-Tracking Device (HWTD)

The Hamburg Wheel-Tracking Device was developed by Helmut-Wind Incorporated of
Hamburg, Germany [38]. It is used as a specification requirement for some of the most traveled
roadways in Germany to evaluate rutting and stripping. Test slabs are normally compacted to 7
+ 1 % air voids using a linear kneading compactor. Testing also has been done using Superpave
gyratory compacted samples. Results obtained from the HWTD consist of rut depth, creep slope,
stripping inflection point, and stripping slopes. The stripping inflection point is used to estimate
the relative resistance of the HMA sample to moisture-induced damage [39].

WesTrack Forensic Team study [35] indicated that a laboratory rut depth of 14 mm would be
expected to result in a field rut depth of 12.5 mm. A rut depth of less than 10 mm after 20 000
passes has been recommended by the city of Hamburg to be more reasonable [38].

French Rutting Tester (LCPC Wheel Tracker)

The Laboratoire Central des Ponts et Chaussées (LCPC) wheel tracker (also known as the
French Rutting Tester (FRT)) has been used in France for over 20 years to successfully prevent
rutting in HMA pavement [40]. In recent years, the FRT has been used in the United States,
most notably in the state of Colorado and FHWA’s Turner Fairbank Highway Research Center.

The FRT is capable of simultaneously testing two HMA slabs. Samples are generally
compacted with an LCPC laboratory rubber-tired compactor [41].

In France, an acceptable HMA mix typically will have a rutting depth < 10 % of the test slab
thickness after 30 000 cycles. The Colorado Department of Transportation and the FHWA’s
Turner Fairbank Highway Research Center participated in a research study to evaluate the FRT
and the actual field performance [42].

WesTrack Forensic Team [35] members suggested that the FRT provided useful data when
experience is available with similar materials (aggregates and asphalts). Similar to that for the
HWTD and APA, potential FRT user agencies should develop their own evaluation of test
results using local conditions [35]. The data indicated that a laboratory rut depth of 10 mm (10 %
of 100 mm thickness) results in an in-place rut depth of 12.5 mm.
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Purdue University Laboratory Wheel Tracking Device (PURWheel)

The PURWheel was developed at Purdue University [43]. PURWheel tests slab specimens
that can either be cut from roadway or compacted in the laboratory. Laboratory samples are
compacted using a linear compactor also developed by Purdue University [44]. PURWheel was
designed to evaluate rutting potential and/or moisture sensitivity of HMA. A 12.7-mm rut depth
is used to differentiate between good and bad performing mixes with respect to rutting [44].

WesTrack Forensic Team study [35] data indicated that 4500 cycles resulted in a laboratory
rut depth of 6.35 mm. This was equivalent to a field rut depth of 12.5 mm.

Model Mobile Load Simulator (MMLS3)

The one-third scale MMLS3 was developed recently in South Africa for testing HMA in
either the laboratory or field. This prototype device is similar to the full-scale Texas Mobile Load
Simulator (TxMLS) but scaled in size and load. The scaled load of 2.1 KN is approximately
one-ninth (the scaling factor squared) of the load on a single tire of an equivalent single axle load
carried on dual tires [45].

The MMLS3 can be used for testing samples in dry or wet conditions. Performance
monitoring during MMLS3 testing includes measuring rut depth from transverse profiles and
determining Seismic Analysis of Surface Waves moduli to evaluate rutting potential and damage
due to cracking or moisture, respectively. Rut depth criteria for acceptable performance are
currently being developed [46].

Wessex Dry Wheel Tracker

In the Dry Wheel Tracker, a loaded wheel is run over an asphalt sample in a sealed and
insulated cabinet for 45 min. The device applies a 710 N vertical force through a 150 mm wide
steel wheel with a 12.5 mm thick rubber contact surface. The rate of loading is 26 cycles per
minute, which corresponds to 52 wheel passes per min. It has a dual wheel assembly that
accommodates testing two specimens simultaneously.

A specially designed computer program controls the operation of the machine and records rut
depth, temperature, and elapsed time during the test. The Wheel Tracker test offers a simple and
inexpensive method of predicting rutting. An Immersion Wheel Tracker and a Slab Compactor
are also available at Wessex. However, there are not any field data available to validate its
accuracy in predicting performance.

Rotary Loaded Wheel Tester

Rotary Loaded Wheel Tester (or Rutmeter) was developed by CPN International, Inc. The
RLWT automatically measures the plastic deformation of HMA samples as a function of
repetitive wheel loadings.

The RLWT utilizes a unidirectional rotary load wheel, and most testing is carried out to
16 000 individual wheel loadings [47]. The RLWT is capable of applying 125 N loads to each
spinning single wheel in the load application assembly. The load is provided by static weight
such that no external load calibration is required, and it is designed to approximate a contact
pressure of 690 kPa. The device utilizes an integrated temperature controller to heat samples.
Limited work has shown that there is a general correlation between the APA and the Rotary
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Loaded Wheel Tester [47], however there is no correlation that has been developed between the
Rotary Loaded Wheel Tester and field performance.

permanent deformation is provided in Table 1 [48].

A summary of the advantages and disadvantages of each of the tests considered for

TABLE 1—Comparative assessment of test methods.

Test Method

Sample
Dimension

Advantages

Disadvantages

Fundamental: Diametral Tests

Diametral Static
(creep)

4 in. diameter x
2.5 in. height

o Test is easy to perform

o Equipment is generally available in most
labs

e Specimen is easy to fabricate

Diametral Repeated
Load

4 in. diameter x
2.5 in. height

o Test is easy to perform
® Specimen is easy to fabricate

Diametral Dynamic
Modulus

4 in. diameter x
2.5 in. height

o Specimen is easy to fabricate
o Non destructive test

Diametral Strength
Test

4 in. diameter x
2.5 in. height

e Test is easy to perform

o Equipment is generally available in most
labs

o Specimen is easy to fabricate

o Minimum test time

o State of stress is nonuniform and
strongly dependent on the shape of the
specimen

e Maybe inappropriate for estimating
permanent deformation

o High temperature (load) changes in the
specimen shape affect the state of stress
and the test measurement significantly
e Were found to overestimate rutting

o For the dynamic test, the equipment is
complex

Fundamental: Uniaxial Tests

Uniaxial Static
(Creep)

4 in. diameter x 8
in. height

&

others

e Easy to perform

o Test equipment is simple and generally
available

* Wide spread, well known

® More technical information

o Ability to predict performance is
questionable

o Restricted test temperature and load
levels does not simulate field conditions
® Does not simulate field dynamic
phenomena

 Difficult to obtain 2:1 ratio specimens
in lab

Uniaxial repeated
Load

4 in. diameter x 8
in. height

&

others

o Better simulates traffic conditions

o Equipment is more complex

® Restricted test temperature and load
levels does not simulate field conditions
o Difficult to obtain 2:1 ratio specimens
in lab

Uniaxial Dynamic
Modulus

4 in. diameter x 8
in. height
& others

® Non destructive tests

o Equipment is more complex
o Difficult to obtain 2:1 ratio specimens
in lab

Uniaxial Strength
Test

4 in. diameter x 8
in. height
& others

o Easy to perform

o Test equipment is simple and generally
available

e Minimum test time

o Questionable ability to predict
permanent deformation

Fundamental: Triaxial Tests

Triaxial Static
(creep confined)

4 in. diameter x 8
in. height

&

others

o Relatively simple test and equipment

o Test temperature and load levels better
simulate field conditions than unconfined
o Potentially inexpensive

® Requires a triaxial chamber
o Confinement increases complexity of
the test

Triaxial Repeated
Load

4 in. diameter x 8
in. height

&

others

o Test temperature and load levels better
simulate field conditions than unconfined
o Better expresses traffic conditions

o Can accommodate varied specimen sizes
o Criteria available

e Equipment is relatively complex and
expensive
e Requires a triaxial chamber

Triaxial Dynamic
Modulus

4 in. diameter x 8
in. height

&

others

o Provides necessary input for structural
analysis
o Non destructive test

o At high temperature it is a complex test
system (small deformation measurement
sensitivity is needed at high temperature)
e Some possible minor problem due to
stud, LVDT arrangement.

e Equipment is more complex and
expensive

® Requires a triaxial chamber

Triaxial Strength

4 or 6 in. diameter
x 8 in. height
& others

o Relative simple test and equipment
e Minimum test time

o Ability to predict permanent
deformation is questionable
® Requires a triaxial chamber
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Fundamental: Shear Tests

SST Frequency
Sweep Test — Shear
Dynamic Modulus

6 in. diameter x 2
in. height

o The applied shear strain simulate the effect
of road traffic

o AASHTO standardized procedure
available

e Specimen is prepared with SGC samples

o Master curve could be drawn from
different temperatures and frequencies

® Non destructive test

e Equipment is extremely expensive and
rarely available

o Test is complex and difficult to

run, usually need special training

e SGC samples need to be cut and glued
before testing

SST Repeated Shear
at Constant Height

6 in. diameter x 2
in. height

o The applied shear strains simulate the
effect of road traffic

® AASHTO procedure available

o Specimen available from SGC samples

e Equipment is extremely expensive and
rarely available

e Test is complex and difficult to

run, usually need special training

o SGC samples need to be cut and glued
before testing

o High COV of test results

o More than three replicates are needed

Triaxial Shear

6 in. diameter x 2

® Much less used

4.5 in. height

e Some relationship with APA rut depth

Strength Test in. height Short test time * Confined specimen requirements add
complexity
4 in. diameter x I;;Zléi:s?grrlead7 well known, standardized for ® Not able to correctly rank mixes for
2.5 in. height or . permanent deformation
Marshall Test s o Test procedure standardized . . .
6 in. diameter x . . . o Little data to indicate it is related to
3.75 in. height . Eas1§st to 1mp1§ment Aand short test time performance
* Equipment available in all labs.
. o Not used as widely as Marshall in the
] . o Developed with a good basic philosophy past
E Hveem Test 3 15n: dlﬁmeﬁr x o Short test time o California kneading compacter needed
§ = 1n-feg o Triaxial load applied o Not able to correctly rank mixes for
= permanent deformation
El ¢ Simulate the action of rollers during
construction e Equipment not widely available
GTM Loose HMA o Parameters are generated during o Not able to correctly rank mixes for
compaction permanent deformation
o Criteria available
?atftral Pressure Loose HMA « Test during compaction o Problems to %nterpret test results @ Not
ndicator much data available
o Simulates field traffic and temperature
S conditions
C).llmdrlcal eModified and improved from GLWT
Asphalt Pavement g 15n;);< 45in o Simple to perform * Relatively expensive except for new
Analyzer o; T ® 3-6 samples can be tested at the same time | table top version
beam ® Most widely used LWT in the US
o Guidelines (criteria) are available
o Cylindrical specimens use SGC
o Widely used in Germany
z Hamburg Wheel- 10.2 in. x 12.6 in. o Capable of evaluating moisture-induced o Less potential to be accepted widely in
& | Tracking Device x 1.6 in. damage the United States
4 o 2 samples tested at same time
§ French Rutting 7.1in.x 19.7 in. x | e Successfully used in France . . .
g Tester 0.8t03.9in. o Two HMA slabs can be tested at one time * Not widely available in U S.
2 PURWheel 11.41in. x 12.2 ® Specimen can be from field as well as lab- | e Linear compactor needed
inx 1.3,2,3in. prepared ® Not widely available
o Extra materials needed
Model Mobile Load | 47 in. x 9.5 in.x e Specimen is scaled to full-scaled load ® Not suitable for routine use
Simulator thickness simulator o Standard for lab specimen fabrication
needs to be developed
RLWT 6 in. diameter x o Use SGC sample o Not widely used in the United States

o Very little data available

Wessex Device

6 in. diameter x
4.5 in. height

o Two specimens could be tested at one time
o Use SGC samples

o Not widely used or well known
o Very little data available
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Other Distresses [48]

Fatigue Cracking

There has been much research done on the effects of HMA properties on fatigue. Certainly
the HMA properties have an effect on fatigue, but the most important factor to help control
fatigue is to ensure that the pavement is structurally sound. Since the classical bottom-up fatigue
is controlled primarily by the pavement structure, there is no way that a mix test can be used
alone to predict fatigue accurately. However, steps can be taken to minimize fatigue problems,
such as: use as much asphalt in the mix as allowable without rutting problems, select the proper
grade of asphalt, do not overheat the asphalt during construction, keep the filler to asphalt ratio
lower, and compact the mix to a relatively low void level. This is a general guidance, but it is
the approach that is generally used to ensure good fatigue resistance.

Thermal Cracking

Thermal cracking is a problem in cold climates, and guidance is needed to minimize this
problem. At the present time, the best guidance to minimize thermal cracking is to select the
proper low temperature grade of the PG asphalt binder for the project location. Other steps
during construction can be helpful. For example, do not overheat the HMA. This will result in
premature aging of the binder and lead to problems thermal cracking. It is also important to
compact the HMA to a relatively low air void level to reduce the rate of oxidation.

Moisture Susceptibility

Moisture susceptibility is typically a problem that can cause the asphalt binder to strip from
the aggregate, leading to raveling and disintegration of the mixture. AASHTO T-283 has been
used for several years to help control stripping. This test does not appear to be a very accurate
indicator of stripping, but it does help to minimize the problem. The Hamburg test has also been
shown to identify mixes that tend to strip. There are things during the construction process that
can help to minimize stripping potential. Of course liquid anti strip agents or hydrated lime can
be used. Other important steps include good compaction and complete drying of aggregate.

Friction Properties

Friction is one of the most important properties of a HMA mixture. There are good methods
to measure the in-place friction, but there are not good methods to evaluate mixes in the lab for
friction. Several state DOTs have methods that they use, but these have not been adopted
nationally. More work is needed to evaluate these local procedures for national adoption. There
are several things that can be done in design and construction to improve friction. The primary
concern is friction during wet weather. Use of a mix such as open-graded friction course (OGFC)
has been shown to be effective in increasing friction in wet weather. Other methods that can be
used are to use aggregate that does not tend to polish, use mixes that are not over asphalted, use
crushed aggregates, etc. Coarse textured mixes such as SMA have been shown to provide good
friction in wet weather. At the present time, past experience with local materials is the best
information available for providing good friction.
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Summary

Predicting performance of HMA is very difficult due to the complexity of HMA, the
complexity of the underlying unbound layers, and varying environmental conditions.

This paper discusses fundamental, empirical, and simulative procedures for evaluating
permanent deformation in the laboratory. Advantages and disadvantages of each of the tests are
presented. Some general discussions were given for the fatigue cracking, thermal cracking,
moisture susceptibility, and friction properties.
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ABSTRACT: The Superpave volumetric mix design system, developed by SHRP in the 1990s, has
continued to gain widespread acceptance across the United States. Although it is widely believed to be
an improvement over past mix design systems, it does have an inherent flaw. It does not include a
performance test to assess HMA'’s resistance to rutting, fatigue, or low temperature cracking. With the
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work on integrating a performance based test for construction specifications. Rather than being based on
material properties or construction practices, the payment for an HMA pavement could then be based
primarily on the performance based specification. The results of this study indicate that although the
APA works well as the pass/fail criterion used by state agencies, the variability of APA cycles to failure
make it impractical to base a rut prediction model on data obtained from it.
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Introduction

The Superpave volumetric mix design system, as developed by SHRP in the 1990s, has
continued to gain widespread acceptance across the United States. The Superpave mix design
system originally consisted of three separate design levels. The Level 1, or the Superpave
volumetric mix design, was developed for lower volume (ESAL < 10°) roads. Levels 2 and 3,
intended for higher volume roads, included the Level 1 design but had additional performance
models based upon performance tests to further aid in the HMA mixture design. Levels 2 and 3
were never implemented because the performance models did not accurately predict actual
pavement performance [1]. The Superpave volumetric mix design has gained widespread use
and is widely believed to be an improvement over past mix design systems. However, it does
have an inherent flaw: it does not include a performance test to assess HMA’s resistance to
rutting, fatigue, or low temperature cracking.

Design-build and warranty specifications are gaining acceptance at the same time that
implementation of newer HMA performance test specifications are being developed. Thus, it is
an opportune time to work on integrating a performance-based test for use in newer construction
specifications. The philosophy of a Performance Based Specification (PBS) is to design and
construct an HMA pavement that will provide a required level of performance [2]. The level of
performance may include all or any combination of the following distresses: permanent
deformation, fatigue, thermal cracking, or moisture damage. Rather than being based on
material properties or construction practices, payment for an HMA pavement is based primarily
on the level of performance the as-constructed HMA pavement provides.
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Mechanisms that Cause HMA Pavement Rutting

Monismith et al. [3] found that well-designed HMA pavement consolidates to 3—5 % air
voids after trafficking when pavements were initially compacted to 68 % air voids. Eisenmann
and Hilmer [4] further described rutting as having two components: first consolidation and then
permanent shear deformation. Eisenmann and Hilmer concluded that shear deformation is the
result of shear flow of the HMA at constant volume. The decrease in volume of the HMA
beneath the wheel loadings is approximately the same as the increase of volume of the upheavals
at the edges of the rut. Rutting due to shear flow is the type of rutting that occurs during the
majority of the pavement life. The Asphalt Institute [5] states that rutting caused by permanent
shear deformation is the result of weak HMA that cannot resist the permanent shear deformations
caused by heavy truck loadings.

The three constituents of HMA are aggregate, asphalt binder, and air. All three of the
constituents have an effect on the rut resistance of HMA. Perhaps the most important material,
in terms of rut resistance, is aggregate since in densely graded HMA, mineral aggregate is
approximately 90 % of the mixture by volume. The primary cause of rutting is small permanent
shear deformations that accumulate under each passing wheel load. Rough aggregate surface
texture and cubical particles tend to lock together and provide more aggregate interlock than do
rounded, smooth aggregate [5]. Aggregate properties are increasingly important at high
temperatures when binder viscosity decreases. When binder viscosity becomes sufficiently low,
the internal friction resultant of aggregate interlock is the primary resistance to permanent shear
deformation.

The asphalt binder also contributes to the rut resistance of HMA. Mahboub and Little [6]
concluded through the use of uniaxial creep tests that less viscous asphalt makes the HMA less
stiff and consequently more susceptible to rutting. Also, the amount of asphalt in HMA can
affect the rut resistance. Monismith, Epps, and Finn [7] concluded that a mixture should have an
asphalt content such that the air void content after densification by traffic be 4 % but never lower
than 3 %. HMA that consolidates to less than 3 % air voids has too much asphalt. This causes a
decrease in rut resistance because the additional asphalt provides lubrication between aggregate
particles otherwise separated by a very tight network of air voids.

The amount of air in HMA is a function of the compactive effort applied to the HMA layer.
High air voids (less compaction) result in excess rutting because they allow for additional
densification under traffic. On the other hand, very low air voids (less than 2 or 3 %) can result
in a phenomenon known as tertiary flow [5] where the mixture exhibits extreme plastic flow with
relatively few wheel loadings.

Loading can also significantly affect HMA rutting and include the following load
characteristics [8]:

truck speed

tire contact pressure
HMA layer thickness
truck wheel wander

Because of the viscoelastic nature of asphalt binders, the speed of truck traffic, the contact
pressure of truck wheels, and the pavement temperature all contribute to pavement rutting. As
the speed of truck traffic decreases, the duration of the loading on the HMA increases [9].
Because of the time temperature superposition principle of asphalt binders, the increased
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duration of the loading results in more permanent shear deformation during each truck loading at
a given temperature. Increased contact pressure between truck wheels and the HMA pavement
surface results in higher stress within the upper portion of the pavement and more permanent
shear deformation. Asphalt binders become less viscous when pavement temperatures increase
and results in decreased shear resistance in HMA.

Asphalt Pavement Analyzer Background

The Asphalt Pavement Analyzer (APA) became commercially available in 1996 based upon
the Georgia Loaded Wheel Tester (GLWT). The GLWT was developed in the mid-1980s
through a collaborative effort of the Georgia Department of Transportation and the Georgia
Institute of Technology. The basis of its development was to perform efficient, effective, and
routine laboratory rut proof testing and field production quality control of HMA [10]. A rut
proof tester is a machine used to distinguish between rut resistant and rut prone HMA, but it is
not necessarily used to predict actual pavement performance. An APA User Meeting in Jackson,
MS reviewed how governmental agencies are using APAs, and this is summarized in Table 1. A
photo of the APA is shown in Fig. 1. The APA User’s Manual describes the operation of the
APA in detail [11].

Some of the advantages and drawbacks of GLWT (the predecessor to the APA) were stated
by West et al. in 1991 [12]. The GLWT is advantageous because:

e The principles of the test are straightforward (i.e., it is unnecessary to be familiar with
engineering properties).

The GLWT realistically models a moving wheel load.

The GLWT is easy to operate.

The GLWT appears to correlate well with actual field performance.

The GLWT is versatile (i.e., it can test at a variety of temperatures and loadings).

The disadvantage, as stated by West et al., is that the relationship between field and GWLT
results is empirical.

Williams and Prowell [13] found the APA to correlate well with field rut depths. It was
concluded that a mix design specification for a PBS could be established for the APA using test
temperatures that reflect the in-situ temperature of the pavement.

In studies performed in Georgia and Florida, the GLWT was able to rank mixtures similarly
to their actual field performance [12,14]. In another Florida study, the APA ranked three
pavements similarly to their known field performance, and the author concluded that the APA
had the capability to rank mixes according to their rutting potential [15]. Miller et al. [16]
reported an increased correlation between lab rut depths and field rut depths with an increase in
testing temperature from 40.6°C and 46.1°C. Lai [17] indicated that GLWT rut depths are very
sensitive to beam density, and as a result, variability of measured rut depths between labs was
quite high.

The objective of NCAT Report No. 99-4, “Evaluation of Asphalt Pavement Analyzer for
HMA Mix Design,” [18] was to demonstrate the APA’s sensitivity to gradation and binder type
and to determine a pass/fail rut depth criterion. Kandhal and Mallick found that the APA was
sensitive to aggregate gradation and binder grade, and that the APA has the potential to predict
relative rutting potential of HMA. They established a tentative pass/fail rut criterion, which was
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determined to be between 4.5-5 mm at 8000 load cycles.

In a study conducted to determine whether or not the GLWT could differentiate between
HMA with different asphalt binders, Stuart and Izzo [19] found that the GLWT ranked mixtures
with constant aggregate gradations but differing asphalt binders correctly. Specimens with seven
different binders were tested. The GLWT rut depth increased with a decrease in G*/sin 9, as it
should. The correlation between G*/sin 6 and GLWT rut depth was found to be 0.84 for HMA
surface mixtures.

TABLE 1—A4 review of APA test methods and settings throughout the United States [28].
Test Temp  Air Voids # of Test

I T R e e e

AL, la 67 P98 4/1 SGC 25 8000 Y <4.5 mm TRZ
AR, 1a 64 P98 41 SGC 25 gooo  y > mm(10E6), <5mm

for others

DE, 2a 67 7/0.5 AVC 25 8000 N <3 mm (>10E6)

FL, 1ab 64 P98 7/0.5 AVC 25 8000 N none
GA, lab 49 6/1 SGC 50 8000 Y < 5 mm for all mixes

IL, 2ab 64 P98 71 SGC 25 8000 N none yet
KS,lab  (<PG) 71 SGC 25 8000 N deVClOpig%;?mps 2=
KY, 2a 64 P98 7/1 SGC 25 8000 N rule of thumb <5 mm
LA, 2ab 64 P98 71 SGC 25 8000 N < 6 mm (research only)

MI Under development, expect a tiered specification based on trafficking level and level of reliability

MS, la 64 P98 7/1 SGC 50 8000 N < 10 mm for all mixes
MO, 2a 64 P98 71 SGC 25 8000 N evaluating

NJ, 1a 60 4&71 SGC 25 8000 N evaluating
NC, 2ab 64 P98 7/1 SGC/AVC 25 8000 N evaluating

<5 mm (> 3E6), <6 mm

OK, 2a 64 P98 7/1 SGC 25 8000 N (0.3E6+), <7 mm

(<0.3E6)

SC, 2a 64 P98 7/1 AVC 25 8000 Y <5 mm for all Superpave
TN, lab 64 P98 71 SGC 0 8000 N Rule of Thumb, =3-6
TX, 2ab 64 P98 71 SGC 50 8000 N Evaluating
UT, 2ab 64 P98 7/1 LKC 50 8000 Y < 5 mm for all mixes
WV, lab 60 701 SGC 0 8000 N evaluatﬁy‘;%é; 6 mm
WY, 2ab 52 P50 7/1 AVC 25 8000 N evaluating

1 Report manual measurements; use automatic measurements if available.

2 Use automatic measurements to report; check with manual measurements.
a Mix design.

b Plant produced mixture.

SGC = Superpave Gyratory Compactor.

AVC = Pavement Technology, Inc. Asphalt Vibratory Compactor.
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FIG. 1—The Asphalt Pavement Analyzer.

APA Specimen Preparation

A Superpave Gryratory Compactor (SGC) was used to compact specimens for APA testing.
Field verified mix designs from ten different projects were used in the study. A tolerance of +/—
0.5 % air voids was used for all specimens. Once the SGC specimens are prepared, they are
trimmed to a height of 75 mm, the depth of the APA molds. Trimming of the specimens is done
using a rock saw. Care is taken to cut the specimens so that the top and bottom of the specimens
are parallel. The target air voids and asphalt binder contents for each project are summarized in
Table 2. Triplicate samples were procured and tested at each air void and asphalt binder content

combination.

TABLE 2—Test matrix used for testing each HMA project.
Air Voids (% of Total Volume)

4% 8 % 12 %

Low Asphalt Content (Opt. AC — 0.5 %) N/A XXX XXX
Optimum Asphalt Content XXX XXX XXX

High Asphalt Content (Opt. AC — 0.5 %) XXX XXX N/A

Preliminary APA Test Method

One of the national goals is to develop a performance criterion for testing HMA mixtures in
the APA. Here the development of performance criteria using an APA is examined.

The previous literature revealed that test temperatures should be selected to produce results
that would correlate well with field conditions. The APA test settings and methods used in this
study are summarized in Table 3.



WILLIAMS ET AL. ON ASPHALT PAVEMENT ANALYZER 23

TABLE 3—A4PA machine settings and test methods.

Parameter Specification
Test Temperature, (°C)* Upper Performance Grade of HMA Being Tested
Environmental Condition Dry
Superpave Specimen Size, mm Cylindrical Specimens, 150 mm dia., 75 mm height
Load, N (Ib) 445 (100)
Hose Pressure, kPa (psi) 689 (100)
Wheel Speed, m/sec 0.61
Number of Test Wheel Load Cycles 8000 (with 50 seating cycles)
Laboratory Compaction Device Superpave Gyratory Compactor
Pretest Specimen Conditioning 4 h at Test Temperature

*This does not include grade bumping for high volume facilities or slower moving traffic.

The SGC specimens are placed into APA molds so that they are flush with the top of the
molds. Plaster of Paris is used to level and confine specimens in the molds whenever specimens
and molds are not a snug fit. After preparing the test specimens, the APA molds with the
specimens are conditioned at the test temperature for four hours to allow the specimens to come
to test temperature prior to testing.

Normally each APA mold contains two specimens for testing. The average rut depth of both
specimens is then recorded as the APA rut depth. In this study the standard deviation of three
specimens at each asphalt content/air void level was of great importance. The APA does not
record each specimen’s rut depth independently but rather records the average of the two
specimens in each APA mold. Thus, another method had to be used so that the rut depth of each
individual specimen was recorded and the standard deviation could be calculated. To do this, a
dummy specimen (concrete spacer) was placed into one of the specimen holes, and only one
asphalt specimen was tested in each mold during APA testing (Fig. 1). The recorded rut depths
were just for the HMA specimens located in the front of the molds.

Development of an Empirical Rut Prediction Model

The APA is a test device which applies a loaded wheel at a prescribed “tire” pressure and a
frequency at a programmed temperature. The value measured, the rut depth, cannot be used as a
basis for a mechanistic model. In the past, the APA rut depth at 8000 cycles has been used to
identify rutprone HMA mixtures before they are used in the field. This is done by establishing a
pass/fail rut depth. For example, based upon past experience some state highway agencies have
established a rut depth of 5-mm as the dividing point between rut prone and rut resistant HMA
mixtures. Hence, no HMA mixtures with an APA rut depth of 5 mm or greater would be
constructed in the field. No attempts have been identified in the literature review to use the APA
to predict how many 80-kN Equivalent Single Axle Loadings (ESALs) an HMA pavement can
be loaded with until failure. The following will be presented:

¢ A methodology of converting APA rut depth to field rut depth and APA cycles to 80-kN
ESALs

e The development of an empirical rut prediction model for local conditions

e A preliminary Performance Based APA Specification
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Relating APA Test Performance to Field Performance

The wheel loading in the APA is used to simulate a wheel loading on an in-service pavement,
while the rut created is supposed to be similar to the rut created by trafficking on in-service
pavements. In this section, a method of converting the APA rut depth and the number of APA
load cycles to actual pavement rut depth and ESALs will be presented.

Determination of an APA Rut Depth that is Equivalent to Rutting Failure On an In-Service
HMA Pavement—To determine an APA rut depth that is equal to failure on an in-service
pavement, a pavement failure rut depth must first be determined. Barksdale [20] found that for
pavements with a 2 % crown (typical for the United States), rut depths of 0.5 in. (12.5 mm) are
sufficiently deep to hold enough water to cause a car traveling 50 mph to hydroplane. The rut
depth referred to by Barksdale is the total rut depth, not the downward rut depth. According to
pavement rut depth measurements taken from WesTrack [21], a 12.5 mm total rut depth
(consolidation and shear deformation) is approximately equivalent to a downward rut depth
(consolidation and shear deformation, less the uplift due to shear flow) of 10 mm. From APA
data also taken from WesTrack pavements it can be determined that a 10 mm downward rut
depth on an in-service pavement correlates well with a 7 mm rut depth. These correlations can
be seen in Figs. 2 and 3, respectively. Based upon these correlations, an APA failure rut depth of
7 mm will be used in establishing an empirical model.

Determination of How Many 80-kN ESALs Are Equal to One APA Cycle—The WesTrack
experiment provided a unique opportunity to compare APA results with a full-size pavement
testing facility where both the loading and temperature were known. APA test specimens were
taken directly from the wheel paths of the test track before truck loading and were tested at 60°C
- nearly the same as the average high pavement temperature of 57.53°C at 12.7 mm depth [13].
As can be seen in Fig. 3, the WesTrack pavement rut depths correlated very well with the APA
test specimens taken from WesTrack.

40
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20 7 y = 1.3287x + 0.42

R%=0.9116

Westrack Total Rut Depth (mm)
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Westrack Downward Rut Depth (mm)
FIG. 2—WesTrack total rut depth versus WesTrack downward rut depth [13].
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FIG. 3—WesTrack downward rut depth versus APA rut depth [13].

Although the WesTrack and APA test temperatures are nearly the same, the number of
ESALs per APA cycle cannot be found simply by dividing 582 000 ESALs by 8000 cycles. This
is because the trucks that loaded WesTrack traveled slower than ordinary trucks on highways,
and the wheel wander of the WesTrack trucks was tighter than ordinary truck traffic. Both truck
speed and wheel wander have to be corrected as follows before the amount of rutting ESALSs per
APA cycles can be determined.

First, the WesTrack trucks traveled at 65 kph, which is slower than ordinary truck traffic,
which travels approximately 100 kph at highway speeds. Because of the viscoelastic nature of
asphalt cement, the longer loading time caused by slow moving trucks causes increased HMA
pavement damage. Haddock et al. [8], in a study by Purdue University conducted in the Indiana
Department of Transportation’s (INDOT) accelerated pavement testing (APT) facility, developed
a relationship between rut depth and truck speed. According to Haddock et al. [8], for an HMA
pavement of high density, a truck traveling at 65 kph does approximately 12 % more pavement
damage than a truck traveling 100 kph does.

Secondly, the WesTrack trucks, because of their guidance system, wandered less than
ordinary trucks on standard 12-ft lanes. Wheel wander refers to the fact that trucks tend to
“wander” about the traffic lane rather than staying exactly in the center of the lane. This wheel
wander tends to distribute the truck loadings over a wider pavement area and consequently
reduces the depth of ruts that single wheel path traffic would create. From past experience, it has
been shown that trucks tend to wander over a width of 460 mm when traveling on a 12-ft traffic
lane [22]. The WesTrack Trucks wandered over a width of 127 mm. A decrease in wheel
wander causes the truck loads to be distributed over a smaller pavement area and consequently
causes more pavement damage. Haddock et al [8] developed a relationship between wheel
wander and rut depth using the INDOT APT, which had a transverse mechanism to include
wheel wander, and can be used to estimate the increased amount of rutting caused by the
WesTrack trucks:
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Rut Damage at 127 mm Wander — Rut Damage at 460 mm Wander
Rut Damage at 460 mm Wander

8 24D 00 2Tmm) _ @ 5 4 (~0.0014%460mm)
- 8 24226(4).0014*460mm)

Increased Damage = (Eq.1)

=0.594

The WesTrack loaded trucks did 59.4 % more damage than ordinary trucks as a result of
differences in wheel wander.

The previous calculations demonstrate that the WesTrack trucks did more damage per
loading than ordinary trucks. The following equation shows how many ordinary truck ESALSs
the WesTrack Truck ESALs were actually equal because of decreased truck speed and wheel
wander:

Ordinary Truck ESALs = (582, 000 ESALs) *(Wander Aajustment) *(Speed Aaj'ustment) (Eq.2)
= (582,000 ESALs) * (1.594) * (1.12)
= 1,039,033 ESALs

The amount of 80-kN ESALSs per APA cycle is calculated as follows:

ESALs per APA Cycle = (1,039,033 ESALs) /(8,000 APA Cycles) (Eq.3)
= 129.9 ESALs per APA Cycle

Based on the previous equation it is estimated that one APA cycle is approximately 129.9 80-
kN ESALs. APA testing is typically done at the temperature of the high Performance Grade
(PG) of the binder in the HMA, or approximately the highest pavement temperature the HMA
mixture will see in-service. Because of this fact, one APA cycle is equal to 129.9 rutting ESALs
and does not include the number of ESALs for all seasons. Since not all truck loadings occur
during times when HMA pavements experience rutting (i.e., when pavement temperatures
approach the upper PG), any PBS utilizing an APA has to be adjusted to include only rutting
ESALs. This is done in the following section.

The Development of an Empirical Rut Prediction Model for Local Conditions

Since asphalt binder viscosity decreases with increasing temperature, HMA rutting occurs
when pavement temperatures are above average in the summer months. More specifically, work
done by Mahboub and Little [6] stated the following assumptions could be made:

e Permanent deformation occurs daily over the time interval from 7:30 a.m. to 5:30 p.m.

e Permanent deformation occurs only in the period from April to October, inclusive.

e Measurable permanent deformation does not occur at air temperatures below S50°F
(10°C).

The Superpave 20-year design life includes all ESAL loadings during the entire 20-year
design life. Based on the above assumptions, the number of ESALs in the 20-year design life
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needs to be adjusted to only the ESALs when rutting occurs, or “rutting ESALs,” if a PBS using
the APA is to be developed. Hill [23] established a process of making this conversion, which is
summarized in Fig. 4.

Step #1: Identify a region that is climatically Step #2: Look temperature data over and

consistent and retrieve temperature data over establish a rutting season for each region.

a five-year period from a location thought to The rutting season is the period of the year

represent the all of the region’s climate. — where the average daily temperature is over
50°F(10 °C)

Step #3: Calculate an effective daily
pavement temperature for each day of the

rutting season. The effective daily pavement Step #4: The average effective daily
temperature is the “average” pavement pavement temperatures are averaged to find
temperature of each day (it is not, however, p| an effective rut season temperature. The five
the arithmetic mean). If the temperature effective rut season temperatures are

could be held at the effective temperature all averaged to provide a single effective

day long, the rut damage would be equal to pavement temperature.

the rut damage that actually happened during

that day.

Step #5: A rut factor is established for each Step #6: The number of rutting ESALSs are
region. The rut factor is the fraction of 20- — 9 converted APA cycles and the APA test
year traffic volume that are “rutting” ESALs. length is determined.

FIG. 4—A summary of the steps taken to find the amount of rutting ESALs during a
Superpave 20-year design life [23].

A Preliminary PBS

As stated previously, a PBS based upon APA data must include an APA rut depth failure
criterion as well as the test length representing the HMA pavements design life, in terms of
ESALs. Here a method of finding the amount of rutting ESALs that occurs in the Superpave 20-
year design life is presented. As an example, Performance Based APA Specifications were
created for six Michigan regions in Fig. 5. As mentioned, a PBS based on APA data must
include both a test length (in terms of APA cycles) and a failure rut depth criterion. The rut
depth criterion is summarized first, followed by the test length.

The failure criterion for an APA specimen was set at 7 mm based upon data gathered at
WesTrack, but this criterion should be adjusted to consider APA testing variability. This rut
criterion adjustment is based upon the following factors [13]:

The level of confidence

The variance or standard deviation
The sample size

The specification limit
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FIG. 5—Locations where weather data were collected for each region.

A method was established by Williams and Prowell [13] to develop an APA pass/fail rut
depth criteria taking the preceding factors into account. The rut depth criterion is set using the
small-sample confidence for a one-tail test [24] as follows:

Maximum Rut Depth=y+t,,,, (%) (Eq.4)
n

where:

y  =mean APA rut depth at 8000 cycles (mm)

t .. =confidence limit

alpha
S  =samplestandard deviation (mm)
n  =number of APA Specimensinsample

A maximum APA mean rut depth of three APA specimens can be calculated by rearranging
Equation 4 and substituting values into the equation as follows:
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y=Maximum Rut Depth—t,,,, E%) (Eq.5)

=7mm—2.353(1m—mj

NG

=5.64mm

where:

7mm =maximum allowable APA rut depth based on Figure 3
2.353 =t,,; (Mendenhall and Sincich,1989)

Imm =standard deviation based on 7 mm rut depth (Figure 4)

3 =samplesized proposed to be used in an APA specification

An APA average rut depth of 5.64 mm ensures with 95 % confidence that the HMA being
tested does not rut more than 7 mm in the APA. This is based on a sample size of three APA
specimens. The 95 % confidence limit can be changed according to the level of risk an
owner/agency is comfortable accepting.

The test length for a PBS is calculated using the temperature versus mix stiffness and then
determining a rut factor based upon mix stiffness. This utilizes an approach developed by Shell
[9], and more detail is provided by Hill [23]. Thus, the annual design ESALs are multiplied by
the number of rutting days as a percent of a year (365 days) and the rutting factor. Table 4
summarizes the number of rutting days for each Michigan region. A preliminary Performance
Based APA specification for Michigan HMA pavements is presented in Table 5 as an example.

Asphalt Pavement Analyzer Test Results

Ten separate 9.5-mm nominal maximum aggregate wearing course mixtures were sampled
during the 2000 construction season. The HMA samples included three Superpave traffic levels
(i.e. E3, E10, and E30). This project’s mix designs were verified and used for testing in APA to
determine the following:

e The usefulness of the empirical model.

e The effect that asphalt content and air voids has on APA performance.

e A regression model to predict APA rut depth.

e Perhaps most importantly, the APA data presented will be correlated with future in-

service pavement performance to assess the APA’s usefulness in predicting the
performance of HMA pavements.

TABLE 4—Length of rutting seasons in each region.

Region Dates of Rutting Season Length of Rutting Season, Days
Superior West April 1-October 31 214
Superior East April 1-October 31 214
North April 1-October 31 214
Bay March 15-November 15 246
Grand-Southwestern April 1-October 31 214

University-Metro March 1-November 30 275
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TABLE 5—A preliminary performance based APA specification.

Region Traffic |[Rutting Days| Rutting 18—Kip. ESALs Rutting ESALS L:;ll;ﬁl ’{AesPt A A.PA. Failure

Level per Year Factor |on Rutting Days Cycles) Criteria (mm)*
Superior E3 1783333 149 800 1158 5.64
West E10 214 0.084 5944 444 499 333 3859 5.64
E30 17 833 333 1 498 000 11577 5.64
Superior E3 1783333 126 617 978 5.64
East E10 214 0.071 5944 444 422 056 3262 5.64
E30 17 833 333 1266 167 9785 5.64
E3 1783333 119 483 923 5.64
North E10 214 0.067 5944 444 398 278 3078 5.64
E30 17 833 333 1194 833 9234 5.64
E3 2 050 000 342 350 2 646 5.64
Bay E10 246 0.167 6 833 333 1141167 8 819 5.64
E30 20 500 000 3423 500 26 457 5.64
E3 1783 333 358 450 2770 5.64
Grand- E10 214 0.201 5 944 444 1194 833 9234 5.64

Southwest

E30 17 833 333 3 584 500 27701 5.64
University- E3 2 291 667 336 875 2 603 5.64
Metro E10 275 0.147 7 638 889 1122917 8 678 5.64
E30 22 916 667 3368 750 26 034 5.64

* The APA Failure Criterion is Based on the Mean APA Rut Depth of Three APA Specimens.

Two types of APA data can be analyzed. An experimental plan for each mix was executed as
shown previously in Table 2. The first, APA rut depth at 8000 cycles, is used industry-wide as
an indication of whether or not an HMA mixture will perform in the field. The second is the
amount of APA cycles needed to achieve a rut depth of 7 mm. As shown previously, a 7 mm
APA rut depth correlated with an in-service HMA rutting failure. = The previous section
presented a method of converting APA cycles to 80-kN ESALs. Based on this, it is thought that
the number of APA cycles needed to achieve a 7 mm rut depth can be converted to how many
ESALs an in-service pavement could withstand before failure.

APA Test Results

This section summarizes the APA results from HMA specimens created using materials from
ten HMA paving projects. Two performance measures are presented: 1) the APA rut depths at
8000 cycles, a pass/fail criterion used throughout the United States to identify rut prone HMA,
and 2) a performance measure that has not been documented in the past. The APA cycles are
needed to create a 7 mm rut (or APA cycles to failure). This is the criterion used in the
Performance Based Specification (PBS) presented earlier. The APA cycles to failure results can
be used to access the feasibility of the developed PBS.

APA Rut Depths at 8000 Cycles Results—Most State Highway Agencies that utilize the APA
set a pass/fail criterion for the APA rut depth at 8000 cycles (Table 1). The data from each
traffic level were averaged and are presented in Table 6. The standard deviation of the averages
was calculated and is shown in parentheses beneath the mean rut depth. This was done so the
mean APA rut depth and standard deviation at different traffic levels can be analyzed, and trends
in the data can be identified. Each mixture’s average and standard deviation of three specimens
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were determined for examining a performance based specification and are reported in detail by
Hill [23].
TABLE 6—Average APA mean rut depths for all mix types.

Project Name Average of All Air Voids
Projects
Traffic Level SE3 4% 8 % 12 %
591 7.69
~ [\
Opt. AC-0.5 % N/A (1.65) (1.26)
4.51 6.77 8.6
Asphalt Content Opt. AC (1.06) (0.66) (1.63)
6.18 8.41
+ 0,
Opt. AC+0.5 % (1.74) (1.39) N/A
Project Name Average of All Air Voids
Projects
Traffic Level SE10 4% 8% 12 %
5.67 8.01
_ [
Opt. AC-0.5 % N/A (1.08) (1.08)
4.96 7.03 9.44
Asphalt Content Opt. AC (0.70) (1.53) (133)
6.3 8.47
+ 0,
Opt. AC+0.5 % (0.49) (1.04) N/A
Project Name Average of All Air Voids
Projects
Traffic Level 5E30 4% 8 % 12 %
5.67 9.37
_ [
Opt. AC-0.5% N/A (1.87) (0.45)
5.09 7.8 11.87
Asphalt Content Opt. AC (1.45) (1.83) (1.08)
5.57 9.06
+ 0,
Opt. AC+0.5 % (1.55) (1.28) N/A

The Amount of APA Cycles to Reach the Failure Rut Depth in the Asphalt Pavement
Analyzer—The number of cycles in the APA to achieve a rut depth of 7 mm (or APA cycles to
failure) is important to test the effectiveness of an empirical pavement prediction model
previously proposed. Recording the APA cycles until failure was done in two different ways.
First, if the specimen rutted more than 7 mm in the 8000 cycle test, the number of APA cycles
where the specimen rutted 7 mm was determined and is illustrated as Case 1 in Fig. 6. Case 2 in
Fig. 6 is where the APA specimen did not rut 7 mm, and thus the APA curve was extrapolated
out to a 7 mm rut depth. This extrapolation was done by extending the creep curve outward to 7
mm. The creep portion of the APA curve is assumed to be where permanent shear deformation
is taking place. The initial part of the curve is the consolidation curve, and this is assumed to be
where the specimen rutting due to densification beneath the loaded wheel. The average APA
cycles to failure of the three APA specimens and the standard deviation are presented. The data
from each traffic level were averaged together and are presented in Table 7.
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FIG. 6—Method used to find the number of APA cycles until failure.

TABLE 7—Average APA cycles to failure for all mixes.

12000

Project Name Average of All Air Voids
Projects
Traffic Level 5E3 4% 8% 12%
11133 11 052
. 0,
Opt. AC-0.5% N/A (6 150) (3 410)
18 289 11354 5638
Asphalt Content Opt. AC (7379) (3 450) (2 949)
11264 5718
+ (V)
Opt. AC+0.5 % (4791 (1479) N/A
Project Name Average of All Air Voids
Projects
Traffic Level SE10 4% 8 % 12 %
15999 7472
~ [\
Opt. AC-0.5% N/A (3 666) (2 808)
20 498 14 388 5055
Asphalt Content Opt. AC (4 445) (9 287) (2 056)
16 086 10 043
+ 0,
Opt. AC+0.5 % (5 329) (5 182) N/A
Project Name Average of All Air Voids
Projects
Traffic Level 5E30 4% 8 % 12 %
15283 5208
L ")
Opt. AC-0.5% N/A (11 801) (1 522)
16 068 7051 2725
Asphalt Content Opt. AC (7 529 (2996) (571)
13 308 5237
+ 0,
Opt. AC+0.5 % (6972) (1928) N/A
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Predicted HMA Rutting Performance

An empirical rut prediction model was developed based upon APA data. Based on the
model, a performance based APA specification was developed for Michigan HMA pavements
(Table 4). To help determine the usefulness of this PBS, the APA data from ten Michigan
projects was used to predict the amount of ESALs the in-service pavements could withstand
before failure, which is taken as a 10 mm downward rut depth for in-service pavements. The
following equation was used to convert the APA cycles to failure data into ESALs to failure.
The equation is simply Eq 6 solved for the total amount of ESALs.

(APA Cycles to Tmm Rut) *(129.9 Ruttlgg fSALSj
yele
ESALs,, ., = Eq.6
SFallure RS % RF ( q )
365
where:
ESALs,. .. = Amount of ESALs Until Rutting Failure
APA Cycles to Tmm Rut = From Data in Section 6.2.2
RS = Length of Rutting Season in Days
RF = The Fraction of the Total ESALs where Rutting Takes Place

The rutting factor and length of rutting season are the values as previously presented. The
average predicted amount of ESALs to pavement rutting failure for each traffic level follows in
Table 8. These results can be compared to PBS specification in Table 4. Also, these results can
be compared with the actual future pavement performance of the ten projects to access the
accuracy of the rut prediction model presented in this paper.

Analysis of APA Test Results

The previous section summarized results of APA testing of ten Michigan Hot-Mix Asphalt
(HMA) paving projects. Three separate types of results were summarized:

1. The APA rut depth at 8000 cycles
. The APA cycles until failure (failure being a 7 mm APA rut)
3. The ESALs that the pavement is predicted to withstand until rutting failure, based upon
the empirical rut prediction model presented previously

The results are statistically analyzed in the following manner:

1. The results will be analyzed to determine whether changes in asphalt content and air
voids result in statistically different APA rut depths at 8000 cycles and APA cycles until
failure. Past experience has shown that changing asphalt content and air void content
does change rutting performance of in-service pavements. Because of this, it would be
beneficial to know if the APA test conditions are sensitive to changes in these properties.

2. The average APA rut depths and standard deviations for each Superpave design level will
be analyzed. It is of interest to know if HMA mixtures designed at different Superpave
levels perform differently in the APA.
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TABLE 8—The average number of ESALs to pavement rutting failure for all mixes.

Project Name Average of All Air Voids
Projects
Traffic Level 5E3 4% 8% 12 %
11067 821 13021 599
Opt. AC -0.5 % N/A
P ° (4 420 323) (2 947 885)
19315330 | 11282162 6942 126
Asphalt Content Opt. AC
sphatt tontett P (6066580) | (3461276) | (1332 802)
11632 854 4860918
Opt. AC +0.5 % N/A
P °| (2043 865) | (1058 882)
Project Name Average of All Air Voids
Projects
Traffic Level 5E10 4% 8 % 12 %
14040 336 4985 121
Opt. AC 0.5 % N/A
P ° (1214 716) (870 274)
14607 611 6770 369 3179 798
Asphalt Content Opt. AC
sphatt Loten P (2376856) | (1954 084) (761 774)
12047 727 6 158 502
Opt. AC +0.5 % N/A
P °[ (2777235 | (2212336)
Project Name Average of All Air Voids
Projects
Traffic Level 5E 30 4% 8% 12 %
20 164 465 6 165 732
Opt. AC -0.5 % N/A
P ° (12356 806) | (1503 606)
18090 574 7795 201 3268 938
Opt. AC
Asphalt Content P (4952765) | (2058 026) (441 661)
15 522 283 5997 044
Opt. AC +0.5 ° N/A
P % 6051532 | (2072878)

Statistical Analysis of the APA Rut Depth at 8000 Cycles Results

It is of interest to know whether or not the APA is sensitive to changes in asphalt content and
air voids. To determine this, a test matrix was developed to analyze APA test results while
varying HMA properties. These variations in HMA properties are similar to the variations that
may occur in the field.

The goal of the statistical analysis was to determine if the changes in air voids and asphalt
content resulted in statistically different APA performance. Two statistical methods were used to
evaluate the effects of changes in the HMA properties to determine whether or not statistical
differences exist. The two methods used were the Tukey’s and Duncan’s Multiple Range
(DMR) Tests. These tests were used because they are effective when a factorial design is
unbalanced. The test matrix in Table 2 is a 3* factorial design. It is an unbalanced design
because the top left and bottom right cells of the test matrix contain no data. Both types of tests
were conducted at the 95 % (100-alpha) level of confidence.

The statistical analysis was performed using SAS statistical software. Using SAS, an
analysis of variance (ANOVA) table was developed. The two treatments used in this model
were asphalt content and air voids (i.e., rut depth = f(asphalt content, air voids)) where the
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properties were entered as categorical data (i.e., low, optimum, and high asphalt contents were
entered into the program as 1, 2, and 3, respectively, while 4, 8, and 12 % air voids were entered
1, 2, and 3). The ANOVA table includes the mean square error (MSE), an estimator of the
sample variance, which is needed for both Tukey and DMR testing. SAS was used to conduct
the Tukey and DMR tests.

Carmer and Swanson [25] reported that the DMR test is a very effective test at detecting true
differences in means. Montgomery [26] reports that the Duncan procedure is quite powerful and
is very effective at detecting differences between means when real differences exist. Tukey’s
test is a more conservative test. The DMR test will be emphasized in the following statistical
analysis for these reasons.

The results of this statistical analysis are shown in Tables 9 and 10. In the Tables, HMA
mixture types with the same letter performed the same, while HMA mixtures with different
letters performed statistically different.

TABLE 9—Analysis of the effect of asphalt content on APA rut depth at 8000 cycles (a = 0.05).

Superpave
HMA Mixture Project Location
Design Level

Asphalt Content Tukey Duncan
(% by Mass) 95 % Grouping 95 % Grouping

Low
El Brimley, M-28 Optimum
High
Low
Elk Rapids, US-31 Optimum
High
Low
E3 Monroe, US-24 Optimum
High
Low
Brooklyn, M-50 Optimum
High
Low
Lansing, M-43 Optimum
High
Low
E10 Indian River, I-75 Optimum
High
Low
Grayling, US-27 Optimum
High
Low
Auburn Hills, I-75 Optimum
High
Low
E30 Clarkston, I-75 Optimum
High
Low
Saginaw, I-75 Optimum
High
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TABLE 10—Analysis of the effect of air voids on APA rut depth at 8000 cycles (o = 0.05).

Superpave

HMA Mixture Project Location (%élr zlfgiglsne) 95 “/Télizi . 95 (;) glcan .
Design Level Y ° ping o Jrouping
4 A A
El Brimley, M-28 8 B B
12 B B
4 A A
Elk Rapids, US-31 8 A A
12 B B
4 A A
E3 Monroe, US-24 8 A A
12 A A
4 A A
Brooklyn, M-50 8 B A B
12 A B B
4 A A
Lansing, M-43 8 A B
12 B C
4 A A
E10 Indian River, 1-75 8 A A
12 A B
4 A A
Grayling, US-27 8 A A
12 B B
4 A A
Auburn Hills, 1-75 8 A B B
12 B B
4 A A
E30 Clarkston, I-75 8 B B
12 C C
4 A A
Saginaw, I-75 8 B B
12 C C

Analysis of the Effect of Asphalt Content on APA Rut Depth at 8000 Cycles—It can be seen
that the DMR test detected five projects exhibiting sensitivity to changing asphalt content in
Table 9. Two of these projects, Lansing M-43 and Auburn Hills I-75, did not rank the specimens
correctly (i.e., rut depth did not increase with increasing air voids), and this is probably the result
of error. After considering this, only three projects were sensitive to asphalt content. These
three projects did not occur within any particular Superpave design level, so the effects of asphalt
content on APA performance does not increase or decrease with an increase in the mixture
design level. All three of these projects show a statistically greater rut depth when the asphalt
content was high (Optimum AC + 0.5 %). This does lend credibility to the APA since high
asphalt contents decrease stability in HMA mixtures. But since it only occurred for three out of
ten projects, it is concluded, in general, that the APA rut depth at 8000 cycles is not statistically
affected by changing asphalt content. This conclusion is based on differing the asphalt content
by £0.5 % from optimum asphalt content. On the other hand, it could be possible that the APA
is sensitive to changes in asphalt content. In this case, the seven HMA mixtures did not
demonstrate sensitivity to changes in asphalt content because they were in fact not sensitive to
changes in asphalt content (i.e., they exhibit the same rut performance at all three of the asphalt
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contents tested).

Analysis of the Effect of Air Voids on APA Rut Depth at 8000 Cycles—The APA rut depth at
8000 cycles showed a significant sensitivity to changes in air void content (Table 10).
According to the DMR groupings, only one of the projects exhibited no statistical changes in
APA rut depth due to changes in air void content. The HMA mixture that showed no sensitivity
to changes in air voids was a mixture that performed well for all but one asphalt content/air void
combination (Monroe, US-24). The other nine projects that did demonstrate sensitivity to
changes air voids showed the following:

¢ In three of the projects, the APA rut depths from specimens with 8 and 12 % air voids
were statistically different than the 4 % specimens.

e In three of the projects, the APA rut depth from 12 % air void specimens were
statistically different than specimens prepared to 4 and 8 % air voids.

¢ In three of the projects, the APA rut depth from specimens at all three air void levels was
statistically different.

Research conducted by Linden and Van der Heide [27] stressed the importance of proper
compaction and concluded that degree of compaction is one of the main quality parameters of
placed mixtures. Proper compaction reduces the amount of rutting due to consolidation and also
provides increased aggregate interlock. Normally, an HMA pavement is compacted to
approximately 7-8 % air voids during construction. Table 10 illustrates that the 12 % air void
mixtures performed statistically poorer than the 4 % and/or 8 % mixtures. This is in line with
Linden and Van der Heide’s findings.

Based on these findings it can be concluded that the APA rut depth is, in general, sensitive to
air voids and, in particular, shows decreased performance with poorly compacted mixtures (air
voids greater than 8 %). This lends credibility to the practice of taking field cores or beams from
newly constructed pavements. If a pavement has been poorly compacted, the resulting decrease
in pavement performance would be shown by decreased APA performance.

Statistical Analysis of the APA Cycles to Failure Results

Presently, most if not all state highway agencies that use the APA in HMA specifications use
a pass/fail rut criterion to differentiate between rut resistant and rut prone HMA mixtures. The
empirical model developed previously converts the amount of APA cycles needed to reach a
failure APA rut depth to the ESALs needed to cause a pavement rutting failure. A 7 mm rut was
shown to correlate with pavement failure, and thus the APA cycles needed to cause a 7 mm rut
corresponds to ESALs to failure. Consequently, in order to validate the model, it is useful to
know whether the amount of APA cycles needed to induce failure is sensitive to changes in air
voids and asphalt content. It has been shown in the literature that high asphalt contents decrease
HMA pavement stability, and high air voids increase consolidation rutting and decrease
aggregate interlock. Both of these factors would decrease a pavement’s life. Based on this it is
thought that if a performance model is to be based upon APA data, the APA cycles to failure
property should be sensitive to air voids and asphalt content.

The Effect that Changing Asphalt Content has on the Number of APA Cycles to Failure—The
effect of changing asphalt content on the number of APA cycles to failure is summarized in
Table 11. Only one HMA mixture out of ten is shown to be sensitive to a change in asphalt
content. Consequently, it can be concluded based on this data that the amount of APA cycles to
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cause a 7 mm rut depth is insensitive to asphalt content. It is important to report that Hill’s work
[23] demonstrated that the APA results follow the correct trends, e.g., most of the results show
decreasing APA cycles to failure with increasing asphalt content. This is what would be
expected. The problem is the variability about the means. The standard deviations are
consistently large throughout most of the APA results. Duncan’s multiple range method of
comparing means is sensitive to these large standard deviations, and thus it is difficult to
statistically demonstrate that the means are different. One way to decrease the variability is to
increase the sample size by creating and testing more APA specimens. However, this may not be
economical since procuring and testing APA specimens is both timely and costly. It is thought
that the sample size used in this study, three specimens, is a good sample size to use in APA
testing. In conclusion, it appears that since statistical differences in the APA cycles to failure
between mixture variations do not exist, the APA is unable to statistically discriminate changes
in HMA pavement performance due to changes in asphalt content. Also, since there is a great
amount of variability in the number of APA cycles to failure criterion, a PBS based upon APA
data may be unrealistic.

TABLE 11—Analysis of the effect of asphalt content on APA cycles until failure (a = 0.05).

Superpave Asphalt
HMA Mixture Project Location Content 95 %Téligiping 95 (ylz ?}I;g?ll;)ing
Design Level (% by Mass)
Low A A
El Brimley, M-28 Optimum A A
High A A
Low A A
Elk Rapids, US-31 Optimum A A
High A A
Low A A
E3 Monroe, US-24 Optimum A A
High A A
Low A A
Brooklyn, M-50 Optimum A A
High A A
Low A A
Lansing, M-43 Optimum A A
High A A
Low A A
E10 Indian River, I-75 Optimum A A
High B B
Low A A
Grayling, US-27 Optimum A A
High A A
Low A A
Auburn Hills, I-75 Optimum A A
High A A
Low A A
E30 Clarkston, I-75 Optimum A A
High A A
Low A A
Saginaw, I-75 Optimum A A
High A A
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The Effect that Changing Air Voids has on the Number of APA Cycles to Failure—The
sensitivity of the APA cycles to failure criterion to changes in air void content is summarized in
Table 12. The statistical differences in the number of APA cycles to failure in Table 12 are
similar to the differences in APA rut depth at 8000 cycles shown in Table 10. The statistical
differences are summarized as follows:

¢ In five of the projects, the number of APA cycles to failure from 8 and 12 % specimens
were statistically different then the 4 % specimens.

e In three of the projects, the APA cycles to failure for 12 % specimens were statistically
different than specimens prepared to 4 and 8 % air voids.

e For one project, the APA cycles to failure for specimens prepared to all three air void
levels were statistically different.

In most cases when an HMA mixture shows statistical differences in APA rut depths at 8000
cycles due to changes in air voids, it also shows the same or approximately the same statistical
differences in the number of APA cycles to failure. This suggests a relationship between APA
cycles to failure and the APA rut depth at 8000 cycles. This relationship is plotted in Fig. 7. It
can be seen that the APA cycles to failure is related to APA rut depth at 8000 cycles. A
decreased APA rut depth corresponds to increased APA cycles to failure.

TABLE 12—Analysis of the effect of air void content on APA cycles until failure (a = 0.05).

Superpave
HMA Mixture Project Location
Design Level

Air Voids Tukey Duncan
(percent) 95 % Grouping 95 % Grouping

4 A

E1l Brimley, M-28 8
12

4

Elk Rapids, US-31 8

12

4

E3 Monroe, US-24 8
12

4

Brooklyn, M-50 8

12

4

Lansing, M-43 8

12

4

E10 Indian River, I-75 8
12

4

Grayling, US-27 8

12

4

Auburn Hills, I-75 8

12

4

E30 Clarkston, I-75 8
12

4

Saginaw, [-75 8

12
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FIG. 7—APA cycles to failure and APA rut depth at 8000 cycles.

Conclusions

This paper presents the development of an empirical relationship between APA test results
and field performance and the results of APA testing of ten different HMA mix designs. The

following conclusions can be made:

e Neither the APA rut depth at 8000 cycles, the number of APA cycles to achieve a 7 mm
rut depth, nor the APA cycles to failure are statistically affected by changes in asphalt
content within £0.5 % of the Superpave optimum design contents.

e The APA rut depth at 8000 cycles is sensitive to changes in air void content.

e The APA cycles needed to achieve a 7 mm rut (or APA cycles to failure) appear to be
sensitive to changes in air void content. In eight of ten mix designs, the APA cycles to
failure are statistically different at different levels of air voids.

Since the APA cycles to failure, and consequently the amount of ESALs to rutting failure
predicted by the empirical rut prediction model, show a great deal of variability, it may not be
feasible to base a rut prediction model based upon APA data. However, Fig. 7 lends credibility
to the pass/fail criterion currently used by state highway agencies. In Fig. 7 it can be seen that
low APA rut depths correspond to increased APA cycles to failure and increased pavement life.
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Simulative Performance Test for Hot Mix Asphalt Using
Asphalt Pavement Analyzer

ABSTRACT: Permanent deformation, or rutting, has been and continues to be a problem in the perfor-
mance of hot mix asphalt (HMA) pavements. This paper presents a summary of work conducted under
National Cooperative Highway Research Program (NCHRP) Project 9-17. This research project was un-
dertaken to evaluate the Asphalt Pavement Analyzer (APA) to determine its suitability as a general method
of predicting rut potential. There was a need to identify test conditions within the APA that produced results
most related to field rutting performance. Ten HMA mixes of known field rutting performance were tested
within a full factorial experiment designed to determine the combination of testing conditions for the APA
that best predicts field rutting. The experimental plan consisted of different specimen types (beam and
cylinder), air void contents in compacted test specimen (4 and 7 %), hose diameters (25 and 38 mm), and
test temperatures (high temperature of standard PG grade based upon climate and 6°C higher tempera-
ture). Based upon the test results and analysis, a tentative standard method of test was developed and
recommended. A standard practice for establishing maximum specified rut depth for APA by highway
agencies has also been recommended.

KEYWORDS: Asphalt Pavement Analyzer (APA), loaded wheel tester, performance test, rutting,
permanent deformation, hot mix asphalt, asphalt concrete, asphalt mixture, asphalt

Introduction

Permanent deformation, or rutting, has been and continues to be a problem in the performance of hot mix
asphalt (HMA) pavements. Rutting is defined as the accumulation of small amounts of unrecoverable
strain resulting from applied loads to the pavement. This deformation is caused by the consolidation and/or
lateral movement of the HMA under traffic.

Some highway agencies have had success in identifying rut-prone mixes using the Asphalt Pavement
Analyzer (APA), which is a simulative loaded wheel tester. The APA loosely simulates the effect of traffic
on a pavement sample by tracking a wheel load onto a pressurized linear hose. This research project was
undertaken to evaluate the APA to determine its suitability as a general method of predicting rut potential
of HMA mixtures. Highway agencies use different test conditions for conducting the APA test. There was
a need to identify a combination of test conditions within the APA that produced results most related to
field rutting performance.

A standard practice for establishing maximum specified rut depth for APA by highway agencies has
also been developed.

Development of Asphalt Pavement Analyzer

The Georgia loaded wheel tester (GLWT) was developed during the mid-1980s through a cooperative
research study between the Georgia Department of Transportation and the Georgia Institute of Technology
[1]. Development of the GLWT consisted of modifying a wheel tracking device originally designed by C.
R. Benedict of Benedict Slurry Seals, Inc., to test slurry seals [2]. The primary purpose for developing the
GLWT was to perform efficient, effective, and routine laboratory rut proof testing and field production
quality control of asphalt mixtures [3].
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FIG. 1—Asphalt Pavement Analyzer (APA).

The GLWT is capable of testing asphalt beam or cylindrical specimens. Beam dimensions are gener-
ally 125-mm wide, 300-mm long, and 75-mm high (5 in. X 12 in. X 3 in.). Laboratory prepared cylindrical
specimens are generally 150 mm in diameter and 75-mm high. Compaction methods for cylindrical speci-
mens tested in the GLWT have included the “loaded foot” kneading compactor [1] and a Superpave
gyratory compactor [4]. Both specimen types are most commonly compacted to either 4 or 7 % air void
content.

Testing of samples within the GLWT has generally consisted of applying a 445 N (100 1b) load onto
a pneumatic linear hose pressurized to 690 kPa (100 psi). The load is applied through an aluminum wheel
onto the linear hose, which resides on the sample. Test specimens are tracked back and forth under the
applied stationary loading. Testing is typically accomplished for a total of 8000 loading cycles (one cycle
is defined as the backward and forward movement over samples by the wheel).

Test temperatures for the GLWT have ranged from 35 to 60°C (95 to 140°F). Initial work by Lai [1]
was conducted at 35°C (95°F). This temperature was selected because it was representative of Georgia’s
mean summer air temperature [2]. Test temperatures within the literature subsequently tended to increase
to 40.6°C (105°F) [2,5-7], 46.1°C (115°F) [7], 50°C (122°F) [2,8], and 60°C (140°F) [8].

At the conclusion of the 8000 cycle loadings, permanent deformation (rutting) is measured. Rut depths
are obtained by determining the average difference in specimen surface profile before and after testing.

The Asphalt Pavement Analyzer (APA), shown in Fig. 1, is a commercial version of a modified version
of the GLWT and was first manufactured in 1996 by Pavement Technology, Inc. Since the APA is the
second generation of the GLWT, it follows the same general rut testing procedure. A wheel is loaded onto
a pressurized linear hose and tracked back and forth over a testing sample to induce rutting. Similar to the
GLWT, most testing is carried out to 8000 cycles. Unlike the GLWT, samples can also be tested while
submerged in water.

Testing specimens for the APA can be either beam or cylindrical (Fig. 2). Currently, the most common
method of compacting beam specimens is by the Asphalt Vibratory Compactor [9]. However, some have
used a linear kneading compactor for beams [10]. The most common compactor for cylindrical specimens
is the Superpave gyratory compactor [11]. Both specimen types are most commonly compacted to 4 or 7
% air voids [10]. Tests can also be performed on cores or slabs taken from an actual pavement.

Test temperatures for the APA have ranged from 40.6 to 64°C (105 to147°F). The most recent work
with the APA has been conducted at or slightly above expected high pavement temperatures [11,12].

Wheel load and hose pressure have basically stayed the same as for the GLWT, 445 N and 690 kPa
(100 1b and 100 psi), respectively. However, two recent research studies [12,13] did use a wheel load of
533 N (120 Ib) and hose pressure of 830 kPa (120 psi) with good success.



KANDHAL AND COOLEY ON ASPHALT PAVEMENT ANALYZER 45

FIG. 2—Close-up of beam and cylindrical specimens being tested in APA.

Several states, including Georgia, Florida, and Virginia, have used the APA successfully in ranking a
limited number of different asphalt mixtures for their potential for rutting. However, the correlation
between APA rut depths and field rut depths of ten WesTrack test pavements subjected to the same traffic
was attempted for the first time by Williams and Prowell [12]. The coefficient of determination (R?) value
of 82.3 % obtained in this correlation was encouraging (Fig. 3).

As mentioned earlier, researchers have used different test protocols in the past for the GLWT and APA
in terms of specimen type (beam or cylinder), specimen dimensions, compaction method, air voids content
in specimens, test temperature, hose pressure, and load. There was a need to optimize the test protocol for
the APA which led to the undertaking of this project, NCHRP 9-17, “Accelerated Laboratory Rutting Tests:
Asphalt Pavement Analyzer.”

Refinement of Asphalt Pavement Analyzer

The primary objective of NCHRP Project 9-17 was to fine tune the APA by attempting different testing
variables and correlating the laboratory APA rut depth data to actual field rut depth data obtained from
controlled test sections in the field.

Based upon the review of literature, a controlled laboratory experimental plan was developed. The
experimental plan was formulated with the primary objective of evaluating variables that could potentially
influence the ability of the APA to predict the rutting potential of asphalt mixtures in the field and to select
the combination of variables that best predict the rutting potential.

The overall research approach is shown in Fig. 4. After completion of the main experiment, the data
were analyzed and conclusions drawn about the ability of the APA to predict rut depths.

Four factors (test variables) were included within the experimental plan. These factors along with their
levels are as follows:

40
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Westrack Downward Rut Depth after 582,000 ESALs, mm

0 5 10 15 20 25
APA Rut Depth at 8000 cycles, mm

FIG. 3—FEvaluation of WesTrack pavement samples by Williams and Prowell [12].
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FIG. 4—Overall research approach.

* Specimen Type: (1) Beams compacted with an Asphalt Vibratory Compactor.
(2) Cylinders compacted with a Superpave Gyratory Compactor.
* Hose Diameter: (1) The standard hose diameter of 25 mm (outside diameter).
(2) Hose with a diameter of 38 mm (outside diameter).
» Test Temperature: (1) High temperature of standard PG grade based upon climate.
(2) 6°C higher than high temperature of standard PG grade.
* Air Void Content: (1) 4.0+0.5 % (5.0=0.5 % for beams)
(2) 7.0+£0.5 %

A wheel load and hose pressure of 534 N (120 1b) and 827 kPa (120 psi), respectively, was used
during the entire study because these values had been used successfully by Williams and Prowell [12] in
evaluating WesTrack test pavements, as mentioned earlier.

Ten asphalt mixtures of known rutting performance in the field were included within a full factorial
experiment designed to determine the combination of the aforementioned testing conditions for the APA
that best predicts field rutting. These ten mixtures were selected from three full-scale pavement research
projects and encompass climatic regions, project characteristics, and materials from throughout the United
States. The three full-scale research projects include WesTrack (Nevada), MnRoad (Minnesota), and the
FHWA Accelerated Loading Facility (ALF) at Turner-Fairbank Highway Research Center (Virginia).

Three test sections (15, 19, and 24) selected from WesTrack represent different gradations. Three test
sections (cells 16, 20, and 21) selected from MnRoad represent different asphalt binders and optimum
asphalt contents. Four test sections (Lane 5, 7, 10, and 12) from the FHWA ALF represent different asphalt
binders and nominal maximum aggregate sizes.

Therefore, this experiment involved 160 factor-level combinations (2 sample types * 2 hose diameters
* 2 test temperatures ~ 2 air void contents * 10 mixes). Three replicates of each factor-level combination
were tested. Testing was conducted on mixes fabricated from original materials and subjected to short-term
aging per AASHTO TP 2-96.

The detailed discussion of the experimental plan is given elsewhere [14].

The primary analysis tool selected for comparing laboratory and field rut depths was a simple
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TABLE 1—Six highest R* values for WesTrack.

Air Voids Test Temp Hose Diameter Specimen Type R?
5% PG Large Beam 1.000"
5% PG+6 Standard Beam 0.982*
4 % PG Standard Cylinder 0.856"
4 % PG+6 Standard Cylinder 0.855
5% PG Standard Beam 0.835°
4 % PG Large Cylinder 0.386

“Laboratory results show the same trend as field rutting.
bLaboratory results ranked statistically similar to field rutting.

correlation/regression analysis. For each factor-level combination investigated in the APA, a scatter plot
was developed that has the results of laboratory and field rut depths. Each plot reflected actual field rutting
versus laboratory rut depth for a given factor-level combination, for a given full-scale research project. A
correlation/regression analysis was then conducted on the data in order to determine the best fit line and
the coefficient of determination (R?).

Selection of the optimum factor-level combination for testing conditions in the APA was based upon
the highest R? value obtained from the regression analyses. If one combination showed a significantly
higher R? value than all other combinations, it would be selected and included in the tentative standard
procedure.

Tables 1-3 show the six highest R? values, which were obtained with combinations of testing condi-
tions for WesTrack, MnRoad, and ALF test sections.

Two typical plots with the four highest R? values for ALF and MnRoad mixtures are shown in Figs. 5
and 6, respectively. The legends for the combination of test variables in the figures has the following order.
First, the air void content (4, 5, or 7 %); second, test temperature (PG or PG+6 C); third, large (L) or small
(S) hose; and fourth, specimen type: cylinder (C) and beam (B).

Based on the detailed statistical analyses [14] of the field and APA rut depth data obtained from the
three field projects, the following APA testing protocol was recommended:

* Both gyratory (cylinder) and beam specimens are acceptable.

* Four percent air voids in cylinders and 5 % in beams gave better results, compared to 7 % in both.

* 25 mm standard, small hose provided more repeatable results.

* PG high temperature gave better results compared to PG+6 C.

TABLE 2—Six highest R* values for MnRoad.

Air Voids Test Temp Hose Diameter Specimen Type R?
5 % PG Large Beam 0.997°
4% PG Large Cylinder 0.992*
7 % PG Large Cylinder 0.876"
7 % PG Large Beam 0.863"
4 % PG Standard Cylinder 0.852"
5% PG+6 Large Beam 0.848"

“Laboratory results show similar trend as field rutting.
hLaboratory rankings similar to field rankings.

TABLE 3—Six highest R* values for ALF

Air Voids Test Temp Hose Diameter Specimen Type R?
7 % PG Large Cylinder 0.999*
5% PG Large Beam 0.917*
4 % PG Large Cylinder 0.910°
7 % PG+6 Standard Beam 0.889*
7 % PG Large Beam 0.831
7 % PG Large Cylinder 0.830

“Laboratory results show similar trend as field rutting.
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Four Highest R? values for ALF Mixes
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FIG. 5—Typical plots for laboratory rut depth versus field rut depth (ALF mixes).

Recommended Practice for Establishing Maximum Specified Rut Depth for Asphalt Pavement
Analyzer

The objective of this recommended practice is to give highway agencies a method of calibrating APA rut
depth criteria for local climate, traffic levels, and materials. There are two prevailing methods of calibrat-
ing laboratory permanent deformation tests to field rutting. The first entails testing mixes during produc-
tion and then following the performance of these mixes over time. This method is the more time consum-
ing, but provides a more accurate field calibration. The second method entails identifying existing
pavements with a wide range of rutting performance. Samples of the pavement are cut from the roadway
and the aggregates extracted. An asphalt binder similar to the original binder is then combined with the
extracted aggregate and performance testing conducted. Results of the testing are then compared to per-
formance in the field. The following sections describe these two calibration procedures.

Testing of Plant-Produced Mix

Identify HMA projects to be constructed that fall within the four primary traffic categories shown in Table
4. At each of the projects, compact samples of plant-produced mix were used to meet the sample require-
ments of the APA draft standard procedure. Depending upon the agency, cylinders, beams, or both can be

Four Highest R? Values for MnRoad Mixes
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FIG. 6—Typical plots for laboratory rut depth versus field rut depth (MnRoad mixes).
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TABLE 4—Traffic categories to be evaluated.

Traffic Category 20-year Design ESALs Nesign Gyrations
Very high >30 million 125
High 3-30 million 100
Medium 0.3-3 million 75
Low <0.3 million 50

investigated. At least four pavements should be tested for each traffic category, but preferably more. In
order to evaluate repeatability, enough samples of the same mix should be compacted to conduct replicate
tests (one replicate equals six cylindrical samples or three beams).

Evaluation of Test Data and Development of Critical Rut Depths—For all traffic categories of asphalt
pavements sampled, prepare a table of data similar to the form shown in Table 5. Use engineering
judgment in reviewing all the data in the table and establish a minimum APA rut depth specification
requirement for each traffic category to ensure good rutting performance. The specification must take into
account the repeatability and reproducibility of the APA test, if available.

Testing of Existing Asphalt Pavements

Identify at least three asphalt pavements (or overlays), which have been in service from three to five years,
in the four 20-years design traffic categories given in Table 4.

The pavements in each traffic category should be selected to provide the following rutting performance
in the field after three to five years in service: good (less than 5 mm rut depth), fair (5—10 mm rut depth),
and poor (over 10 mm rut depth). Therefore, a minimum of 12 asphalt pavements should be sampled. The
number in some or all traffic categories can be increased to improve confidence in specified acceptable rut
depth criteria for APA.

Obtain hot mix asphalt (HMA) mix from each pavement by coring or sawing, which should be done
within 600 mm (2 ft) of the pavement edge (outside wheel path) to represent as-placed HMA as much as
possible. Sampling from wheel tracks is not desirable because of potential degradation of the HMA under
traffic. If cores are obtained, the cores should be at least 150 mm in diameter to minimize inclusion of
aggregate particles cut by the coring operation. Sampling should be done on a level stretch of the highway
and within the region where the field rut depth was recorded. Enough cores or sawed samples should be
obtained to make the following specimens or test samples:

* Six SGC specimens 150-mm diameter X 75-mm height or

* Three beam specimens 300 mm X 125 mm X 75 mm

* Three loose mixture samples (1500 g each) to determine the theoretical maximum density (TMD)

* Three loose mixture samples (2500 g each) for asphalt content

Obtain 40 % more material than needed above to account for wastage and/or retests.

TABLE 5—Example table for field and APA rut depth data.

Average Field Rut Average APA
Traffic Category” Rutting Performance Depth (mm) Rut Depth (mm)

Very high good
fair

poor

High good
fair

poor

Medium good
fair

poor

Low good
fair

poor

“Categories should recognize traffic speed, climatic conditions, and structural influences.
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Analysis of In-Place Mix—Conduct three ignition or extraction tests on the HMA sample obtained
from each asphalt pavement to obtain the average asphalt content and average gradation of the in-place
mix.

If desired (optional), bulk specific gravity of the core or sawed samples and TMD of the in-place mix
can be measured to determine the in-place air voids for information only.

Preparation of Test Samples—Conduct solvent extraction on the sampled, in-place mixture to extract
aggregate for preparing fresh mixture using virgin asphalt binder. Obtain a virgin asphalt binder with the
same PG grade as used on the project sampled. If a modified binder was used on the project, obtain a
similarly modified binder of the same PG grade.

Mix the extracted aggregate and the virgin PG binder to obtain the average in-place asphalt content in
the mix. Subject the prepared mix to short-term aging at the desired compaction temperature suited for the
PG grade being used. Conduct three replicate tests to determine the average TMD of the aged mix, which
will be used to control the air void content in the compacted specimens.

Compact six SGC samples to obtain 4+0.5 % air void content in the samples. (Agencies that prefer
beams should compact three beams at 5+0.5 % air void content.) Where possible, replicate tests should be
conducted.

Testing by APA—The six SGC specimens or three beam specimens should be tested to determine the
average rut depth after 8000 loading cycles. Testing should be done at the high temperature of the PG
grade recommended for the project location regardless of bumping. For example, a polymer modified PG
76-22 or PG 70-22 may have been used on a project which required a PG 64-22 corresponding to local
climatic conditions. In that case, APA testing should still be conducted at 64?C.

Evaluation of Test Data and Development of Specifications—For all traffic categories of asphalt
pavements sampled, tabulate the data as shown in Table 5. Use engineering judgment in reviewing all the
data in the table and establish a minimum APA rut depth specification requirement for each traffic category
to ensure good rutting performance. The specification must take into account the repeatability and repro-
ducibility of the APA test, if available.

Conclusions

Based on the work on NCHRP Project 9-17, the following conclusions were obtained from this project.
Not all data supporting these conclusions are included in this paper due to lack of space. The detailed
supporting data are available in Ref. [14].

* Cylindrical samples compacted to 4 % air voids and beam samples compacted to 5 % air voids
resulted in APA laboratory test results that were more closely related to field rutting performance
than cylindrical and beam samples compacted to 7 % air voids.

* Samples tested in the APA at a test temperature corresponding to the high temperature of the
standard PG grade for a project location better predicted field rutting performance than samples
tested at 6EC higher than the high temperature of the standard PG grade.

* Samples tested with both the standard and large diameter hoses predicted field rutting performance
about equally. However, samples tested with the standard hose produced less variability.

* Beam and cylindrical samples predicted field rutting performance about equally.

» Test temperature significantly affects measured rut depths in the APA. As test temperature increases,
APA rut depths increase.

* APA-measured rut depths were collectively higher with the standard diameter hose than with the
larger diameter hose.

* APA-measured rut depths were collectively higher with beam samples than with cylindrical
samples.

* Based on the preceding conclusions, an improved test protocol was developed for the APA in this
study in order to better identify rut prone HMA mixtures (included in Ref. [14]).

» Laboratory rut depths measured by the APA had good correlations on each individual project basis
with the field rut depths in case of FHWA, ALF, WesTrack, and MnRoad.

» It is generally not possible to predict field rut depths from APA rut depths on a specific project using
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relationships developed on other projects with different geographical locations and traffic.
A recommended standard practice for establishing maximum specified rut depth for APA by highway
agencies has been presented.
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Laboratory Investigation of HMA Performance Using
Hamburg Wheel Tracking and DSR Torsional Creep Tests

ABSTRACT: Lack of existing fundamental mechanistic tests to evaluate performance potential of HMA
mixtures has given rise to a number of empirical and mechanical-empirical test procedures. In an effort to
understand how one of these tests, the Hamburg rutting test, was impacted by differences in HMA
mixture variables, the following experimental work was conducted. Three aggregate types consisting of a
crushed granite, a crushed siliceous gravel, and a crushed limestone were evaluated at four design ESAL
levels. These four ESAL levels were 300 000, 1 million, 3 million, and 10 million. For each of these
aggregate types and ESAL levels, 5 PG graded binders were investigated. The binders were PG 58-28,
PG 64-28C (chemically modified), PG 64-28P, PG 64-34, and PG 70-28; the latter 3 binders were
polymer modified. For all mixtures, Hamburg Wheel Tracking tests were performed under water at 50°C.
In addition, a DSR Creep Test developed at MTE was performed on each mixture at 58°C and 34 kPa
stress to determine the dry strength characteristics. The Hamburg test showed consistently better results
as the ESAL level of the mix increased and as the high temperature PG grade of the binder increased for a
given base asphalt. In the Hamburg test, mixes produced with PG 64-34 did not perform as well as PG
70-28 or PG 64-28P, while in the DSR Creep Test, mixes produced with PG 64-34 performed
significantly better than PG 64-28P. This leads to speculation that the modulus of the base asphalt plays a
more significant role in stress applied moisture resistance tests and that dry high temperature permanent
deformation tests are influenced by the modified binder properties.

KEYWORDS: Hamburg Rut Tester, DSR Creep Test, ESAL, Polymer Modified Binders, VMA, VFA,
ANOVA, p-value, multiple linear regression, cumulative strain test, zero shear viscosity

Introduction

The work presented in this paper is a laboratory investigation into the impact of aggregate
types, binder grades, and mix design levels on the moisture sensitivity of mixtures and their
resistance to high temperature deformation. Mixture moisture sensitivity was determined using
the Hamburg Wheel Tracking (HWT) tester, and resistance to high temperature deformation was
determined using the DSR Creep Test.

The Hamburg Wheel Tracking test (HWT) was originally developed in the 1970s by Esso in
Germany and used by the city of Hamburg to develop specifications for their pavements. Several
summaries and comparisons of various wheel tracking testers, including the HWT, have been
published [1-3], and several papers have been published which show the development and
utilization by agencies of the HWT in the US [4-6]. Interested readers are urged to examine
these resources.

The DSR (dynamic shear rheometer) Creep Test was developed by MTE (Mathy Technology

Manuscript received 3 December 2003; accepted for publication 22 April 2005; published November 2005.
Presented at ASTM Symposium on Performance of Hot Mix Asphalt (HMA), including Fundamental and Empirical
Procedures on 9 December 2003 in Tampa, FL.
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and Engineering) in 2000. Description of the test procedure and results have been published
elsewhere [7]. The test procedure detailing correlation to accelerated load testing results was
presented at a session on Simple Performance Tests at TRB (Transportation Research Board) in
2002 [8].

Design of the Experiment

The goal of this investigation was to look at different types of aggregate, mix performance
levels, and PG binders in an effort to understand how these factors combined to affect mixture
performance as measured in the laboratory utilizing the Hamburg Wheel Tracker and the DSR
Creep Test.

Materials Used

Three different aggregate types were employed: crushed granite, limestone, and siliceous
gravel. Four different mix design levels that are utilized in Wisconsin were investigated. These
are designated as E-0.3 (300 000 design ESALs), E-1 (1 million design ESALs), E-3 (3 million
design ESALs) and E-10 (10 million design ESALSs). The aggregate gradations, binder content,
and other characteristics of each mix are summarized in Table 1. Five different binders were
employed in the study: PG 58-28 (unmodified), PG 64-28C (acid modified), as well as PG 64-
28P, PG 64-34, and PG 70-28, all three of which were polymer modified. All of the polymer-
modified binders used DuPont Elvaloy®’ as the modifier. With the exception of the PG 64-34,
which utilized a PG 52-34 base, all of the modified binders used the PG 58-28 as the base
asphalt. No anti-stripping additives were employed in any of the mixes. The high temperature
DSR properties of the binders used in this study are summarized in Table 2.

Low shear rate viscosity as an approximation to zero shear viscosity (o) was determined at
0.01 radians per second, and a cumulative strain test was also performed on the RTFO residues
of the binders using a procedure developed by Bahia at the University of Wisconsin [9]. Based
on the cumulative strain test, a percent strain was obtained for each binder after 100 cycles at a
stress level of 300 Pascals (Pa) at 50°C and at 58°C. Work published by Bahia et al. [9] and
results presented by Reinke et al. [8] indicate that the cumulative percent strain of a binder is
correlated to deformation resistance of mixes produced from those binders. Work published by
Phillips and Robertus [14] and Sybiliski [15] suggest that zero shear viscosity is related to
mixture deformation resistance.

An experimental design program, ECHIP®®, was used to create the design and to analyze the
results of the study. Since all variables were categorical, 60 trials were required to evaluate all
possible interactions of terms. Although it seemed unlikely that three-way interactions between
aggregate type, mix level, and binder type would exist, the necessary combinations were chosen
to make that determination. In addition to the 60 trials, the ECHIP® program added replicate
trials, which it used to determine how well the model being evaluated fit the data. In total, 74
trials were performed.

> E.I. DuPont de Neumors and Company, Wilmington, DE.
® ECHIP Inc, 724 Yorklyn Rd, Hockessin, DE.
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TABLE 2—High temperature DSR, cumulative strain, and zero shear viscosity results.
G*/SIN(8) @ 58°C, PHASE ANGLE @ G*SIN(3) @ Grade ~ PHASE ANGLE @

BINDER, UNAGED

kPa 58°C Temp, kPa Grade Temp
PG 58-28 1.265 87.09 1.265 87.09
PG 64-28P 3.090 68.90 1.731 70.44
PG 64-28C 2.544 80.75 1.259 82.47
PG 64-34 2.380 59.60 1.503 60.40
PG 70-28 4.186 60.10 1.526 63.00
BINDER, RTFO  Average % strain @ Average N, Pa.sec, Average % Strain @  Average n,, Pa.sec, @
RESIDUE 50°C @ 50° C 58°C 58°C
PG 58-28 1886 1 606 9140 356
PG 64-28P 279 5640 969 1821
PG 64-28C 609 3751 2026 1811
PG 64-34 115 4 948 305 3413
PG 70-28 82 7272 262 4067

Description of Specimen Preparation

Agencies that use the Hamburg Wheel Tracking Test typically require air voids of 7 % = 1 %
for specimens. The greater the air void range, the more variability we have observed in test
results for a given mixture. Therefore, for each trial, four gyratory specimens 61 mm in height
and 150 mm in diameter were compacted to a target void level of 6.5-7 %, and these were used
to perform the Hamburg Wheel Tracking test. In addition, for each trial, a single specimen 95
mm in height and 150 mm in diameter was compacted to a target void level of 6.5-7 %. Test
specimens were cut from the 95 mm high gyratory specimens to be used in the DSR Creep Test.
All mixes were short-term oven aged (STOA) in the loose condition for 2 h prior to compaction.
Statistics for the air voids of the 296 Hamburg Wheel Tracking specimens (Table 3) show that a
range of 6.5-7.1 % voids was achieved with nearly equal numbers of specimens falling outside
that range. Although we did not hit our target air voids range for all specimens, 86 % of all
specimens were compacted to an air void range of 0.6 %. The air void range for all of our
specimens was 1.4 % compared to a typically accepted value of 2 %.

TABLE 3—Summary statistics of air voids data for Hamburg Wheel Tracking test specimens.

Arithmetic Mean air voids 6.79

Maximum air voids 7.6

Minimum air voids 6.2

Median air voids 6.8

Range of air voids 1.4

Coefficient of Variation, % 3.52%

Standard Deviation 0.239

Number of specimens < 6.5 % air voids 20 (6.5 % of total)
Number of specimens > 7.0 % air voids 39 (12.7 % of total)
Number of specimens > 7.1 % air voids 23 (7.1 % of total)

Hamburg Wheel Tracking Test

The Hamburg Wheel Tracking test was developed and is often performed using rectangular
slabs of mix in the test machine. Testing utilized a machine manufactured by Precision Machine
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and Welding’ to apply the requisite test load of 702 N (158 1b) at 52 wheel passes per minute [4]
in water at 50°C. The advent of gyratory compaction and the ready availability of 150 mm
diameter specimens resulted in development of specimen holders that would allow direct testing
of gyratory specimens. To accomplish this, a slice was cut from the specimen producing a flat
face (Fig. 1) approximately 90 mm wide.

The trimmed specimen was then placed in a polyethylene holder, and two such specimens
were butted against each other to create a single specimen for wheel tracking. For this study, four
gyratory specimens arranged into two-wheel tracking specimens were tested (Fig. 2). This
yielded two test results for each trial that could be averaged. Because of the ability to average the
results of two specimens per wheel and then further average the results from both pairs of
specimens into a single data point for each trial, the range of average air voids for the trials
conducted was 6.4—7.1 %.

FIG. 1—One specimen cut for HWT testing. FIG. 2—HWT specimens in test machine.

DSR Creep Test

The DSR Creep Test was performed on a stress-controlled rheometer capable of applying up
to 200 milli-Nm of torque. Two AR2000 rheometers manufactured by TA Instruments” were
used for this testing. For the DSR Creep Test, specimens were prepared from a 95 mm high by
150 mm diameter gyratory specimen. Approximately 12-25 mm were sawed from one end of the
specimen and discarded in an effort to obtain a mix representative of the entire specimen. A
nominal 12 mm thick slice was cut from the trimmed gyratory specimen. This “wheel” of mix
was then sawed into a rectangular slice approximately 150 mm long, 50 mm wide, and 12 mm
thick. Finally, this rectangular piece was cut into test articles nominally 50 mm long, 12 mm
thick, and 10 mm wide (Figs. 3 and 4).

Description of Test Procedures Performed
Hamburg Wheel Tracking Test

The specimens to be tested were placed into the holders and secured in the bath as described
above. The bath was filled with water and brought to the test temperature (50°C in this study).

7 Precision Machine and Welding, Salina, KS.
8 TA Instruments, New Castle, DE.
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! Sample Preparation

Sample Preparation
. — for DSR Creep Test

1

_ Final Size
S0mm x 12 mm x 10mm

FI1G. 3—Cutting of gyratory specimen. FIG. 4—Cutting of DSR creep specimen.

The specimens are equilibrated for 30 min prior to applying the loaded wheels to the specimens
and starting the test. The load applied by the steel wheels is 702 N (158 1b), and the wheel face is
47 mm wide. The wheels move reciprocally across the top of the specimens at 52 passes per
minute. During this tracking procedure, the depth to which each wheel “cuts” into the specimens
is tracked digitally via a LVDT, which is monitored by the computer software running the test.
The HWT test is set up to run for a total of 20 000 cycles or end when one of the eleven
monitoring points across the surface of the test specimen reaches a depth of 22 mm. Two pairs of
specimens were tested for each trial in this study, and the data from both wheels were averaged
to provide the final value used in the analysis.

DSR Creep Test

Test specimens (Fig. 6) are mounted vertically in the torsional fixture of the dynamic shear
rheometer (Fig 5). A heated air system is used to bring the specimen to the test temperature of
58°C used in this study. This temperature was chosen because it is the high PG binder grade
climatic temperature for most of Wisconsin. The test consists of applying repeated cycles of a
torsional stress for 1 s and then zero stress for 9 s, during which time the strain induced into the
specimen during the stress application is able to recover partially. The complete test consists of
2000 cycles or will terminate automatically when the sample ruptures or a permanent strain of
18 % is reached. For this study, a torsional stress of 34 kPa was used. This allowed measurable
results to be obtained for the less stiff specimens, although it resulted in several of the better
quality specimens not failing. In the analysis of the data, an attempt was made to adjust for this
lack of failure in some of the specimens.

Data Collection and Data Analysis Methodologies

Hamburg Wheel Tracking Test

Three data measurements were obtained from the Hamburg Wheel Tracking test. Each test
yielded two results, which were then averaged to produce the final value analyzed for each trial
in the experimental design. The data values analyzed were: (1) the number of cycles to the onset
of stripping, (2) the number of cycles to 12.5 mm of rutting, and (3) the number of cycles at
sample failure or test completion. To reduce the data from each Hamburg Wheel Tracking test,
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the following procedure was employed. Examination of what is referred to internally as the Rut
Profile (Fig. 7) shows that rutting at the ends of the specimen does not readily occur, nor should
one expect that it would, given the confinement of the plastic holder. However, depending on the
individual specimen, substantial rutting can occur anywhere between measurement points 3 and
9. Some agencies base their failure result for a Hamburg Wheel Tracking Test on the first
measurement point to reach some target rut depth, such as 12.5 mm. This is an extremely
conservative approach for a test, which is quite extreme in the stresses that it places upon test
specimens, which are subject to typical production variability. Such an approach also assumes
that the weakest location across the two gyratory specimens being tested is representative of the
overall mix.

i
[
1
s
*;

FIG. 5—DSR creep specimen in rheometer. FIG. 6—DSR creep specimen size.

RUT PROFILE ACROSS SPECIMEN AT EACH OF 11
MEASUREMENT POINTS FOR LAST PASS BEFORE FAILURE

| —8— GRAVEL E-3 MIX PG 64-28P @ 50° € WET rerun RIGHT WHEEL 6.7% VOIDS
I =—8— GRAVEL E-3 MIX P& 64-28P & 50° € WET rerun LEFT WHEEL 6.8&6.9% VOIDS L

RUT DEPTH IN mm

7
RUTTING PROFILE ACROSS SPECIMENS
FOR LAST PASS PRIOR TO FAILURE

FIG. 7—Rut profile plot.
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The approach was used to average the rut depths for measurement points 3-9 (Fig. 7) for
each wheel at every cycle for which data are collected. Typically the software is set to collect a
data value every 20 cycles. Regardless of the care taken in the preparation of lab specimens,
density and aggregate distribution are not uniform in gyratory samples. By employing the data
reduction procedures that are outlined some of those, inconsistencies in specimens were
averaged out. All of the data values from the Hamburg Wheel Tracking Test used in this study
were taken from rutting curves based on this data reduction procedure.

Figure 8 shows a typical data plot for one wheel of a test. The determination of cycles to
onset of stripping is most easily seen by examination of the data trace. As the specimen tracking
precedes, the mix deformation increases. For most mix specimens, a point will be reached where
the wheel load, the heat, and the effect of the water will cause a rapid increase in the rate of
rutting in the specimen. This point has been designated as the onset of stripping by various
authors [4,5] and can be interpolated by determining the intersection point of tangent lines drawn
on the data trace before and after the increase in the rate of rutting has occurred. These two
regions of the data trace have been referred to as the “creep slope” and the “stripping slope,”
respectively, by Ashenbrener [4], and other researchers have adopted this nomenclature [5,6].
The two other data values evaluated in this study, cycles to 12.5 mm and cycles at test
termination, are apparent from the data trace.

The use of cycles at 12.5 mm was chosen because at least one agency [13] uses this rut depth
in its mix design criteria.

MATHY RUT TEST WITH PG 64-34 TLESTED IN
PMW HAMBURG WET AT 50° C

ONSET OF STRIPPING
OCCURS @ 7100 CYCLES

A0+ - — -

RUT DEFPTH IN mm

15+-—-=-=-=

G s
= GRANITE E-10 MIX PG 64-34 @ 50° € WET rerun RIGHT WHEEL 7.2&56.8%VOIDS
I L L B |
] 2000 4000 6000 8000 10000 12000
RUT CYCLES AT 50° C & 158 LBS (702 N)

FIG. 8—Rutting data showing onset of stripping.

DSR Creep Test

The DSR Creep Test is not as well known as the Hamburg Wheel Tracking Test, and
therefore the nature of the data collected and the manner in which they are evaluated requires
some discussion. A typical data trace is shown in Fig. 9. Those familiar with the test results of
the Repeated Shear at Constant Height test (AASHTO TP7) performed on the SST or Witczak’s
work on the Simple Performance Test [10] will recognize the shape of the data output from the
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DSR Creep Test. Examination of several creep and recovery test cycles (Fig. 10) gives some
insight into how permanent deformation develops in the test specimens. During each 1 s of
applied stress there is a resultant strain, and during the 9-s period of zero applied stress there is a
relatively substantial amount of strain recovery. However, as Fig. 10 shows, the mixture
specimen never completely recovers the total amount of strain; there is always a net amount of
permanent strain accumulated. With repeated test cycles the specimen gradually goes through
rapid strain development (primary flow), followed by a period when there is a linear rate of
plastic deformation (secondary flow), and finally the point of failure when strain accumulates
very rapidly (tertiary flow) (Fig. 11).

|GRAVEL, MIF 64-28P, A-2, E3, 58°C, 34kPa, CUM CRT, AR2, Rep-0002¢c
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FIG. 9—Typical DSR creep test result.
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FIG. 10—Creep and recovery test cycles.
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COMPARISON OF PERMANENT STRAIN FOR GRAVEL MIXES
USING DSR CREEP TEST
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FIG. 11—DSR creep showing primary, secondary, and tertiary flow.

For the DSR Creep Test, three data values were collected for each specimen tested: the time
to 5 % strain, the inverse of the slope in the region of secondary flow, and the time at which the
specimen entered tertiary flow, which has been defined by Witczak as the Flowtime value [10].
Five specimens of each mix were tested, and the trimmed mean approach advocated by Romero
and Anderson [11] was used to obtain three results, which were then averaged. Several of the
mixture specimens failed to reach the point of tertiary flow during the 20 000 s of the DSR Creep
Test. These were some of the E-3 and E-10 mixtures produced with PG 64-28P, PG 64-34, and
PG 70-28. In an effort to obtain a reasonable value to enter as a response variable in the
experimental design, curve-fitting software was employed to fit a mathematical model to the
actual data, and then the model was extrapolated to a point where the fitted curve predicted
failure. Several tests were evaluated using Tablecurve 2D’ to determine whether this model
could predict a tertiary flow type failure using data that had only entered the secondary flow
region. The model that consistently provided a reasonable value for tertiary flow is shown as Eq
1, which is Eq 55 in the Tablecurve equations list.

Y =a+ b*In(X) (1)
This mathematical model was used to predict Flowtime values and time to 5 % strain where

necessary. After analysis, it appears as though the extrapolated results would under predict the
Flowtime values, and therefore these values are conservative.

Experimental Design Input Variables and Responses

The experimental design that was employed in the