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FOREWORD

By Edward T. Harrigan
Saff Officer
Transportation Research
Board

This report presents the findings of aresearch project to develop a practical, eco-
nomical simple performance tester for use in routine Superpave mix design and possi-
bly in the characterization of hot mix asphalt (HMA) materials for pavement structural
design. In the phase of the work reported here, first-article simple performance testers
(SPTs) procured from two different manufacturers were eval uated, and both unitswere
found to meet the requirements of the performance-based purchase specification. Based
on these results, the Federal Highway Administration (FHWA) is coordinating a
pooled-fund purchase of production unitsfor evaluation by the state highway agencies.
Four of these units will be immediately purchased in the next phase of this project for
use by state highway agencies and FHWA to test the ruggedness of candidate simple
performance tests. Thus, the report will be of particular interest to materials engineers
in state highway agencies, as well asto materials suppliers and paving contractor per-
sonnel responsible for design and production of hot mix asphalt and the specification
and purchase of laboratory test equipment.

The Superpave volumetric mix design procedure developed in the Asphalt Research
Program (1987-1993) of the Strategic Highway Research Program (SHRP) does not
include a smple, mechanical “proof” test analogous to the Marshall stability and flow
tests or the Hveem stabilometer method. Instead, the original Superpave method relied
on strict conformanceto the material specificationsand volumetric mix criteriato ensure
satisfactory performance of mix designs intended for low-traffic-volume situations
(defined as no more than 10° equivalent single axle loads[ESAL s] applied over the ser-
vice life of the pavement). For higher trafficked projects, the original SHRP Superpave
procedurest required acheck for tertiary creep behavior with the repeated shear at con-
stant stress ratio test (AASHTO TP7) and a rigorous evauation of the mix design’s
potential for permanent deformation, fatigue cracking, and low-temperature cracking
using severa other complex test methodsin AASHTO TP7 and TP9.

User experience with the Superpave mix design and analysis method, combined
with the long-standing problems associated with the original SHRP Superpave perfor-
mance model s supporting what wasthen termed “level 2 and 3" analyses, demonstrated
the need for simple performance tests (SPTs) to quickly and easily proof-test candidate
mix designs. In 1996, work sponsored by FHWA (Contract DTFH61-95-C-00100)
began at the University of Maryland at College Park (UMCP) to identify and validate
SPTs for permanent deformation, fatigue cracking, and low-temperature cracking. In
1999, this effort was transferred to Task C of NCHRP Project 9-19, “ Superpave Sup-
port and Performance Models Management,” with the major portion of the task con-
ducted by a research team headed by UMCP subcontractor Arizona State University
(ASU). In NCHRP Report 465, the UMCP-ASU team recommended three candidate

1The Superpave Mix Design Manual for New Construction and Overlays, Report SHRP-A-407, Strategic Highway Research
Program, National Research Council, Washington DC (1994).
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test-parameter combinations as SPTsfor permanent deformation: (1) the dynamic mod-
ulus, E*, determined from the triaxial dynamic modulus test; (2) the flow time, F
determined from the triaxial static creep test; and (3) the flow number, Fy determined
from the triaxial repeated load test.

Under NCHRP Project 9-29, “Simple Performance Tester for Superpave Mix
Design,” Advanced Asphalt Technologies, LLC, was assigned the task of designing,
procuring, and evaluating first-article SPTs for their potential use in Superpave mix
design and in HMA materials characterization for pavement structural design. Thefirst-
article SPTswould be capable of conducting all three simple performance tests above;
the units would further be evaluated for their capability to perform the dynamic mod-
ulus master curve determination required for HMA materials characterization in the
pavement design guide developed in NCHRP Project 1-37A, “Development of the
2002 Guide for the Design of New and Rehabilitated Pavement Structures. Phase|1.”

In the first stage of this work, the research team reviewed the draft test protocols
prepared by the Project 9-19 research team. This review included a 1-day workshop
attended by the project panel, key members of the research team, and invited materials
testing expertsto discussthe requirements for the simple performancetest devices. The
team then devel oped draft equipment specifications and cost estimates for each of the
three candidate simple performance tests; these were then combined to specify asin-
gle device capable of performing all three tests.

The team conducted a workshop with the project panel and potential manufactur-
ersto review the draft specifications and cost estimates; comments from the workshop
participants were incorporated into the first-article purchase specification. Finaly, the
team prepared awork plan for evaluation of the first-article equipment.

In the second stage of the work, proposals for procurement of first-article SPTs
were solicited from several equipment manufacturers. Four proposals were received;
purchase orders for first-article SPTs were awarded to I nterlaken Technology Corpo-
ration and Shedworks, Inc. Upon delivery, these units were extensively evaluated
through ajoint effort of Advanced Asphalt Technologies, LLC, and the Federal High-
way Administration to (1) ensure they were in compliance with the specifications and
properly calibrated, (2) evaluate HMA mechanical properties measured with the two
devices, and (3) assess their overall functionality.

Both first-article SPTswerefound to meet al requirements of the performance-based
purchase specification and to be reasonably user-friendly. The overall variability of the
simple performance test based on E* conducted with either first-article unit was found
acceptablefor purposes of HMA mix design or quality control testing; however, the vari-
ability of the test based on the Fy parameter was judged too high for either purpose.

As presently configured, the SPT cannot reach the lowest test temperature speci-
fied for determination of the dynamic modulus master curve according to the protocol
developed in NCHRP Project 1-37A, “Development of the 2002 Guide for the Design
of New and Rehabilitated Pavement Structures: PhaseIl.” In the next phase of the pro-
ject, aternative methods for estimating limiting low temperature modulus will be eval-
uated to determine the minimum required testing temperature range for equipment to
measure the dynamic modulus master curves. Based on these results, a production SPT
fully capable of accurately measuring the master curve will be procured.

This report describes the development of the first-article purchase specification,
procurement and evaluation of the two SPTs, and the ensuing revision of the purchase
specification for future procurement of production SPT units. In addition, it contains
four supporting appendixes:

» Appendix A: First-Article Equipment Specifications;
» Appendix B: Materials and Laboratory Methods;

» Appendix C: Evaluation Test Data; and

» Appendix D: Revised Equipment Specification.
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SIMPLE PERFORMANCE TESTER FOR SUPERPAVE MIX
DESIGN: FIRST-ARTICLE DEVELOPMENT AND EVALUATION

SUMMARY

In Phase Il of NCHRP Project 9-29, a detailed purchase specification was devel oped
for equipment to perform the three Project 9-19 simple performance tests: dynamic mod-
ulus, flow number, and flow time. The specification was used to procure two simple per-
formancetest systemsfrom Interlaken Technology Corporation and Shedworks, Incor-
porated. These two systems were similar in several critical design areas. Both are
relatively small bottom-loading, servo-hydraulic devices with an automated test cham-
ber that serves as both the confining pressure cell and the environmental chamber. The
primary differences between the devices are (1) the specific methods used to heat and
cool the chamber and (2) the specimen-mounted deformation measuring system used
exclusively in the dynamic modulus test. The Interlaken device uses heating elements
and an air-driven vortex cooler to control temperature in the chamber. The specimen
deformation measuring system is a unique extensometer system held against the spec-
imen with small pneumatic actuators. The Shedworks device circulates conditioned air
through thetest chamber. The specimen deformation measuring systemisarefined ver-
sion of the glued contact point system used in the original Project 9-19 research.

An extensive evaluation of these two devices was undertaken in Phase |1 of Project
9-29. This evaluation included (1) specific testing to ensure that the devices were in
compliance with the specifications and properly calibrated and (2) an extensive mix-
ture testing program to evaluate mechanical properties measured with the two devices
and to assess the functionality of the devices. The overal findings from the evaluation
were as follows:

1. Both devices meet the requirements of the first-article specifications and are rea-
sonably user-friendly. Both have functional deficienciesthat need to be addressed
in future production units.

2. For the dynamic modulus test, the evaluation testing revealed significant differ-
encesin both the mean and the variability of dynamic modulus datacollected with
the two devices. These differences appear to be associated with differencesin the
specimen-mounted deformation measuring system.

3. Theoveral variahility of the dynamic modul ustest was found acceptablefor spec-
ification testing, and the variability is expected to decrease as limits are placed on
the quality indicators developed in this project for the dynamic modulus test.
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4. For the flow number test, the evaluation testing showed no significant difference
in flow numbers obtained with the two devices.

5. Theoverall variahility of the flow number test was found to be too high for spec-
ification testing. One probable source of variability that could be improved isthe
algorithm used to select the flow point.

The equipment specification was revised based on these findings. The most signifi-
cant revision addressed the specimen deformation measuring system for the dynamic
modulus test. A generic glued gage point system was included in the specification as
the standard system with the option to use other systems if they can be shown to pro-
duce the same measured specimen responses. Test methods for performing the flow
time, flow number, and dynamic modulus tests with the Simple Performance Test Sys-
tem were developed. The test methods are adaptations of the Project 9-19 test methods
to the specific capabilities of the Simple Performance Test System.

Based on the findings of the eval uation testing and the revised specification require-
ments, the Interlaken Simple Performance Test System did not receive approval. The
performance of the unique extensometer system wasthe primary deficiency with thissys-
tem. The Shedworks Simple Performance Test System was conditionally approved. This
device requires minor improvements in several functional areas.
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CHAPTER 1

INTRODUCTION AND RESEARCH APPROACH

1.1 PROBLEM AND PURPOSE

NCHRP Project 9-19, Superpave Support and Perfor-
mance Models Management, recommended three candidate
simple performance tests to complement the Superpave vol-
umetric mixture design method. These are flow time, flow
number, and dynamic modulus. The recommended tests are
conducted in uniaxial or triaxial compression on cylindrical
specimens that are sawed and cored from over-height gyra-
tory compacted samples. Datafrom all three candidateswere
shown to correlate well with observed rutting in field pave-
ments. The dynamic modulus was also shown to have poten-
tial as a simple performance test for fatigue cracking. In
NCHRP Project 1-37A, Development of the 2002 Guide for
the Design of New and Rehabilitated Pavement Structures:
Phase 1, the dynamic modulus was recommended as the pri-
mary material characterization test for asphalt concrete lay-
ers. Theuse of thistest for both mixture evaluation and struc-
tural design offers a potential link between mixture design
and structural analysis that was one of the goals of the origi-
nal Superpave mixture analysis system.

Although additional work isbeing donein NCHRP Project
9-19 to further eval uate the candidate tests and devel op accep-
tance limits, the test methods were defined to the point that
equipment development could be conducted in parallel with
the remaining Project 9-19 and Project 1-37A activities. The
objective of Project 9-29 is to stimulate the development of
commercial equipment that can be used for two purposes:

1. For simple performance testing to complement Super-
pave volumetric mixture design, and

2. For the asphalt concrete material characterization
required by future pavement structural design methods.

This project isthefirst in a series of equipment development
efforts that will lead to a national procurement for state high-
way agencies and ultimately to the widespread adoption and
use of the equipment by the hot-mix asphalt (HMA) industry.

1.2 SCOPE AND RESEARCH APPROACH

The project consisted of eight tasks assembled into two
phases. The first phase comprised the following five tasks

aimed at the development of detailed equipment purchase
specificationsand aplan for evaluating thefirst-article devices
that were purchased during Phase |I:

1. Review the draft test protocols prepared by the Project
9-19 research team. Thisreview included a 1-day work-
shop attended by the project panel, key members of the
research team, and invited materials testing experts to
discuss the requirements for the simple performance
test devices.

2. Develop draft equipment specifications and cost esti-
mates for the three candidate tests. Individual draft
equipment specifications were devel oped for the three
candidate tests. These were then combined to specify a
device capable of performing all three tests.

3. Conduct a workshop with the project panel and poten-
tial manufacturersto review the draft specificationsand
cost estimates. Thisworkshop was attended by 10 man-
ufacturerswho provided several comments on the draft
equipment specifications that were incorporated into
the first-article equipment specifications.

4. Develop awork plan for evaluation of the first-article
equipment. The work plan included the methods for
verification that the first-article equipment met the spec-
ifications aswell asalaboratory experiment to evaluate
the performance of the first-article equipment and the
repeatability/reproducibility of data obtained with it.

5. Prepare and submit an interim report documenting the
work completed in the first phase of the project.

The second phase of the project comprised three tasks asso-
ciated with the procurement and evaluation of two first-article
devices and the revision of the equipment specifications and
draft test protocols based on the eval uation. Thesetaskswere
asfollows:

6. Solicit manufacturers, evaluate proposals, and procure
two first-article devices from different manufacturers.
First-article devices were procured from Interlaken
Technology Corporation and Shedworks, Incorporated.

7. Performthefirst-articleevaluation in accordance with the
plan developed in Task 4. Analyze the data and develop
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recommendations concerning the equipment evaluated
and revise the equipment specifications, cost estimates,
and Project 9-19 Draft Test Protocols as needed.

. Prepare and submit afinal report documenting the work
performed during Phase I1. The report includes stand-
alone appendices presenting the final equipment speci-

fications, and recommended changesto the Project 9-19
Draft Test Protocols.

Detail s of the Phase | work were documented in the Interim
Report submitted on October 10, 2001. Thisreport documents
the work completed during Phase |1 of the project.
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CHAPTER 2
FINDINGS

In this section of the report, the key findings of NCHRP
Project 9-29 are summarized. Detailed documentation of the
each of thevarious project activitiesis presented in the appro-
priate appendix to this report. Discussion of the practical
ramifications of these findings is given in Chapter 3 of this
report, while extension of thefindingsto general conclusions
and recommendations are presented in Chapter 4.

2.1 KEY ELEMENTS OF THE FIRST-ARTICLE
SPECIFICATION

The basic philosophy behind the first-article specifications
was to produce performance type specifications that would
allow manufacturersto propose innovative design conceptsto
addressissues associated with user-friendliness, cost, and reli-
ability. The specifications described how the test must be con-
ducted, what needed to be measured, and the accuracy and
resol ution of the measurements. Manufacturerswerethen per-
mitted to propose various alternatives that met the specifica-
tion requirements. Four first-article equipment specifications
were developed during Phase | of the project. The follow-
ing specifications were included as appendicesin the Interim
Report:

 Firgt-Article Equipment Specification for Specimen Fab-
rication Equipment,

* First-Article Equipment Specification for the Flow Time
Test,

* Firgt-Article Equipment Specification for the Flow Num-
ber Test, and

+ First-Article Equipment Specification for the Dynamic
Modulus Test.

Draft specifications were first prepared by the Project 9-29
research team based on the findings from the review of the
Project 9-19 and 1-37A Draft Test Protocols and the work-
shop conducted with materials testing experts in Task 1.
These draft specifications were then sent to 13 potential man-
ufacturers for review and comment and were reviewed in
detail with 10 of the potential manufacturers at the manufac-
turer’ s workshop conducted in Task 3. The draft equipment
specificationswere revised based on comments obtained from

the manufacturers and presented in the Interim Report. The
Interim Report also included the recommendation that Phase
Il be directed at the procurement and evaluation of equip-
ment capable of performing the flow time, flow number, and
dynamic modulustest over atemperature range of 20to 60 °C.
This recommendation was approved by the project panel, and
a final first-article equipment specification was prepared by
combining elements from the test-specific specifications|isted
above. Thefinal specification, “ First-Article Equipment Spec-
ification for the Simple Performance Test System,” isincluded
in this report as Appendix A. The sections that follow sum-
marize key elements of this specification.

2.1.1 Test Capabilities

The simple performance test system can perform the three
candidate uniaxial and triaxial compression tests recom-
mended in NCHRP Project 9-19 (1): flow time, flow number,
and dynamic modulus. Thesethreetests are variations on tests
that have been used for many years by various researchers to
characterize asphalt concrete materias (2). The tests are per-
formed on nominal 100-mm (4-in) diameter, 150-mm (6-in.)
high cylindrical specimens cut and cored from over-height
150-mm (6-in.) diameter gyratory specimens. Thesimple per-
formance test system includes a confining pressure system
and environmental control over the temperature range of 20
to 60 °C. Thetests are briefly described below.

2.1.1.1 Flow Time Test

Theflow timetest isavariation on the simple compressive
creep test that has been used by several researchers to mea
sure the rutting potential of asphalt concrete mixtures (3). In
this test, a static load is applied to the specimen, and the
resulting strains are recorded as a function of time. The vari-
ation introduced by the Project 9-19 research is the concept
of flow time, which is defined asthe time when the minimum
rate of changein strain occurs during the creep test. It isdeter-
mined by differentiation of the strain versustime curve. Fig-
ure 1 presents an example of atypical creep response and the
computation of the flow time. In this case, the flow timeis
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Figurel. Typical creep test response and flow time.

approximately 155 sec, and the axial strain at the flow time
is approximately 1.0 percent.

In Project 9-19, the flow time correlated well with the rut-
ting resistance of mixtures used in experimental sections at
MNRoad, WesTrack, and the FHWA Pavement Testing Facil-
ity (2). For tests at a given temperature, axial stress, and con-
fining stress, the rutting resistance of the mixture increases
as the flow time increases. Guidance on temperatures, stress

levels to be used in the testing, and the minimum flow time
needed to achieve acceptable rutting performance are the
subject of ongoing research in Project 9-19.

2.1.1.2 Flow Number

The flow number test is a variation on the repeated |oad
permanent deformation test that has been used by several
researchers to measure the rutting potential of asphalt con-
crete mixtures (3). Figure 2 shows aschematic of the repeated
loading used in this test. Haversine axial compressive load
pulses are applied to the specimen. The duration of the load
pulse is 0.1 sec followed by a rest period of 0.9 sec. The
permanent axial deformation measured at the end of therest
period is monitored during repeated |oading and converted
to strain by dividing by the original gauge length. The vari-
ation introduced by the Project 9-19 research is the concept
of flow number, which is defined as the number of load
pulses when the minimum rate of change in permanent
strain occurs during the repeated load test. It is determined
by differentiation of the permanent strain versus the num-
ber of load cycles curve. Figure 3 presents an example of a
typical permanent axial strain response and the computa-
tion of the flow number. In this case, the flow number is
1300 and the permanent axial strain at the flow number is
approximately 1.0 percent.

In Project 9-19, the flow number correlated well with the
rutting resistance of mixtures used in experimental sections at
MNRoad, WesTrack, and the FHWA Pavement Testing Facil-
ity (2). For tests at a given temperature, axia stress, and con-
fining stress, the rutting resistance of the mixture increases
as the flow number increases. Guidance on temperatures,
stress levels to be used in the testing, and the minimum flow
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Figure2. Schematic of flow number test loading.
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number needed to achieve acceptabl e rutting performance are
the subject of ongoing research in Project 9-19.

2.1.1.3 Dynamic Modulus Test.

The dynamic modulus simple performance test recom-
mended by the NCHRP Project 9-19 team is a variation on
ASTM D3497. In thistest, a continuous haversine axial com-
pressive load is applied to a specimen at a given temperature
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and loading rate. Measured stresses and strains are used to
cal culate the resulting dynamic modulus and phase angle. Fig-
ure 4 presents a schematic of typical data from the dynamic
modulus test. The dynamic modulus and phase angle are
defined by Equations 1 and 2, respectively.

(6)
E* = =0 1
E=¢0 6
ar g
= 360
» =B @
where

|[E*| = dynamic modulus
0, = amplitude of applied sinusoidal loading
€, = amplitude of resulting sinusoidal strain
¢ =phase angle in degrees
T, =timelag, sec
T, = period of sinusoidal loading, sec

Two dynamic modulustest procedures were recommended
in Project 9-19: one for permanent deformation and one for
fatigue cracking. The primary difference in the tests is the
temperature for measuring the dynamic modulus. For per-
manent deformation, tests will be performed at high temper-
atures while an intermediate temperature will be used for the
fatiguetests. In Project 9-19, dynamic modulustest results at
37.8 and 54.4 °C correlated well with the rutting resistance
of mixtures used in experimental sections at MNRoad, Wes-
Track, and the FHWA Pavement Testing Facility (1). The
rutting resistance of the mixtures increased as the dynamic
modulusat high temperaturesincreased. Guidance on test tem-
peratures and the minimum moduli needed to achieve accept-
able rutting performance are the subject of ongoing research
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Figure4. Typical dynamic modulus test data.
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in Project 9-19. The Project 9-19 research found only afair
correlation between cracking observed in the experimental
sections and the dynamic modulus at 4.4 and 21.1 °C (1).
Guidance on test temperatures and moduli needed to
achieve acceptable fatigue performance are also the subject
of ongoing research in Project 9-19.

2.1.2 Overall Test System Requirements

The first-article specifications place specific requirements
onthesize, power requirements, and noiselevel for thesmple
performance test system. These were included in the specifi-
cations to promote future implementation of the equipment in
HMA plant laboratories. Table 1 summarizes key operational
requirementsincluded in the specification.

2.1.3 Compression Loading Machine

Thefirst-article specifications require acompression load-
ing machinewith closed loop control that can apply constant,
ramp, sinusoidal, and pulse loads. Table 2 summarizes the
required capacities of the loading machine. The specifica
tions do not specify the type of loading machine, but place
specific requirements on the machine's ability to control
the loading. Table 3 summarizes the load control require-
ments. For sinusoidal and pulse loads, a control require-
ment was placed on the standard error of the applied load,
defined by Equation 3. The standard error is a measure of
how well the loading device reproduces sinusoidal loading,
which iscritical to the correct measurement of the dynamic
modulus.

n

. — A. 2
.Z(X' X) [100%] (3
n-1 0O%X%X, O

so(P) = |

where

se(P) = Standard error of the applied load
X = Measured load at point i
% = Predicted load at point i from the best fit sinusoid
X, = Amplitude of the best fit sinusoid
n = Total number of data points collected during test.

Two types of loading machines were proposed by manu-
facturers who responded to the Project 9-29 request for pro-

Simple Performance Tester for Superpave Mix Design: First-Article Development and Evaluation

TABLE 1 Key operational requirementsfor thesimple
performance test system

Item
Assembled Size
Component Size
Electrical Power
Air Supply
Noise Level

First-Article Specification Requirement
1.5m (5 ft) by 1.5 m (5 ft) by 1.8 m (6 ft) high.
Width must be less than 76 cm (30 in.).

115 or 230 VAC, 60 Hz.

0.005 m’/s (10.6 ft*/min) at 850 kPa (125 psi).
70 dB at 2 m (6.5) ft.

posals: servo-hydraulic, and a unique linear motor based on
electromagnetic control technology. As discussed in a later
section of this report, both of the machines selected as the
first-article equipment were servo-hydraulic.

Thefirst-article specifications required two configurations
for the loading platens. For the flow time and flow number
tests, the loading platens are required to remain parallel. For
the dynamic modulus test, the loading platens must include
aball or swivel joint on one platen to allow that platen to con-
form to the contour of the specimen end.

Finally, loads must be measured with an electronic load
cell. To minimize the potential for damage, the full-scale
range of the load cell was specified to be at least equal to the
stall force of the actuator. The accuracy of the load cell was
specified to be +1 percent over aload range of 2 to 100 per-
cent of the capacity of the machine. The resolution of the
load cell was specified to be that required by ASTM E4 (4),
whichisio of thelowest calibrated load. For the simple per-
formance test devices with 10 kN capacity, the first-article
specifications require aresolution of 2 N (0.5 |b).

2.1.4 Deformation Measuring Systems

Two separate deformation measuring systems are required
by the first-article specifications. The first, used in the flow
time and flow number tests, measures the movement of the
loading actuator. Measuring the flow time and flow number
using an actuator-mounted system is a departure from the
specimen-mounted instrumentation specified in Project 9-19
(2). Giventhat the flow time and flow number are determined
from the derivative of the strain history, the Project 9-29
research team suggested that an actuator-mounted deforma:
tion measuring device could be used to detect flow in these
tests. Such instrumentation would simplify the equipment
and technician skill level required to perform the flow tests.
As long as machine compliance errors are not a function of
time, they do not affect the computation of the flow time or
flow number. Thishypothesiswas verified by additional test-

TABLE 2 Compression loading machine capacities

Test Type of Loading Capacity Rate
Flow Time Ramp, constant 10 kN (2.25 kips) | 0.5 sec ramp
Flow Number Ramp, constant, pulse 8 kN (1.80 kips) | 10 Hz pulse with
0.9 sec dwell
Dynamic Modulus | Ramp, constant, sinusoidal | 6 kN (1.35 kips) | 0.1 to 25 Hz

Copyright National Academy of Sciences. All rights reserved.
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TABLE 3 Load control requirements

Load Type | Requirements

Constant + 2 percent of specified
Ramp + 2 percent of specified
Sinusoidal | Standard error, se(P), < 5%
Pulse Peak: & 2 percent of specified

Standard error, se(P): < 10%

ing conducted in Project 9-19, which compared flow times
and flow numbers measured with three systems:

+ The specimen-mounted LV DTs specified in the Project
9-19 test protocaol,

» Theradial LVDTs specified as an adternate in the Proj-
ect 9-19 test protocols, and

* An actuator-mounted LVDT.

Simple Performance Tester for Superpave Mix Design: First-Article Development and Evaluation

Figure5 showsdata presented in the Project 9-19 June 2001
Quarterly Progress Report (5). This data confirmed that flow
timesand flow numbersfrom an actuator-mounted deformation
system were the same as those from the specimen-mounted
deformation system. The primary concerns in conducting the
two flow tests are (1) whether or not the range of the actuator-
mounted deformation measuring system is sufficient to obtain
flow and (2) whether or not the resolution is adequate to allow
detection of flow through numerical differentiation of the
strain versustime curve. A minimum range of 12 mm (0.5in.)
and resolution of 0.0025 mm (0.00001 in.) wasincluded in
the first-article specifications.

The second deformation measuring system is a specimen-
mounted system used in the dynamic modulus test. The sys-
tem specified in thefirst-article specifications differsfrom that
described in the Project 9-19 test protocolsin two ways. First,
the gauge length was reduced from 100 mm (4 in.) to 70 mm
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Figure5. Comparison of flow from different instrumentation systems (5).
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(2.75in.). The shorter gauge length was specified for thesim-
ple performance test system in an attempt to reduce variabil-
ity caused by the instrumentation being mounted close to the
ends of specimens with ends that are not perfectly smooth
and parallel. In Phase |, measurements on alarge number of
specimens showed that some of the specimen dimensional
tolerances included in the Project 9-19 test protocols could
not be achieved with standard laboratory sawsand drills. The
tolerances in the Project 9-19 test protocols were based on
those presented in AASHTO T231(6) for capping concrete
cylinders. Therevised toleranceslisted in Table 4 were rec-
ommended and incorporated in the first-article specifica-
tionsfor an automated sawing and coring device. The use of
a shorter gauge length in the dynamic modulus test is sup-
ported by the findings of alarge specimen size and geome-
try study conducted as part of Project 9-19 (7). This study
concluded that 70-mm (2.75-in.) diameter specimens with
70-mm (2.75-in.) gauge length could be used to measure the
dynamic modulus of mixtureswith nominal maximum aggre-
gate sizes up to 37.5 mm.

The second difference between the first-article specifica
tions and the Project 9-19 test protocols is the first-article
specifications do not require the specific mounting system
shown in the Project 9-19 test protocols (1), although the Proj-
ect 9-19 mounting system can meet the requirements of the
first-article specifications. This change was made to encour-
age the consideration by equipment manufacturers of alter-
native mounting systems that may simplify the equipment

and technician skill level required to perform the dynamic
modulustest. To further encourage simplification of theinstru-
mentation and the possible use of noncontact sensors, the
first-article specifications require rapid installation of the
specimen-mounted measuring system so that specimen instru-
mentation, installation in the testing machine, application of
confining pressure, and temperature equilibration can be com-
pleted in 3 minutes. Other requirements of the specimen-
mounted deformation measuring system arelisted in Table 5.

2.1.5 Confining Pressure

The simple performance test system includes a confining
pressure system for performing the tests with confinement.
Table 6 summarizes the requirements of the confining pres-
sure system. Asdiscussed in the previous section, atime limit
of 3 minutes for specimen instrumentation, installation, appli-
cation of confining pressure, and temperature equilibrium
was included in the first-article specifications to encourage
manufacturers to use automated pressure cells.

2.1.6 Environmental Chamber

The simple performancetest system includes modest envi-
ronmental control over atemperature rangefrom 20to 60 °C.
Thistemperature range is based on the Project 9-19 recom-

TABLE 4 Project 9-29 specimen dimension tolerances

Item Specification Remarks
Average Diameter 100 mm to 104 mm

Standard Deviation of Diameter 1.0 mm See note 1
Height 147.5 mmto 152.5 mm

End Flatness 0.3 mm See note 2
End Parallelism 1 degree See note 3

Notes:

1. Measure the diameter at the center and third points of the test specimen along axes that
are 90 degrees apart. Record each of the six measurements to the nearest 1 mm.
Calculate the average and the standard deviation of the six measurements. The
standard deviation shall be less than 1.0 mm. The average diameter, reported to the
nearest 1 mm, shall be used in all material property calculations.

2. Check this requirement using a straight edge and feeler gauges.

3. Check this requirement using a machinist’s square and feeler gauges.

TABLES5 Specimen-mounted deformation measuring system
requirements

Item Requirement
Number of Transducers =2
Gauge Length and Position 70 mm (2.75 in.) over middle of specimen
Range > 1 mm (0.04 in)
Resolution < 0.0002 mm (7.8 micro-inch)
Accuracy Error < 0.0025 mm (0.0001 in.) when verified in
accordance with ASTM D 6027 (8).
Installation < 3 min to install instrumentation, insert specimen, apply

confining pressure, and obtain temperature equilibrium.



http://www.nap.edu/21954

11

TABLE 6 Confining pressure system requirements

Item Requirement

Maximum Pressure 210 kPa (30 psi)

Control + 2.0 percent

Pressure Sensor Resolution 0.5 kPa (0.07 psi)

Pressure Sensor Accuracy Error < 1 percent when verified in accordance with ASTM
D 5720 (9).

Operation

< 3 min to install instrumentation, insert specimen, apply
confining pressure and obtain temperature equilibrium.

mendation that the simple performance tests for permanent
deformation and fatigue cracking be conducted at the effec-
tive temperatures for these distresses as defined by Equa-
tions 4 and 5 (10).

Tar (PD) = 30.8 - 0.12Z, + 0.92(MAAT + KoOyaa)  (4)

where

T«i(PD) = effective temperature in °C for permanent
deformation
Z, = critical depth in mm for the mix layer in ques-
tion
MAAT = mean annual air temperaturein °C
K = value computed from normal probability table
related to designers selected level of reliability.
OuaaT = Standard deviation of the mean annual air tem-
perature.

T (FC) = 0.8(MAPT) - 2.7 (5)

where

Te(FC) = effective temperaturein °C for fatigue cracking
MAPT = mean annual pavement temperaturein °C at one
third of the depth of the pavement layer

For the United States, the effective temperature for perma-
nent deformation ranges from 25 to 55 °C and the effective
temperature for fatigue cracking ranges from 12 to 20 °C.
Table 7 summarizes the requirements of the environmen-
tal chamber. As discussed in previous sections, atime limit
of 3 minutes for specimen instrumentation, installation,
application of confining pressure, and temperature equilib-

riumwasincluded in thefirst-article specificationsto encour-
age manufacturers to use environmental chambers with suf-
ficient capacity to reach equilibrium quickly.

2.1.7 Computer Control and Data Acquisition

Computer control and electronic data acquisition were
specified for the simple performance test system. The first-
article specifications require the control software to include
logic that prompts the user through each of the tests. The
software includes on-line help and allows the user to choose
either Sl or US Customary units. For each of the simple per-
formancetests, thefirst-article specificationsinclude require-
ments on the following:

» Test control: the sequence of operations, parametersto
be controlled during the test and their tolerances, and
actions to be taken if control parameter tolerances are
exceeded;

+ Dataacquisition: datato be acquired and sampling rates;

« Operator input: test identification information, test con-
trol information, and remarks; and

+ Datastorageand output: format for datafilesand hard
Copy reports.

The first-article specifications a so require real-time graph-
ical display of information that will be useful to the operator.
Displaysfor the flow timetest include time histories of stress,
strain, and the rate of strain. The flow number test includes a
digital oscilloscope for real-time display of stress and strain
as afunction of time and histories of the peak stress, perma-
nent strain, and permanent strain rate as a function of the
number of load cycles. Finaly, the dynamic modulus test

TABLE 7 Environmental chamber requirements

Item Requirement

Range

20 to 60 °C (68 to 140 °F) when ambient temperature is
between 15 and 27 °C (60 to 80 °F)

Control +0.5°C(1°F)
Resolution +0.25 °C (0.5 °F)
Accuracy +0.25 °C (0.5 °F)

Location of Sensor
height.

Within 25 mm (1 in.) of the specimen at the specimen mid-

Operation

< 3 min to install instrumentation, insert specimen, apply
confining pressure and obtain temperature equilibrium.
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includes a digital oscilloscope for real-time display of the
stress and strain measured during the test.

2.1.8 Computations

Thefirst-article specifications provide detailed algorithms
for computation of the flow time, flow number, and dynamic
modulus. The algorithms are much more specific than the
genera descriptions for data analysis included in the Project
9-19 test protocols (1). Important computational issues are
summarized below for the three tests.

2.1.8.1 Flow Time

The flow time is defined as the time corresponding to the
minimum rate of change of axia strain during a creep test.
The computational procedure for the flow time included in
the first-article specificationsincludes three steps: (1) numeri-
cal calculation of the creep rate; (2) smoothing of the creep rate
data; and (3) identification of the point at which the minimum
creep rate occurs as the flow time. The numerical calculation
of the creep rate uses a simple finite difference calculation
using data one sampling point ahead and one sampling point
behind the point of interest. Smoothing of the creep rate is
done using a five-point moving average filer. Finally, the
flow timeisreported asthetime at which the minimum value
of the smoothed creep rate occurs. If there is no minimum,
then the flow time is reported as being greater than or equal
to the length of the test. If more than one point shares the
minimum creep rate, the first such minimum is reported as
the flow time. Details of the calculations are included in the
first-article specificationsin Appendix A.

2.1.8.2 Flow Number

The flow number is defined as the number of load cycles
corresponding to the minimum rate of change of permanent
axial strain during a repeated load test. The computational
procedure for the flow number included in the first-article
specificationsisthe same asthat for the flow time, except the
derivatives are taken with respect to the number of load
cycles instead of with respect to time. The same smoothing
and reporting as described above for the flow time is used
with the flow number.

2.1.8.3 Dynamic Modulus

The dynamic modulustest datais the most complex datato
analyze. The materia properties computed from this test are
the dynamic modulus, |E*|, which isameasure of the materia
stiffness, and the phase angle, §, whichisameasure of thevis-
cous properties of the material. Various methods are avail-
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ablefor reducing data collected during the dynamic modulus
test and computing the material properties. These include
peak search algorithms, Fourier transform, and regression.
The approach included in the first-article specifications is the
regression approach (11). Regression was used because it isa
relatively ssimple, direct approach that most engineers and
technicians in the paving industry can understand and apply.
Thisapproach a so lendsitself to the computation of dataqual-
ity measures, which can be used in evaluating the reliability of
test data. A step-by-step description of theregression approach
is included in the first-article specifications in Appendix A.
Thisapproach is general and can be adapted to any number of
specimen deformation transducers.

In addition to the dynamic modulus and phase angle, the
computations described in the first-article specification include
four measuresof dataquality. Asexperienceisgained with the
dynamic modulustest, these dataqual ity measureswill be use-
ful to engineers and test technicians in identifying the relia-
bility of test data. Thefour dataquality measuresare described
briefly below.

1. Standard Error of theL oad. The standard error of the
load is a measure of how well the applied loading
approximates asinewave. It is calculated from the dif-
ference between the measured data and the best-fit sine
wave using Equation 6. High values of standard error
indicate poor sinusoidal loading, and such data should
not be used for computing viscoelastic material prop-
erties. Thefirst-article specification limits the standard
error of the load to 5 percent.

3 (% = X)?
_ /Z [100%[] (6)
S e 0

where

se(P) = Standard error of the applied load
¥ = Measured load at point i
% = Predicted load at point i from the best fit
sinusoid
X, = Amplitude of the best fit sinusoid
n = Total number of data points collected dur-
ing test.

2. Standard Error of the Deformations. The standard
error of the deformations is a measure of how well the
specimen response approximates asine wave. It is cal-
culated individually for each deformation sensor using
Equation 7, then averaged over the number of defor-
mation sensors. High values of deformation standard
error indicate poor specimen response or high amounts
of signal noise. Such data should not be used for the
computation of viscoelastic material properties.

Copyright National Academy of Sciences. All rights reserved.
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where

s&(Y;) = Standard error for transducer j, %
[Y;*| = Amplitude for transducer j
Y;; = Predicted response for transducer j at point i
Y;; = Measured response for transducer j at point i.

3. Uniformity Coefficient for the Deformation Ampli-
tude. This parameter is a measure of the difference
in deformations on the same specimen by the various
deformation transducers. It is defined as the coefficient
of variation of the deformation amplitudes measured by
the individua transducers. Large differences in defor-
mation measured on the same sample indicate suspect
data. These differences may be caused by poor trans-
ducer mounting, poor specimen end preparation, afaulty
transducer, and inherent variability in the specimen.

4. Uniformity Coefficient for the Phase Angle. This
parameter is ameasure of the differencein phase angle
measured on the same specimen by the various defor-
mation transducers. It is defined as the standard devia-
tion of the phase angles measured by the individual
transducers. Large differencesin phase angle measured
on the same specimen indicate suspect data. These dif-
ferences may be caused by poor transducer mounting,
poor specimen end preparation, afaulty transducer, and
inherent variability in the specimen.

Values of the data quality measures for good and poor
quality data were not available before the laboratory testing
phase of Project 9-29. The specification requirement that the
machines be capable of operating with aload standard error
of 5 percent or less was based on discussions with equipment
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manufacturers. An analysis of the data quality measures col-
lected during the laboratory evaluation isincluded in Section
2.3 of this chapter.

2.1.9 Calibration

The first-article specifications address both static and
dynamic calibration of the simple performance test system.
The specifications require the device to have a calibration
mode and clearly marked access points for calibration by
third-party services. The static calibration requirements and
methods are summarized in Table 8. Neither AASHTO nor
ASTM has astandard method for verification of temperature
calibration. The first-article specifications include a method
that uses a National Institutes of Standards and Technology
(NIST) traceable thermal detector to compare temperatures
measured with this device and the simple performance test
system temperature sensor at six temperatures over the range
of the environmental chamber.

Dynamic calibration is also not addressed by current
AASHTO or ASTM methods. The first-article specifications
require averification of dynamic performanceto be performed
after static calibration iscomplete. The approach issimilar to
that described in the laboratory start-up procedure for the
Long Term Pavement Performance (L TPP) resilient modu-
lus testing (12). This verification involves loading an elastic
device, such as aproving ring, under static and dynamic con-
ditions and recording loads and deformations. Thefirst-article
specifications require static and dynamic measurements to
agree to within 2 percent and the phase angle between load
and displacements be less than 1 degree.

2.1.10 Documentation and Warranty

The first-article specifications include requirements for
online and hard copy documentation. The specifications also
include a 1-year warranty period for the first-article devices.

TABLE 8 Static calibration requirements

Subsystem Requirements Method

Load Range: 0.2 to 10 kN (0.04 to 2.25 kips) ASTM E4
Resolution: <2 N (0.4 Ib)
Accuracy: error < 1 percent

Actuator Mounted | Range: 12 mm (0.5 in.) ASTM D 6027

Deformation Resolution: < 0.0025 mm (0.0001 in.)
Accuracy: error < 0.03 mm (0.001 in.)

Specimen- Range: 1 mm (0.04 in)) ASTM D 6027

Mounted Resolution: £ 0.0002 mm (7.8 micro inch)

Deformation Accuracy: error < 0.0025 mm (0.0001 in.)

Confining Pressure | Range: 35 to 210 kPa (5 to 30 psi) ASTM D 5720
Resolution: < 0.5 kPa (0.07 psi)
Accuracy: error < 1 percent

Temperature Range: 20 to 60 °C (68 to 140 °F) NIST traceable sensor
Resolution: < 0.25 °C (0.5 °F) readable and accurate
Accuracy: <£0.25 °C (0.5 °F) t0 0.1 °C (0.2 °F)

Copyright National Academy of Sciences. All rights reserved.
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2.2 FIRST-ARTICLE EQUIPMENT
2.2.1 Background

A key component of NCHRP Project 9-29 wastheinvolve-
ment of equipment manufacturers early in the specification
development process. Equipment manufacturers were asked
to review and comment on the draft specifications developed
by the research team. Thirteen equipment manufacturerswere
provided the draft specifications developed during Phase | of
the project. Ten of those manufacturers also attended the
manufacturers workshop held on July 30, 2001. At thiswork-
shop, the draft equipment specifications were reviewed in
detail with the manufacturers. Comments from the manu-
facturers were then incorporated in the First-Article Equip-
ment Specification for the Simple Performance Test System.
Table 9 lists the manufacturers who participated in the devel-
opment of the first-article equipment specifications.

2.2.2 Request For Proposals

A request for proposals (RFP) for the Simple Performance
Test System wasissued on November 12, 2001, to the 13 man-
ufacturers listed in Table 9. The RFP required the manufac-
turers to provide information on their capabilities, a detailed
description of their proposed simple performance test sys-
tem, and information on pricing for the first-article and sub-
sequent production units. The following four manufacturers
submitted proposalsin response to the RFP:

TABLE 9 Equipment manufacturers

1. EnduraTec

2. Instron Corporation

3. Interlaken Technology Corporation
4. Shedworks, Inc.

MTS Systems Corporation, and James Cox and Sons, Inc.,
responded that they could provide equipment to meet the
specification, but declined to propose. Both companiesindi-
cated that they intended to monitor the market and might be
interested in providing equipment in the future.

2.2.3 Proposal Evaluation Process

This section summarizes the evaluation of the four pro-
posals for the Simple Performance Test System. The four
proposals were evaluated by five senior members of the
research team. The evaluation panel and their particular
areas of expertiserelevant to the eval uation are summarized
in Table 10.

The proposals were eval uated independently by each panel
member based on the criteria presented in Table 11. Thefirst
criteriaaddressed the first-article specification requirements.
The RFP requested that the manufacturers describe their
equipment in sufficient detail to document that the proposed
equipment met the requirements of the first-article specifica-
tion. The second criteria addressed advantages of the equip-
ment in the areas of user-friendlinessand reliability. The RFP
informed the manufacturersthat the primary use of the equip-

Manufacturer Address Phone Contact Workshop

Bohlin Instruments, Inc. 1004 Eastpark Blvd. (609) 655-447 John Casola

Cranbury, NJ 08612 Yes
EnduraTec Systems Corporation | 5610 Rowland Road (612) 933-7742 | Kent Vilendrer

Minnetonka, MN 55343 Yes
Instron Corporation 100 Royall Street (800) 564-8378 | Anatoly Perlov

Canton, MA 02021-1089 Yes
Interlaken Technology 7600 Golden Triangle Drive | (612) 942-7499 | Tom Driggers
Corporation Eden Prairie, MN 55344 Yes
ShedWorks Inc. 1501 FM 2818, Suite 320 (979) 695-8416 | Bill Crockford
Industrial Process Controls, LTD | College Station, TX 77840 Yes
James Cox and Sons, Inc. 1085 Alpine Way (530) 346-8322 | Jim Cox

Colfax, CA 95713 No
MTS Systems Corporation 14000 Technology Drive (952) 937-4000 | Scott Johnson

Eden Prairie, MN 55344 Yes
Pavement Technology, Inc. P.O.Box 1184 (770) 388-0909 | Ron Collins

Covington, GA 30015 Yes
Pine Instrument Company 101 Industrial Drive (724) 458-6391 | Frank Dalton

Grove City, PA 16127 Yes
Precision Machine and Welding 2231 D1 Centennial Road (785) 823-8760 | Jeff Harris

Salina, KS 67401 Yes
Rainhart Company 604 Williams Street (512) 452-8848 | Ray Alexander

Austin, TX 78752 No
Test Quip, Inc. 105 Old Highway 8, Suite 4 | (651) 636-5510 | Tom Brovold

New Brighton, MN 55112 No
Troxler Electronic Laboratories, 3008 Cornwallis Road (919) 549-8661 | Mike Bienvenu
Inc. Research Triangle Park, NC Yes

27709
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TABLE 10 Evaluation panel and expertise
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Member

Expertise

Dr. Ramon Bonaquist, Principal Investigator

Mechanical property characterization

Dr. Donald Christensen, Senior Engineer

Mechanical property characterization

Mr. Kevin Knechtel, Laboratory Manager

Mixture design, equipment operation

Mr. Donald Jack, Chief Engineering Technician

Mixture design, equipment operation

Mr. William Stump, Co-Principal Investigator

Testing equipment calibration

ment would be routine specification compliance testing by
technicians in state highway agency, hot-mix producer, and
consultant testing laboratories. The third criteria addressed
the cost of the proposed system. As part of their proposal, the
manufacturers were asked to provide a firm fixed price for
the first-article equipment and estimates of the cost of future
production units. Finally, the fourth criteria addressed the
capabilities and experience of the manufacturer. Of particu-
lar interest was documentation of the results of past prototype
development projects.

Each panel member was also asked to provide written
comments and a recommendation of the two manufacturers
who should be awarded contracts for the first-article equip-
ment. A meeting to reconcile differences between evaluation
panel ratings was planned, but was not required because of
the consistency of theinitial ratings.

2.2.4 Proposal Evaluation Results

Three of the four manufacturers. EnduraTec, Interlaken,
and Shedworks, proposed relatively compact equipment
specifically designed to perform the three simple performance
tests. The Instron proposal was essentially an assembly of
standard and optional componentsfor ageneral purpose load
frame with customized software to perform the three simple
performancetests. Thesimilaritiesin the designs provided by
EnduraTec, Interlaken, and Shedworks were striking. All
proposed fairly compact bottom-loading equipment with a
chamber that is both a pressure cell and temperature control
chamber. They also proposed automatic or semi-automatic
methods for opening the vessel for insertion of the test spec-
imen. The primary differences in the designs were the load-
ing system, the specimen deformation measuring systems,
and the temperature control system.

The results of the evaluation are summarized in Table 12.
Although there are significant differences between evalua-
torsin scores on individual criteria, there was overall agree-
ment on the two highest ranking proposals. Additionally, the

TABLE 11 Evaluation criteria

evaluators unanimously recommended that the Interlaken
and Shedworks designs be selected for thefirst-article equip-
ment. These two proposals were rated near the highest by all
evaluatorson dl of the evaluation criteria. The sections below
summarize key elements of the equipment proposed by each
manufacturer.

2.2.4.1 Instron

The Instron approach was not well received by four of the
five evaluators. The proposed approach offered some advan-
tages for laboratories interested in using the equipment to
perform a variety of tests in addition to the simple perfor-
mance tests. The evaluators unanimously agreed that evalu-
ation of thistype of equipment would not provide significant
benefit to future effortsto implement the simple performance
tests. Although the cost of production units of this equip-
ment, estimated by Instron at $65,000 to $70,000, ishigh for
the market envisioned for the simple performancetest, it sug-
gests that equipment capable of performing the dynamic
modulus master curves proposed by the Project 1-37A team
for structural design may be available for approximately
$100,000. A wider temperature range and higher load capac-
ity than specified for the simple performance test are needed
to perform the dynamic modulus test at the lower tempera-
tures required for construction of master curvesfor structura
design.

2.2.4.2 EnduraTec

EnduraTec proposed a very innovative design based on
the linear motor technology that they have developed in
cooperation with Bose Corporation. The linear motor is an
el ectromagnet that operates using standard el ectrical power
availablein all laboratories and has the potential to be very
reliable and require minimal maintenance. Apparently this
technology is not capable of providing both static and dynamic
loads; therefore, the design included apneumatic actuator and

Criteria

‘Weight

Ability of Proposed Equipment to Meet the Specification Requirements 30

Advantages of the Proposed Equipment

30

Cost of First-Article Equipment and Production Units 20

Capabilities and Experience of the Manufacturer 20
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TABLE 12 Summary of evaluation

Simple Performance Tester for Superpave Mix Design: First-Article Development and Evaluation
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Bonaquist 150 270 100 160 680

Christensen 201 219 106 152 678

EnduraTec Knechtel 240 150 80 80 550

Jack 300 150 60 100 610

Stump 240 240 60 200 740

Average 226 206 81 138 652

Bonaquist 240 60 100 100 500

Christensen 285 219 88 152 744

Instron Knechtel 150 30 20 60 260

Jack 150 0 100 100 350

Stump 120 120 80 160 480

Average 189 86 78 114 467
Bonagquist 180 270 160 140 750 X
Christensen 252 228 142 156 778 X
Interlaken Knechtel 240 240 180 100 760 X
Jack 300 150 180 200 830 X
Stump 180 300 160 200 840 X

Average 230 238 164 159 792
Bonagquist 240 240 200 180 860 X
Christensen 225 210 200 144 779 X
Knechtel 240 210 180 180 810 X
Shedworks Jack 300 150 200 200 850 X
Stump 300 240 200 200 940 X

Average 261 210 196 181 848

a load-sharing mechanism to provide the haversine loading
required by the dynamic modulus and flow number tests and
the static loading required by the flow time test. Three of the
evaluators were concerned about whether this system could be
controlled within the tol erances specified, and EnduraT ec pro-
vided no data to support their claim that it could. EnduraTec
also proposed an innovative temperature control system. The
system uses heating bands to provide heat, a solid-state ther-
moel ectric cooling (Pdltier) devicefor cooling, and aninternal
circulating fan. Again, no data were provided to support the
claim that the system could reach the specified temperaturein
the 3-minute time limit and control temperatures within the
tolerances specified. The combined pressure vessel and envi-
ronmental chamber has alocking flange to facilitate specimen
insertion and a counter balance to enable the chamber to be
easily lifted. The specimen deformation system consisted of
two strain gauge extensometers with unique spring-loaded
holders to keep them in contact with the specimen. This
specimen deformation system combined with the counter-
balanced, locking flange vessel has the potential to greatly

simplify specimen installation. Control of the entire system
is provided through EnduraTec’ s standard WinTest Control
system, programmed for the three applications. EnduraTec
has had limited experience with asphalt testing equipment.
They have attempted to market the Field Shear Test device
and redesigned equipment in support of NCHRP Project 9-18.
The EnduraTec proposal received low ratings primarily
because of concerns about the loading and temperature con-
trol systems and the overall cost of the equipment. The cost
of the first-article, at $89,480, was well above the Project
9-29 budget. EnduraTec’s estimated cost of production
units at $55,000 to $63,000, depending on the market size,
is somewhat above the Project 9-29 target of $50,000.

2.2.4.3 Interlaken

Interlaken proposed a hydraulic-powered device that is a
variation on two of their standard product lines: the Univer-
sal Soilsand Asphalt Test System and the ServoPress, which

Copyright National Academy of Sciences. All rights reserved.
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isused for quality control in the metal-forming industry. The
Interlaken Simple Performance Test System, shown in Fig-
ure 6, isasmall self-contained unit that includes the actuator
and testing fixture, hydraulic supply, system control electron-
ics, and computer interface in a small bench that is on cast-
ers to provide mobility in the laboratory. The adaptation of
proven reliable technology to the Simple Performance Test
System is one of the reasons that the Interlaken proposal
received high scores from all of the evaluators. In Inter-
laken’s design, the combined pressure and temperature enclo-
sureisautomated using pneumatic cylinderstoraiseand lower
the enclosure and latches to hold it in place during testing.
Heating of the chamber is provided by an electrical resistance
heater inside the enclosure. Cooling uses a heat exchanger
inside the chamber that is cooled by avortex chiller mounted
outside of the enclosure. A small blower is included to pro-
vide circulation within the chamber. The use of an automated,
combined pressure and temperature vessel greatly simplifies
equipment operation.

Interlaken also proposed an automated system for mea-
suring deformations in the dynamic modulus test. The sys-
tem, shown in Figure 7, uses LVDTSs that are mounted on
guide brackets, and the brackets are pressed against the spec-
imen by small pneumatic actuators. This specimen deforma-
tion system combined with the automated enclosure greatly
simplifies specimen installation.

Control of thetest system is provided through Interlaken’s
digital controller and their UniTest software programmed for
the three specific applications. An interesting aspect of the
Interlaken software is the ability to provide access levels to
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different users. Using this, atechnician may be given only
the ability to run an application. The laboratory manager, on
the other hand, would have greater access and might be able
to modify the control or data analysis.

The Interlaken system was selected for the adaptation of
proven technology, user considerations in the design, the
experience building asphalt testing equipment, and cost. The
cost of thefirst-article at $49,900 was at the NCHRP Project
9-29 target of $50,000. It is interesting that Interlaken’s
estimated production unit costs remain within 10 percent of
the first-article costs even for avery large number of units.
This may be the result of cost savings already included in
the first-article from the use of the same platform for the
Simple Performance Test System and other standard prod-
uct lines.

2.2.4.4 Shedworks

Shedworks proposed to provide auser-friendly system that
isan improvement on the equi pment used at the Arizona State
University in Project 9-19. The Shedworks Simple Perfor-
mance Test System is ahydraulic powered unit that is a vari-
ation of their compact, automated rapid triaxia test equip-
ment. The unit, shown in Figure 8, includes two separate
parts: a hydraulic power supply and the simple performance
test equipment. The system is controlled by Industrial Process
Contrals (IPC's) control and dataacquisition system (CDAS2)
that has already been programmed for the three simple per-
formance test applications.

Figure 6. Overview of Interlaken simple performance test system.
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Figure7. Interlaken dynamic modulus test
instrumentation.

The Shedworks Simple Performance Test System includes
a combined pressure and temperature chamber that is auto-
matically lifted and lowered to facilitate installation of the
specimens. The unique concept proposed by Shedworksisto
control the temperature inside the chamber by supplying air
at the required temperature. The system uses a refrigerated
dryer to produce cool dry air that isthen heated to the desired
temperature with aprocess heater controlled by asensor inside
the cell. The use of thermally conditioned air for temperature
control isan interesting concept that simplifiesthe equipment
operation.

The Shedworks specimen deformation measuring system,
shown in Figure 9, is an improvement on the system used in
NCHRP Project 9-19. It uses three LVDTs spaced equally
around the circumference of the specimen. The LVDTs are
held by a unique clip holder that allows rapid attachment of
the LVDTs. Figure 9 shows an LVDT attached to the speci-
men. The holder attaches to small disksthat are glued to the
specimen prior to conditioning them to the test temperature.
The Shedworks Simple Performance Tester includesthedevice
shown in Figure 10 to accurately position the glue-on disks
on the specimen.

The Shedworks system was sel ected for their adaptation of
proven technology, user considerations in their design, and
their experience building asphalt testing equipment, particu-
larly that used by the Arizona State University in Project 9-19
and cost. The cost of the first-article at $39,000 was well
below the NCHRP Project 9-19 budget. The estimated cost

A

iy
-

Figure8. Shedworks simple performance test system.
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Figure9. Shedworks dynamic modulus test
instrumentation.

of production unitsat $25,000 is also well below the NCHRP
Project 9-19 target of $50,000.

2.3 FIRST-ARTICLE EQUIPMENT EVALUATION

The evaluation of the first-article equipment had several
objectives. The first was to assess the specific equipment
procured in Phase Il of the project, make recommendations
concerning the acceptability of this equipment to perform the
specified testing, and evaluate the functionality of the equip-
ment for use in routine laboratory testing. The second objec-
tive was to evaluate the repeatability and reproducibility of
material properties measured with equipment manufactured to
the same specification by two vendors and to compare that
with data from two laboratories. The third objective was to
identify possible revisions to the first-article equi pment spec-
ification that will enhance the functionality of future equip-
ment or reduce variability in measured material properties.
Finally, the fourth objective was to identify possible revisions
to the Project 9-19 Draft Test Protocolsto simplify testing and
reduce variability in measured material properties. To accom-
plish these objectives, the first-article equipment evaluation
included two major components: specification compliance
testing and mixture testing.
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The specification compliance tests were developed to
document that the equipment meets the requirements of the
first-article specifications. The tests were included in the
first-article specification and successful completion of these
tests was a requirement of the purchase orders issued to
Interlaken and Shedworks. The objective of the mixture com-
ponent of the first-article evaluation was to evaluate the
repeatability and reproducibility of material properties mea-
sured with equipment manufactured to the same specifica-
tion by two vendors. Given that this component involved
the preparation and testing of a large number of specimens,
thefunctionality, and to a certain degree, the durability of the
equipment was also evaluated. Finally, this component of
the first-article evaluation provided the opportunity for the
evaluation of the Project 9-19 test protocols by practicing
technicians.

2.3.1 Specification Compliance Testing

Authorization to proceed with fabrication of the Simple
Performance Test System was given to Interlaken and Shed-
works on January 18, 2002. Both systems were completed
and delivered within the specified time frame. The Shed-
works device was completed first and delivered to Advanced
Asphalt Technologies' (AAT’s) laboratory on July 10. The
Interlaken devicewas delivered to the FHWA Turner-Fairbank
Highway Research Center on July 22. Upon delivery, repre-
sentatives of the manufacturers set up the equipment and par-
ticipated in the specification compliance testing, which was
designed to verify that the equipment met the specification
requirements. Table 13 summarizestheitemsincluded in the
specification compliance testing.

The specification compliance testing for the Shedworks
device was performed from July 15 through July 19. The
equipment was found to be in compliance with the specifica
tion. Some minor software issues were noted. Shedworks pro-
vided revised software addressing the software issues before
the start of the evaluation testing in November, 2002.

The specification compliance testing for the Interlaken
devicewasinitially performed from July 23 through July 26.
The equipment failed severa of the specification compli-
ance tests. Table 14 presents a summary of the deficiencies
initially found in the Interlaken equipment. The research
team worked with representatives of |nterlaken throughout
August and early September to resolve these deficiencies.
Representativesfrom Interlaken visited the Turner-Fairbank
Highway Research Center twice during this period to make
substantial changesto the hardware and software. Interlaken
completed resolution of the deficiencies on September 13,
2002, and on September 16 and 17, the research team veri-
fied that the equipment met al of the specification compli-
ance tests.
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Figure 10.

2.3.2 Mixture Testing
2.3.2.1 Experimental Design

Although the first-article simple performance devices are
capable of performing three tests (i.e., dynamic modulus,
flow number, and flow time), only two of these tests were
included in the mixture testing component of the evaluation
because of budget constraints. The dynamic modulus and
flow number were the tests selected for evaluation because
these were the two tests for which criteria differentiating
between good and poor performance were being devel oped
in Project 9-19. Research in Project 9-19 found a good cor-
relation between flow number and flow time, allowing flow
time to be used as a surrogate test for flow number, but the
criteria differentiating between good and poor performance
will be based on the flow number test and the performance of
in-service sections.

Tables 15 and 16 present the experimental design for the
dynamic modulus and flow number tests. Data for the two
simple performance test devices were collected in two labo-
ratories (AAT and FHWA) on two mixtures (9.5 mm and
19.0 mm). Eight independent tests wereincluded in each cell
to provide sufficient replication to evaluate differences in
means and differences in variances between devices, labora-
tories, and testing conditions. The dynamic modul ustestswere

Shedworks glue-on gauge point system.

conducted for three conditions selected to exercise the range
of the equipment capabilities:

+ Unconfined dynamic modulus at 25 °C, arepresentative
condition for evaluating mixtures for fatigue cracking
potential;

+ Unconfined dynamic modulus at 45 °C, arepresentative
condition for evaluating mixtures for rutting potential;
and

+ Confined dynamic modulus at 45 °C, a representative
condition for possibly evaluating open- or gap-graded
mixtures for rutting potential.

Theflow number was evaluated only at 45 °C for unconfined
and confined conditions. The levels of confinement and
deviatoric stress were selected to provide a relatively short
test, fewer than 1000 cycles, and ardlatively long test, greater
than 5000 cycles.

2.3.2.2 Mixtures

Two mixturesthat exhibited different levelsof variagbility in
mechanical properties when tested in NCHRP Project 9-18,
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TABLE 13 Summary of specification compliance tests

Specification

Item Section Method
Assembled Size 4.4 & 4.6 Measure
Specimen and Display Height 4.4 Measure
Component Size 4.7 Measure
Electrical Requirements 45&4.6 Documentation and trial
Air Supply Requirements 4.8 Documentation and trial
Limit Protection 4.9 Documentation and trial
Emergency Stop 4.10 Documentation, visual inspection, trial
Loading Machine Capacity 5.1 Independent force verification
Load Control Capability 52-54 Trial tests on asphalt specimens and manufacturer provided dynamic

verification device.

Platen Configuration 5.5 Visual
Platen Hardness 6.1 Test ASTM E10
Platen Dimensions 6.2 Measure
Platen Smoothness 6.3 Measure
Load Cell Range 7.1 Load cell data plate
Load Accuracy 72 Independent force verification
Load Resolution 7.3 Independent force verification
Configuration of Deflection Measuring | 8.1 Visual
System
Transducer Range 8.2 Independent deflection verification
Transducer Resolution 8.3 Independent deflection verification
Transducer Accuracy 8.4 Independent deflection verification
Load Mechanism Compliance and 8.5 Measure on steel specimens with various degrees of lack of
Bending parallelism
Configuration of Specimen 9.1 Visual
Deformation Measuring System
Gauge Length of Specimen 9.1 Measure
Deformation Measuring System
Transducer Range 9.2 Independent deflection verification
Transducer Resolution 9.3 Independent deflection verification
Transducer Accuracy 9.4 Independent deflection verification
Specimen Deformation System 9.5 Trial
Complexity
Confining Pressure Range 10.1 & 10.5 Independent pressure verification
Confining Pressure Control 10.2 Trial tests on asphalt specimens
Confining Pressure System 103 & 10.4 Visual
Configuration
Confining Pressure Resolution and 10.5 Independent pressure verification
Accuracy
Temperature Sensor 106&11.4 Independent temperature verification
Specimen Installation and 95,10.7& Trial
Equilibration Time 113
Environmental Chamber Range and 11.1 Independent temperature verification
Control
Control System and Software 12 Trial
Data Analysis 13 Independent computations on trial test
Initial Calibration and Dynamic 14 Certification and independent verification
Performance Verification
Calibration Mode 14.6 Trial
Verification of Normal Operation 15 Review
Procedures and Equipment
On-line Documentation 16.1 Trial
Reference Manual 16.2 Review
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“Field Shear Test for Hot-Mix Asphalt,” were used intheeval -
uation testing. The first was a 9.5 mm mixture with low vari-
ability, having a shear modulus coefficient of variation of
approximately 5 percent when tested in NCHRP Project 9-18
(13). The second wasa 19.0 mm mixture that had ashear mod-
ulus coefficient of variation of approximately 17 percent (13).

Volumetric properties for the mixtures are provided in Table
17. Both are coarse-graded Superpave mixtures. The 9.5 mm
mixture was made with limestone coarse and fine aggregates.
Granite aggregates were used in the 19.0 mm mixtures. Both
mixtureswere madewith the same PG 64-22 binder. AASHTO
M320 properties for the binder are summarized in Table 18.
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TABLE 14 Summary of initial specification test deficienciesfor the

I nterlaken equipment

Item Section

Deficiency

Electrical and Pressure 4.0

Documentation

Label plates documenting electrical and
pressure requirements not provided.

Compression Loading 5.0

Machine

The proposed system provides only the parallel
platen arrangement. A ball or swivel joint is
require for the Dynamic Modulus Test

Specimen Deformation 9.0

Measuring System

The proposed system does not always attach
properly to asphalt specimens. Transducers
often went out of range due to slippage during
the attachment process.

Confining Pressure System 10.0

Installation of the specimen membrane is
difficult. There is not enough space behind the
specimen to install the membrane and the
technician can not see the membrane to ensure
proper seal. This combined with slow
temperature response results in equipment
exceeding 3 minute specimen installation
requirement.

Environmental Chamber 11.0

1.

The environmental chamber was not able
to return to the specified temperature
within 3 minutes over the complete

range of 20 to 60 °C.

The temperature sensor was not mounted
within 25 mm of the test specimen. During
the specification compliance testing, it was
bent to meet the specification

Flow Time Test Control and | 12.3

Data Acquisition

Unable to demonstrate that this test could be
performed as described. Deficiencies that
were noted included failure to zero strain at the
start of the test and improper computation of
creep rate.

Flow Number Test Control 12.4

and Data Acquisition

Unable to demonstrate that this test could be
performed as described.

Calibration and Verification | 14.0

of Dynamic Performance

Certificate of calibration not provided.

Unable to verify dynamic performance. Errors
may be associated with non-linearity in the
verification device.

Documentation

Operations manual that was provided is
incomplete. It does not address all items listed
in Section 16.2.

2.3.2.3 Laboratory Methods

Preparation and testing of the simple performance tests
specimens was performed in accordance with the Project 9-19
test protocols (1). Appendix B provides a detailed descrip-
tion of the laboratory methods.

The simple performance test specimens were prepared to
atarget air void content of 4.0 percent. First 150-mm diam-

eter by 165-mm high gyratory specimens were prepared to
air void contents of approximately 5.5 percent. From these,
100-mm diameter by 150-mm high specimenswere cored and
sawed using the portable core drilling machine shown in Fig-
ure 11 and the double-bladed saw shownin Figure 12. All cor-
ing and sawing was done using water to cool the cutting tools.

After dl cutting was complete, the bulk specific gravity of
the finished specimen was determined in accordance with

TABLE 15 Experimental design for dynamic modulustesting

Dynamic Modulus and Phase Angle
Device Lab Mix Unconfined, 25 °C [Unconfined, 45 °C|Confined, 45 °C
Interlaken |AAT 9.5 mm 8 8 8
19.0 mm 8 8 8
FHWA [9.5 mm 8 8 8
19.0 mm 8 8 8
Shedworks |AAT 9.5 mm 8 8 8
19.0 mm 8 8 8
FHWA [9.5 mm 8 8 8
19.0 mm 8 8 8
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TABLE 16 Experimental design for flow number testing

Flow Number
Device Lab Mix Unconfined, 45 °C (Confined, 45°C
Interlaken |AAT 9.5 mm 8 8
19.0 mm 8 8
FHWA |9.5 mm 8 8
19.0 mm 8 8
Shedworks |AAT 9.5 mm 8 8
19.0 mm 8 8
FHWA (9.5 mm 8 8
19.0 mm 8 8

AASHTO T166 by first measuring the immersed mass, then
the saturated surface dry mass, and finally the dry mass. The
coreswere measured for compliance with the NCHRP Project
9-29 specimen tolerances, which are summarized in Table 19.

The dynamic modulus and flow number tests were per-
formed with the simple performance test devices in accor-
dance with the Project 9-19 test protocols (1). Test specimens
were conditioned in aseparate environmental chamber prior to
testing. Dummy specimens with thermocouples were used to
ensure that the test specimens were within the specified 0.5 °C
tolerance of the target test temperature. The test chamber of
the simple performance test device was also equilibrated to
the target testing temperature. Once the specimens and the
test chamber reached the target temperature, the specimens
were removed from the separate environmental chamber,
placed in the test chamber, and instrumented if required. The
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test chamber was then closed and allowed to equilibrate to
the test temperature before the testing began.

Thethree dynamic modulustests, 25 °C unconfined, 45 °C
confined, and 45 °C unconfined, were performed on the same
test specimen. For each condition, dynamic moduli and phase
angleswere measured at frequencies of 25, 10, 5, 1, 0.5, and
0.1 Hz. Stress levels were varied automatically by the sim-
ple performance testers to achieve a target strain level of
100 ustrain. A confining pressure of 138 kPawas used in the
confined testing. Separate test specimens were used for each
of the flow timetests. Table 20 summarizesthe confining and
deviatoric stresses used in the flow number testing for the
two mixtures.

The evaluation testing program required fabrication and
testing of 192 specimens. Sample fabrication and testing
were split into two phases, as shown in Table 21. In thefirst
phase, the Interlaken equipment was operated in the FHWA
laboratory and the Shedworks equipment was operated in
AAT’s laboratory. In the second phase, the location of the
equipment was switched. Each phase was divided into two
blocks, and all of the testing for a given block in both labo-
ratorieswas compl eted before the next block began. To alow
reasonabl e productivity during specimen fabrication, the over-
height gyratory specimenswere fabricated on aregular sched-
ule of four specimens per day. To minimize aging of the test
specimens, the simple performance test specimenswere sawed
and cored from the over-height gyratory specimens when

TABLE 17 Volumetric properties of evaluation mixtures

Property 9.5 mm 19.0 mm
Ndesign 65 96
Coarse Aggregate Angularity 100/100 100/100
One Face/ Two Face
Fine Aggregate Angularity 45.0 52.1
Flat & Elongated, % 1.6 1.9
(Ratio5: 1)
Sand Equivalent, % 83 80
Binder Content, % 6.2% 4.4%
Gyratory Compaction, % Gmm
Nini 85.2% 85.9%
Nies 96.0% 95.8%
Ninax 97.8% 97.2%
Voids in Mineral Aggregate (VMA), % 17.2 14.5
Voids in Total Mixture (VIM), % 4.0 4.2
Voids Filled with Asphalt (VFA), % 76.7 71.0
Fines to Effective Binder Ratio (F/A) 1.2 1.1
Gradation, % passing
Sieve Size, mm
375 100 100
25 100 100
19 100 94
12.5 100 73
9.5 97 52
4.75 62 33
2.36 42 24
1.18 27 17
0.6 18 14
0.3 11 10
0.15 8 6
0.075 6.8 3.6
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TABLE 18 Binder propertiesfor evaluation mixtures

Condition Test Method Result
Specific Gravity at 25 °C AASHTO T228 1.032
Unaged Asphalt Viscosity at 135 °C ASTM D4402 0.38 Pa's
G*/sind at 10 rad/sec, 64 °C AASHTO T515 1.58 kPa
RTFO Aged Residue Mass Change, % AASHTO T240 -0.32
G*/sin$, at 10 rad/sec, 64 °C AASHTO T315 5.27 kPa
G*sind, at 10 rad/sec, 25 °C AASHTO T315 2800 kPa
PAV Aged Residue Creep Stiffness, at 60 sec, -12 °C AASHTO T313 138 MPa
m-value at 60 sec, -12 °C AASHTO T313 0.331

needed. All of the simple performance test specimens for a
specific mixture for ablock were cored, sawed, and measured
at the same time. They were then distributed to the two labo-
ratories based on their air void contents to obtain approxi-
mately the same average and range of air void contents.

2.3.3 Statistical Analysis

2.3.3.1 General

This section presents key findings from the statistical
analysis of the mixture testing component of the first-article
evaluation. The data collected during the first-article evalua-

Figure 11.

Portable core drilling machine and stand.

tion are presented in Appendix C. The primary objectives of
the statistical analysis were as follows:

1. Toevaluate the general overall quality and reasonable-
ness of the data generated with the two devices under
different conditions;

2. To evaluate the variability in the data and what differ-
ences in variability occur with different devices and
test conditions; and

3. Toevduate significant differencesin the mean response
produced using the devices under different conditions.

The dynamic modulus and flow number experimental
designs presented earlier represent analysis of variance exper-
iments with four factors:

» Device(Twolevels: Shedworks(IPC), Interlaken (ITC));

» Laboratory (Two levels: AAT and Federal Highway
Administration (FHWA));

* Mixture (Two levels: 9.5-mm and 19-mm); and

+ Test conditions (Dynamic modulus test, three levels:
25 °C unconfined, 45 °C unconfined, and 45 °C confined)
(Flow number test, two levels: 45 °C unconfined and
45 °C confined)

Because it iswell known that changes in temperature and
confinement will produce substantial changesin the mechan-
ical properties of asphalt concrete and because changes in
temperature and confinement probably produce differences
invariancethat might render astatistical analysisinvalid, the
analysis was performed separately for each test condition.
Thus, the experiment design for practical purposes involved
afull 22 factorial, that is, an analysis of variance including
threefactors(i.e., device, laboratory, and mixture), each at two
levels. Because one of the primary purposes of these experi-
ments was to evaluate and compare the variances among the
different factors, a large number of replicates was tested—
eight for each cell. Thus each of the experiments included 64
independent measurements.

As will be seen in the following discussion, there were
many cases where statistically significant differences in
standard deviation occurred, depending on the specific test
conditions. For thisreason, analysis of variance techniques
were not used in the analysis. This did not severely handi-
cap the results, because the abjectives of the analysis could
just as easily be achieved by a combination of simple com-


http://www.nap.edu/21954

Simple Performance Tester for Superpave Mix Design: First-Article Development and Evaluation

25

LA o

Figure12. Double-bladed saw.

parisons between standard deviations and mean response
values.

siswas not performed at each frequency. Only the datafrom
the 10, 1, and 0.1 Hz frequencies were included in the analy-
sis. Theanalysis proceeded in the following order. First, var-
ious plots were constructed to observe general trends in the

2.3.3.2 Dynamic Modulus

Each test in the dynamic modulus experiment included a
frequency sweep using six frequencies: 25, 10, 5, 1, 0.5, and
0.1 Hz. Given that the responses at different frequenciestend

modulus and phase angle data. Second, adetailed analysis of
the equality of variances between the various cells of the
experiment was performed. This second step was critical to
the selection of appropriate methods to evaluate differences
in mean response. The third step was an analysis of differ-

to be similar and closely related, arigorous statistical analy- ences in mean response for the two devices and laboratories.

TABLE 19 Project 9-29 specimen dimension tolerances

Ttem Specification Remarks
Average Diameter 100 mm to 104 mm

Standard Deviation of Diameter 1.0 mm See note 1
Height 147.5 mm to 152.5 mm

End Flatness 0.3 mm See note 2
End Parallelism 1 degree See note 3

Notes:

1. Measure the diameter at the center and third points of the test specimen along axes that
are 90 degrees apart. Record each of the six measurements to the nearest 1 mm.
Calculate the average and the standard deviation of the six measurements. The
standard deviation shall be less than 1.0 mm. The average diameter, reported to the
nearest 1 mm, shall be used in all material property calculations.

2. Check this requirement using a straight edge and feeler gauges.

3. Check this requirement using a machinist’s square and feeler gauges.

TABLE 20 Flow number test conditions

Mixture Condition Deviatoric Stress, kPa | Confining Pressure, kPa
9.5 mm | Unconfined 400 0
9.5mm | Confined 600 20
19.0 mm | Unconfined 600 0
19.0 mm | Confined 900 20

Copyright National Academy of Sciences. All rights reserved.
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TABLE 21 Evaluation testing program

Dynamic Modulus Flow Number
25°C 45°C 45 °C 45 °C 45 °C
Phase | Block | Device Lab Mix Unconfined Confined | Unconfined | Unconfined | Confined
1 1 Interlaken | AAT 9.5 mm 4 4 4
19.0 mm 4 4 4
Shedworks { FHWA 9.5 mm 4 4 4
19.0 mm 4 4 4
2 Interlaken | AAT 9.5 mm 4 4 4
19.0 mm 4 4 4
Shedworks | FHWA 9.5 mm 4 4 4
19.0 mm 4 4 4
2 1 Shedworks | AAT 9.5 mm 4 4 4
19.0 mm 4 4 4
Interlaken | FHWA 9.5 mm 4 4 4
19.0 mm 4 4 4
2 Shedworks | AAT 9.5 mm 4 4 4
19.0 mm 4 4 4
Interlaken | FHWA 9.5 mm 4 4 4
19.0 mm 4 4 4
Total 64 128

Thefina stepwasan analysisof quality statisticsfromthetests
to determine overal levels of variability for the dynamic mod-
ulustest and to recommend limits for the quality indicators to
be included in the test protocol. The sections that follow pre-
sent and discuss pertinent findings from these four analyses.

2.3.3.2.1 General Trends. Figures 13 and 14 show the
relationship between dynamic modulus (|E* |) data generated
using the two devices and at the two laboratories, respec-
tively. Notethat at intermediate- to high-modulus values, the
two devices appear to agree closely, athough at lower mod-
ulus values, the Interlaken device seems to produce higher
valuesfor |E*|. Modulus data generated at AAT and FHWA
appear to be similar, regardless of the mixture stiffness (see

Figure 14). Given that both devices were calibrated to the
same standards before testing, and the same testing protocol
was used in both laboratories, the likely cause of the differ-
encesin |E*| shown in Figure 13 isthe specimen deformation
measuring system. Recall, the Interlaken device has an auto-
mated extensometer system that usesair actuatorsto hold the
deformation measuring system against the specimen. The
Shedworks device uses a refined glued-on gauge point sys-
tem similar to that used in the original Project 9-19 research.
As discussed later, additional statistical analyses were per-
formed to determineif the discrepancy shownin Figure 13is
statistically significant.

Figure 15 shows a comparison of phase angle values gen-
erated using the two simple performance test devices. Note

10000
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Figure13. Comparison of dynamic modulus values generated
using the Interlaken (ITC) and Shedworks (IPC) simple
performance test devices (dashed line representsfit, solid line

equality).
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Figure14. Comparison of complex modulus values generated
at FHWA and at AAT using the two simple performance test
devices (dashed line representsfit, solid line equality).
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Figure15. Comparison of phase angle values generated by the
Interlaken (ITC) and Shedworks (IPC) simple performance test
devices (dashed line representsfit, solid line equality).

that, aswith modulus, the rel ationship appearsto deviate from
equality, though the statistical significance of the deviation
cannot be judged from this figure. In general, the Interlaken
device appearsto generate somewhat |ower phase anglesthan
the Shedworks device at high phase angles, corresponding to
low modulus values. This difference is consistent with that
observed for |E*|, where the Interlaken device produced
higher modulus values than the Shedworks device for low
mixture stiffness values.

Figure 16 shows 95-percent confidence limitsfor the stan-
dard deviation of |E*| for the 25 °C testsfor 24 combinations
of laboratory, device, mixture, and frequency. These are not
joint confidence limits, but single confidence limits calcu-
lated using n = 7 degrees of freedom and a = 0.05—that is
assuming a 5-percent risk of failure to capture the true value
for the standard deviation (14). It is clear in this figure that
the standard deviation decreases significantly with decreas-
ing frequency. However, it should be remembered that |E*|

also decreases with frequency, so that the variability relative
tothemodulusvalueisprobably relatively constant. To eval-
uate the change in variance relative to modulus value, the
confidence limits were converted to confidence limitsin coef-
ficient of variation (C.V.), by expressing them as a percent-
age of the measured |E*| value, and plotted in Figure 17. The
variability expressed in these terms appears independent of
frequency. It is difficult to evaluate other aspects of the
changesin variability with test conditionsfrom thesefigures,
though it appears that the overal level of variability isrela
tively low for measurements of mixture modulus.

In summary, the general trends in the dynamic modulus
data show that the modulus and phase angle data generated
by the two devices at the two |aboratories appear reasonable
and arein general agreement. The Interlaken device appears
to produce higher |E* | values and lower phase anglesthan the
Shedworks device for low stiffness conditions. The overall
variability of the dynamic modulus data produced with both
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Figure16. 95% confidence limits for |E*| standard deviation at 25 °C, unconfined.

simple performance devicesisreasonable, with coefficients of
variation for various conditions ranging from 5 to 15 percent.

2.3.3.2.2 Detailed Analysis of Variability. Experiments
of thetype performed in this project are often analyzed using
analysis of variance techniques. One of the assumptions in

analysis of variance isthat the variances for the different fac-
tors are the same (14). To eva uate this assumption and poten-
tial differences in variability between the two first-article
devices, adetailed analysis of the equality of the variancesin
the cells of the experiment was performed. Two statistical
tests were used to evaluate the equality of variances. In the
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Figure 17. 95% confidence limits for [E*| coefficient of variation at 25 °C, unconfined.
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cases where two variances were compared, such as compar-
ing thevariability of the Interlaken deviceto that of the Shed-
works device, an F-test was used. The F-test was performed
asfollows (14):

Ho: 0,2 0,
H. 0, <0,

If F(o; n, — 1, n, — 1) < s3/s3, conclude H,, otherwise con-
clude H,

where F is the value of the F-test statistic for the specified
value of a and degrees of freedom, n; isthe number of obser-
vations, s isthe sample standard deviation, and o isthe prob-
ability of incorrectly concluding that one standard deviation
islarger than the other.

In other cases, an analysis of the equivalence of more than
two variances was desired, an example being a check on the
equality of variances for data collected in both laboratories
with both devices for the 9.5 mm mixture. For these cases,
all standard deviations can be compared simultaneously
using the Hartley test (14):

Ho:0.=0,=0;=0,
H.: not al o; al equal

If H(1 - a; r, n = 1) = max(s?)/min(s?), conclude Hy, other-
wise conclude H,

29

where H isthe Hartley test statistic, and r isthe total number
of sample standard deviations being compared.

To evauate the variability in the data generated at the two
laboratories thoroughly using the two devices, both the Hartley
test for equality of standard deviations and F-tests for com-
paring standard deviations (between devices and between lab-
oratories) were performed for combinations of major factors:
temperature/confinement, frequency (10 Hz and 0.1 Hz), and
mixture. Theresultsfor comparisons of the standard deviation
of |E*| are summarized in Table 22. Vaues in boldface type
are considered to show significant differences. These cases
have a probability of incorrectly concluding that the standard
deviation for one condition tested is greater than the others
(a) lessthan or equa to 0.10. Out of the total of 12 cases, the
Hartley test indicates that the standard deviations are not al
equal in 3 cases. There does not appear to be any pattern to
those situations exhibiting unequal standard deviations.

Using the F-test to compare standard deviations between
devices, in 4 out of the 12 casesthe Interlaken device exhibits
alarger value than the Shedworks device. In three cases, the
reverseistrue. In comparing the standard deviations between
the two laboratories, in only one case does one of the labora-
toriesexhibit significantly greater variability than the other—
for the 9.5-mm mixture at 45 °C (confined) and 0.1 Hz, data
produced by the FHWA shows greater variability than that
produced by AAT.

The corresponding summary of comparisons of standard
deviations for phase angleis shown in Table 23. In this case,
the Hartley test shows unequal standard deviationsin 5 of the
12 cases. In comparing devices, the Interlaken device exhibits
greater standard deviation valuesin 7 of 12 cases, while the

TABLE 22 Summary of statistical testsfor comparison of modulus standard deviations

F-Test Comparing Standard | F-Test Comparing Standard
Hartley Test for Equality of All Standard Deviations Deviations for Devices Deviations for Laboratories
Ratio of Device Ratio of

Maximum /| Conclude | Ratio of with AAT/ | Lab with

Test Minimum s*| Std. Devs. |IPC/ITC| Greater FHWA s’ | Greater
Conditions | Freq. Mix Values |Not Equal?’| s* Values | Std. Dev. | Prob. Values | Std. Dev. | Prob.}

Hz

25°C/Unc) 10 9.5-mm 6.20 NO 0.19 ITC 0.002 1.01 - 0.496
25°C/Unc{ 10 19-mm 11.45 YES 0.19 ITC 0.002 0.85 - 0.379
25 °C/Une,| 0.1 | 9.5-mm 3.25 NO 0.49 ITC 0.096 1.09 -- 0.438
25 °C/Unc, 0.1 19-mm 4.47 NO 1.23 - 0.350 0.51 -- 0.113
45°C/Unc{ 10 9.5-mm 5.30 NO 2.28 IPC 0.067 0.62 - 0.192
45°C/Une| 10 19-mm 2.89 NO 0.86 --- 0.390 0.86 - 0.393
45 °C/Unc,| 0.1 | 9.5-mm 1.81 NO 1.16 - 0.395 0.73 - 0.281
45 °C/Unc,| 0.1 19-mm 12.48 YES 0.24 ITC 0.005 0.84 -—- 0.371
45°C/Con 10 9.5-mm 1.47 NO 1.13 - 0.411 0.85 - 0.381
45°C/Con 10 19-mm 231 NO 0.97 --- 0.477 0.68 - 0.243
45 °C/Con,| 0.1 | 9.5-mm 8.62 YES 2.29 IPC 0.067 0.32 FHWA | 0.022
45 °C/Con, 0.1 19-mm 4.25 NO 2.54 IPC 0.046 1.65 - 0.178

"Hartley Test: if Max / Min s® value > 8.44, conclude all standard deviations not equal.
“Probability of incorrectly concluding that one device has a larger standard deviation than the other ().
*Probability of incorrectly concluding that one laboratory has a larger standard deviation than the other (a).
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TABLE 23 Summary of statistical testsfor comparison of phase angle variance values

F-Test Comparing Standard F-Test Comparing Standard
Hartley Test for Equality of All Standard Deviations Deviations for Devices Deviations for Laboratories
Ratio of Device Ratio of
Maximum /| Conclude | Ratio of with AAT/ Lab with
Test Minimum s*| Std. Devs. |IPC/ITC| Greater FHWA s’ | Greater
Conditions | Freq. Mix Values |Not Equal?’|s” Values | Std. Dev. | Prob. Values | Std. Dev. | Prob.’
Hz
25°C/Unc) 10 9.5-mm 11.52 YES 0.19 ITC 0.002 0.90 --- | 0.423
25°C/Unc) 10 19-mm 23.27 YES 0.18 ITC 0.001 0.81 --- | 0350
25 °C/Unc, 0.1 | 9.5-mm 5.25 NO 0.33 ITC 0.022 0.91 --- | 0.429
25 °C/Unc, 0.1 19-mm 6.87 NO 0.22 ITC 0.004 0.94 -- | 0455
45°C/Unc| 10 9.5-mm 3.02 NO 1.65 - | 0.179 0.56 - | 0.145
45°C/Unc{ 10 19-mm 40.03 YES 0.10 ITC 0.000 0.91 --- | 0431
45 °C/Une,| 0.1 | 9.5-mm 2.57 NO 0.45 ITC 0.072 0.98 --- | 0487
45 °C/Une, 0.1 19-mm 18.05 YES 0.14 ITC 0.000 0.88 - | 0411
45°C/Con, 10 9.5-mm 6.31 NO 1.38 -- | 0277 1.25 - | 0340
45°C/Con{ 10 19-mm 4.59 NO 2.75 IPC 0.034 0.60 --- | 0.177
45 °C/Con, 0.1 9.5-mm 17.66 YES 7.18 IPC 0.000 0.20 FIIWA 0.002
45 °C/Con, 0.1 19-mm 4.67 NO 3.41 IPC 0.014 0.63 - | 0.197

'Hartley Test: if Max / Min s* values > 8.44, conclude all standard deviations not equal.
*Probability of incorrectly concluding that one device has a larger standard deviation than the other ().
*Probability of incorrectly concluding that one laboratory has a larger standard deviation than the other ().

Shedworks device exhibits greater standard deviation values
in 3 of 12 cases—all at 45 °C, confined. Aswith modulus, in
only one case does one of the laboratories exhibit a greater
standard deviation than the other, and it is again FHWA.
The primary reason for including both a9.5-mm aggregate
gradation and a 19-mm aggregate gradation wasthat the vari-
ability for these mixtures was expected to be different. In
general, most paving engineers and technicians believe that

mixtures with larger nominal maximum aggregate sizes are
more difficult to work with and will exhibit more variability
intheresults of mechanical property tests. Table 24 isasum-
mary of comparisons between standard deviations for mix-
tures made with the two aggregate types. For modulus val-
ues, the 19-mm mixture appearsto exhibit greater variability,
with alarger standard deviation in 10 of 12 cases. However,
the modulus values for the 19-mm mixture are somewhat

TABLE 24 Summary of statistical testsfor comparison of modulus and phase angle variability between

aggregate types
F-Test Comparing Standard |F-Test Comparing Coefficient| F-Test Comparing Standard
Deviations for Modulus of Variation for Modulus' Deviations for Phase Angle
Ratio of
Ratio of |Aggregate 19-mm / | Aggregate Ratio of | Aggregate
19-mm / with 9.5-mm with 19-mm/ with
Test 9.5-mms’| Greater cv? Greater 9.5-mms’| Greater
Conditions | Freq. | Device | Values | Std. Dev. | Prob. | Values C.V. Prob. | Values | Std.Dev. | Prob.
Hz
25°C/Unc| 10 1PC 5.07 19 mm 0.002 2.20 19 mm 0.076 1.33 --- 0.300
25°C/Unc| 10 ITC 5.04 19 mm 0.002 2.16 19 mm 0.081 1.44 --- 0.252
25 °C/Unc,| 0.1 IPC 6.18 19 mm 0.001 1.63 - 0.186 0.89 -—- 0414
25 °C/Unc, 0.1 ITC 2.45 19 mm 0.053 0.81 - 0.350 1.32 - 0.307
45°C/Unc| 10 1PC 3.44 19 mm 0.014 0.96 - 0.468 0.42 9.5mm | 0.059
45°C/Unc| 10 ITC 9.13 19 mm 0.000 2.70 19 mm 0.036 7.31 19 mm 0.000
45 °C/Unc,| 0.1 IPC 3.44 19 mm 0.014 0.72 - 0.272 1.12 - 0.420
45 °C/Unc,| 0.1 ITC 16.90 19 mm 0.000 6.43 19 mm 0.001 3.60 19 mm 0.011
45°C/Con 10 IPC 2.54 19 mm 0.046 0.87 - 0.402 1.52 --- 0.221
45°C/Con 10 ITC 2.96 19 mm 0.026 1.07 - 0.452 0.77 -—- 0.312
45 °C/Con,| 0.1 IPC 0.80 -— 0.340 0.28 9.5mm | 0.011 0.45 9.5mm | 0.076
45 °C/Con,| 0.1 ITC 0.72 --- 0272 0.42 9.5mm | 0.060 0.96 --- 0.469

! Approximate test treating coefficient of variation (C.V.) as a standard deviation.
*Probability of incorrectly concluding that one mixture has a larger standard deviation than the other ().
*Probability of incorrectly concluding that one mixture has a larger coefficient of variation than the other ().
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higher than for the 9.5-mm mixture; and, for thistype of mea
surement, variability tends to increase with higher values of
modulus. Therefore, coefficient of variation (C.V.) is a bet-
ter indicator of variability. Unfortunately, strict statistical tests
cannot be constructed using C.V. However, an approximate
test can be constructed using C.V. in place of standard devia-
tion. The results of the approximate F-testsusing C.V. isaso
included in Table 24. In this case, the 19-mm mixture exhibits
greater variability in only 4 of 12 cases, and the 9.5-mm shows
greater variability in 1 case. It appears that, once adjusted for
differences in mean response, the variability in modulus val-
uesfor thetwo mixturesissimilar. The resultsfor phase angle
agree better with the results of the approximate C.V. F-tests.
In 2 of 12 cases, the 19-mm mixture does exhibit greater vari-
ability, while in 2 of 12 cases, the 9.5-mm mixture exhibits
greater variability. It appearsthat the two mixtures, in general,
exhibited similar levels of variability. Care should betakenin
generalizing these results, asthis series of testsinvolved only
two different aggregates. It is also possible that in other situ-
ations, with less careful control over conditions and specimen
preparation, the 19-mm mixture would have shown greater
variability than the 9.5-mm mixture.

The detailed analysis of variability resulted in several per-
tinent findings. These are summarized and discussed below:

1. There are significant differences in variance of the
dynamic modulus and phase angle for the factor and
treatment levels in the experiment; therefore, analysis
of variance techniques cannot be used to analyze dif-
ferences in mean response.

2. Thevariahility in the dynamic modulus and phase angle
data for the 9.5 mm and 19.0 mm mixturesis similar.
This was an unexpected finding given that these mix-
tures were selected because they exhibited large dif-
ferences in variability during previous shear modulus
testing.

3. Thevariability in datagenerated in thetwo laboratories
issimilar. Thisfinding is probably the result of the pro-
tocol used inthelaboratory testing. First, al specimens
were fabricated at AAT, then distributed to the two
laboratories to have the same average and range of air
voids. Second, the same temperature conditioning meth-
ods were used in both laboratories. Specimens to be
tested on a particular day were conditioned with a
dummy specimen in a separate environmental cham-
ber. Once the specimens and the device reached thetest
temperature, the specimen to be tested was removed
and quickly inserted into the test chamber. The test
chamber was closed and allowed to return to equilib-
rium before testing proceeded.

4. The variability in data generated with the Interlaken
device is higher than that generated with the Shed-
works device for unconfined tests. However, the vari-
ability for data generated with the Shedworks deviceis
higher for confined tests. Thisfinding can berationally
explained considering the configuration of the defor-
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mation measuring systems. Asdiscussed in alater sec-
tion of this report dealing with functional characteris-
tics, the Interlaken extensometer system requires further
refinement. Often the system had to be re-seated sev-
eral times to obtain acceptable contact with the speci-
men. Thus, the higher variability for the Interlaken
device for unconfined tests is probably due to slip or
uncontrolled movement of the extensometer contact. In
confined tests, the rubber membrane apparently pro-
vides a better, more stable contact. For confined testing
with the Shedworks device, the membrane is sand-
wiched between the LVDT bracket and the glued-on
contact point. The bracket is held in place with ascrew
that is tightened before confining pressure is applied.
When confining pressureisapplied, the membrane gets
thinner as it stretches over the contact point, allowing
the LVDT bracket to loosen. Gresater variability in the
test data, compared with that collected for unconfined
testing when the membrane is not between the bracket
and the contact would be expected.

2.3.3.2.3 Detailed Analysisof Mean Response. Analysis
of variance is often used to analyze the significance of differ-
encesin meansin thetype of experiment used here. However,
as discussed previoudly, analysis of variance assumes equal-
ity of means in the various cells being analyzed, which is
clearly not the casefor the dynamic modulusdata. An approx-
imate test of equality between two means can be made, even
with somewhat unequal standard deviations. Because the
sample sizesin all cases are equal (n = 8), the common stan-
dard deviation for comparing means can be estimated using
the following Equation 8 (14):

_ +s1, 10
VO 2 Oyl ®)

SpirF

where s; and s, represent the standard deviations for the two
measurements, and ny, n, isthe sample sizefor each case. For
this experiment, n, = n, = 8; therefore, there are 14 degrees
of freedom associated with the comparison of two mean val-
ues. Thisislarge enough to provide a very good estimate of
the standard deviation, so that a normal distribution may be
used in making the statistical test rather than thet-distribution
used for small sample sizes. Then, the significance level, or
chance of incorrectly concluding that the mean of one mea
surement is greater than the other, is given by Equation 9:

N(a) = (‘E*‘l_‘g*‘z)/smw ©

where N(a) represents the z-value at which thereis only a
chance, a, that it will be exceeded. Thisapproximatetest was
conducted, comparing both mean values as determined using
each device (averaged across laboratory) and as measured at
each laboratory (averaged acrossdevice). Theresultsfor |E*|
are shown graphically in Figure 18 for comparison between

Copyright National Academy of Sciences. All rights reserved.
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Figure18. Satistically significant (p = 0.10) differencesin
modulus measurement for comparisons between devices, as a

percent of mean value.

laboratories and Figure 19 for comparisons between devices.
In these figures, only differences which are statistically sig-
nificant (o = 0.10) are plotted.

In comparing devices, 8 out of 12 comparisons were signif-
icant (o = 0.10); in comparing laboratories, 10 out of 12 com-
parisons were significant. Furthermore, it was found that the
magnitude of the difference between laboratories appeared to
depend on the mix type. For the 9.5-mm mixture, signifi-
cantly higher modulus values were measured at the FHWA
[aboratory, while for the 19-mm mixture, higher valueswere
measured at the AAT laboratory, though the difference in
this case was not as great. The difference in |E*| as deter-
mined using the two devices, on the other hand, appears to
be independent of aggregate type. In this case, the Interlaken
device measures higher modulus va ues, the difference becom-
ing larger at lower modulus values.

20

The corresponding plot for comparison of mean phase
angle values is shown in Figures 20 and 21. In these cases,
the patterns are not as pronounced. For the comparison of
phase angles measured by the two devices, 10 of 12 cases
exhibited significant differences, with the ITC device gen-
erally producing lower phase angle values, by as much as
6 degrees. For comparison of phase angles measured at the
two laboratories, 8 of 12 showed significant differences; and,
in each of these cases, the difference was lessthan 2 degrees.

A second approach to comparing data from the two
devicesinvolvesthe use of regression in combination of con-
fidenceintervals. This provides a genera evaluation of equal-
ity, useful for evaluating biasin the data. The |E*| data were
evaluated in this manner for three conditions: 25 °C uncon-
fined, 45 °C unconfined, and 45 °C confined. In Figure 22,
the log of |E*| at 25 °C as measured using the Interlaken
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Figure19. Satistically significant (p = 0.10) differencesin
modulus measurement for comparisons between laboratories, asa

percent of mean value.
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Figure20. Satistically significant (p = 0.10) differencesin phase
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Figure22. Regression of log |E*|/ITC device as a function of

log |E*|/1PC device, 25 °C data only, with 95% confidence
interval for the regression and line of equality.
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deviceisshown asafunction of log |E*| at 25 °C as measured
using the Shedworks device. A log transformation was used
to provide a better distribution of residuals. This plot includes
the 95-percent confidence interval for the regression rela-
tionship and the line of equality. In this case, the regression
line appears to run paralel and quite close to the line of
equality, but the confidence interval for the regression line
doesnot quite capturetheline of equality. Therefore, it appears
that at 25 °C, modulus values measured using the Interlaken
device are dightly greater than those measured using the
Shedworks device. This bias, though consistent, is not large.

Figure 23 shows the relationship between |E*| measured
with the two devices for the 45 °C unconfined data only. In
this case, the line of equality is not parallel to the regression
line—instead, it falls below the regression line at low modu-
luslevelsand falls aboveit at high modulus values. As mod-
ulus values decrease, the values measured by the Interlaken
device become larger relative to those measured using the
Shedworks device.

Figure 24 shows the relationship between |E*| measured
with the two devices at 45 °C, but for confined data. In this

case, the 95-percent confidence interval appearsto capturethe
line of equality over most of thedatarange. Aswith theuncon-
fined data, there is much more scatter than in the 25 °C uncon-
fined data, which is probably due to the overall low modulus
values and relatively low applied stress levels. Despite the
higher noise, it appearsthat, inthis case, thetrendsin the data
are similar to those observed in the 25 °C unconfined data

To compare overall trends in modulus measurements for
the two devices, Figure 25 was constructed, which showsthe
relationship between modulus values measured with both
devices for all conditions, separately coded, and with indi-
vidual regression lines (but no confidenceintervals). It appears
that the 25 °C unconfined and 45 °C confined data compare
very well and follow asimilar relationship, although the mod-
ulus values at 25 °C were dightly higher for the Interlaken
device. The unconfined data at 45 °C clearly follow a differ-
ent relationship than the other two cases, with the Interlaken
device producing higher modulus values at low modulus
levels and lower values at higher overall modulus levels.

The relationship between modulus values is made even
clearer in Figure 26, which is a plot of the percent differ-
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Figure 23. Relationship between modulus as measured using
ITC and IPC devices, 45 °C, unconfined data only, with 95%
confidence interval for the regression and line of equality.
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Figure 24. Relationship between modulus as measured using
ITC and IPC devices, 45 °C, confined data only, with 95%
confidence interval for the regression and line of equality.
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Figure26. Percent difference between modulus as measured
using ITC and IPC devices, all conditions.

ence between modulus values as measured using the Shed-
worksand I nterlaken devices. At modul us values above about
1,000 MPa, there is relatively little scatter in the data, and
the Interlaken device produces slightly higher modulus val-
ues compared with the Shedworks device. As the modulus
decreases below 1,000 M Pa, the scatter in the data becomes
greater, and the difference between the two devices becomes
greater. For the two data points below 200 MPa, the Inter-
laken device produced values about 40 percent higher than
those generated using the Shedworks device.

Thefinal regression plotinthisseriesisshownin Figure 27,
which is a plot comparing phase angle measurements made
with the two devices at both temperatures. The variability in
phase angle appears to be larger than the variability in |E*|
measurements. At phase angles below about 28 degrees, the
two devices appear to bein reasonable agreement. However,
at higher phase angles, the Shedworks device producesdightly
higher phase angle values.

The major finding from the detailed analysis of the mean
response is that dynamic moduli measured with the Inter-

laken device are higher than those measured with the Shed-
works device for unconfined conditions. For confined condi-
tions, dynamic moduli measured with the two devices are
similar. Thesefindingsare also rationally explained by errors
in the two measuring systems. As discussed previously in
the detailed analysis of the equality of variances, the Inter-
laken specimen-mounted deformation system probably has
errors caused by movement at the point where the exten-
someter contacts the specimen. Such errors result in lower
measured strains and higher moduli. For confined condi-
tions, the membrane appears to reduce these errors for the
Interlaken device. For the Shedworks device, the membrane
is sandwiched between the glued contact point and the LVDT
bracket, producing a measuring system that also hasrelative
movement errors. Thus, the net result of confinement is to
reduce errors in the Interlaken measurement and increase
errors in the Shedworks measurement, making the dynamic
moduli for confined conditions the same. The lower phase
angles for the Interlaken data are also consistent with this
type of measurement error.
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Figure27. Regression of phase angle/I TC device as a function of
phase angle/IPC device, with 95% confidence interval for the
regression and line of equality (R? = 73.2%, adj. for d.f.).

2.3.3.2.4 Analysisof Test Variability. Thefinal statisti-
cal analysis done was to assess the overall variability of the
dynamic modulus measurements and the effect that the data
quality indicators recommended in this project may have on
reducing test variability. Table 25 summarizes pooled values
for the coefficient of variation for dynamic modulus (|JE*|)
and for standard deviation for the phase angle. These values
thusrepresent overall variability for the two devices, two lab-
oratories, and two aggregates. The trends for modulus and
phase angle are similar. The overall variability for the Shed-
works deviceis slightly lower than for the Interlaken device,
though the variability of the Interlaken deviceisbetter for the
confined tests at 45 °C. The variability of data generated at
the two laboratories appears to be similar. The overal vari-
ability for the two aggregates also appears similar. It appears
that the variability in test data at 45 °C is greater for uncon-
fined than for confined data. The last column in Table 25
shows overall valuesfor coefficient of variation and standard
deviation. The overall coefficient of variation for modulus

TABLE 25 Pooled coefficient of variation for |E*|
and standard deviation for phase angleat 10 Hz

25°C/ 45 °C/ 45°C/
Treatment | Unconfined | Unconfined | Confined | Overall
Pooled Coefficient of Variation for |[E*|, %

IPC 9.8 12.9 15.0 12.8
ITC 13.8 152 9.9 13.2
AAT 11.7 15.0 10.4 12.5
FHWA 12.2 13.2 14.6 134
9.5 mm 10.8 11.6 15.1 12.6
19 mm 13.0 16.3 9.7 13.3
Overall 11.9 14.1 12.7 13.0

Pooled Standard Deviation for Phase Angle, degrees
IPC 0.89 1.08 2.49 1.65
ITC 1.76 2.23 1.34 1.81
AAT 1.38 1.79 1.50 1.57
FHWA 1.42 1.72 2.40 1.89
9.5 mm 1.31 1.24 2.18 1.64
19 mm 1.48 2.15 1.80 1.83
Overall 1.40 1.75 2.00 1.73

is 13.0 percent and the standard deviation for phase angleis
1.73 degrees. Thesevalues are very similar to values reported
from datacollected in Project 9-19 assummarized in Table 26.
Keep in mind that these values are for one replicate measure-
ment only. Typically, three replicate measurements are made
when measuring the modulus of asphalt concrete specimens.
For n = 3 replicates, the coefficient of variation for average
modulus would then be 13.0/V/3 = 7.5%. The standard devi-
ation for average phase angle for n = 3 replicates would be
1.0 degrees. This amount of variability appears to be quite
good for mechanical measurements on asphalt concrete.

Thefina part of thisanalysisis an evaluation of the quaity
indicesthat are part of the output of the dynamic modulus test
with the firgt-article devices. These indices provide informa:
tion concerning the accuracy of loading and response wave-
forms, using statistical parameterssuch asstandard errors. The
following quality indicatorsare provided by the dynamic mod-
ulus software included in the first-article devices:

» Load standard error—thisisthe standard error of the
load waveform compared with an ideal sine function of
identical magnitude and phase lag.

+ Load drift—thisis the amount of gradual, permanent
change in the applied load during a test, in addition to
the desired sinusoidal load.

+ Deformation standard error—the standard error
between the actual deformation waveform and an ideal
sine function of identical magnitude and phase lag.

TABLE 26 Pooled coefficient of variation for |E*| and
standard deviation for phase angle from studiesinvolving a
large number of dynamic modulustests

Study Pooled Coefficient of Variation | Pooled Standard Deviation for
for [E*|, % Phase Angle, degrees
This project 13.0 1.8
Pellinen, 2001 (/6) 13.0 23
Witczak, 2000 (/5) 152 2.3

Copyright National Academy of Sciences. All rights reserved.
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« Deformation drift—the amount of gradual, permanent
change in the deformation during a test, in addition to
the sinusoidal component of deformation.

+ Deformation unifor mity—thisisthe average difference
between (or among) the amplitude of the deformation sig-
nals expressed as a percentage of the mean deformation.
If all signalsareidentical in amplitude, the deformation
uniformity is zero.

+ Phase unifor mity—the average difference between (or
among) the deformation phaselags, expressed in degrees;
avalue of zero indicates that the deformations are com-
pletely in phase.

Theinitial evaluation of the quality indicesinvolved deter-
mining correl ations between the variousindices and the coef -
ficient of variation of the modulus and standard deviation for
the phase angle values. A high degree of correlation between
aparticular quality index and the modul us coefficient of vari-
ation and/or the phase angle standard deviation would indi-
cate that that indicator was potentially important in determin-
ing the quality of the measurement. Low correlation, on the
other hand, does not necessarily indicate that that quality
index is not important. Low correlation suggests that it is
either not important or, more likely, that the values for the
index in this data set were low enough so that they did not
have a substantial effect on the quality of the resulting data.

For this particular set of data, R? values between the qual -
ity indices and the modulus coefficient of variation and the
phase angle standard deviation were very low, ranging from
1to 8 percent. Itisbelieved that theselow values suggest that
the quality indicators were in the range where they did not
cause significant problems in most of the data. Table 27 isa
summary of the quality indices for the two devices, for load
and deformation. The values for the indices have been bro-
ken down by loading frequency, because the frequency had
asignificant effect on their magnitude. Shown inthetableis
the average valuefor each index at each of three frequencies,
the standard deviation for the index, and the 95 percent con-
fidencelimit for each index. This confidence limit represents
the value for the index which, in the long run, will only be
exceeded one time in twenty, and so serves as a basis for
establishing alimit for that index that can be used to identify
guestionable data. In general, the standard errors are lower
for the Shedworks device compared with the Interlaken

TABLE 27 Summary of quality indicesfor load and
deformation

Load Standard Error (%), | Deformation Std. Error

at Frequency (Hz): (%), at Frequency (Hz):
Device | Parameter | 10.00 1.00 0.10 10.00 1.00 0.10
Avg| 4.18 1.39 3.30 6.46 4.01 4.35
1PC Std. Dev| 1.76 0.87 2.37 1.42 1.01 1.20
95% CL| 707 2.82 7.19 8.80 5.68 6.32
Avg| 647 2.13 14.21 13.52 8.03 16.11
ITC Std. Dev.| 2.19 1.34 12.57 3.19 2.09 11.90
95 % C.L| 10.07 434 | - 18.77 11.47 | -
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device. The values at 0.10 Hz for the Interlaken device are
not reported here, because it was found that they had been
incorrectly calculated by the I nterlaken software because the
device was applying aloading slightly slower than 0.10 Hz.
It was found that the standard errors for deformation are
strongly dependent on the standard errors for load; the R?
value between these two indices was 81 percent. Although
thismight seem to suggest that only one of theseindices need
be specified, it is believed that both should be specified to
ensurethat devices and software produced in the future main-
tain the needed quality in loading and measurement. Another
trend in these quality indicesisthat the best quality data (low-
est index values) are produced at 1 Hz, with poorer data at
both 10 and 0.1 Hz. This might be the result of the devices
having optimal performance characteristicsat 1 Hz, or it might
be the result of the manufacturers’ tuning process.
Asdiscussed previously, the Interlaken deformation mea
surement system, although innovative, easy to use, and quite
promising, seems to exhibit some bias compared with the
Shedworks system because of movement of the deformation
transducersrelative to the specimen. This should be expected
to increase standard errorsin deformation al so. In examining
Table 27, it is clear that the deformation standard errors for
the Interlaken device are substantially larger than those for
the Shedworks device. These values should, therefore, be
interpreted with caution and should be disregarded in deter-
mining preliminary limitsfor quality indices. After eliminat-
ing these values from Table 27, it would appear that area
sonable general limit for |oad and deformation standard error
would be 10 percent. Most test data would pass this limit. If
the device tuning can beimproved over the full range of fre-
guencies, alower limit of 7 percent can probably be applied.
Table 28 isasummary of drift and uniformity coefficients
for load and deformation for thetwo first-article devices. The
load drift valuesare quite low, suggesting alimit of 3 percent
would be appropriate. Deformation drift valuesarelarger and
vary significantly with frequency. Based on these data, rea
sonable limits for deformation drift would be 400 percent at
10 Hz, 300 percent at 1 Hz, and 200 percent at 0.10 Hz. Lim-
itsat other frequencies should beinterpolated from these val-
ues. Deformation uniformity should be limited to 20 percent,
and phase uniformity to 3 percent.
Based on an analysis of quality indices, the following lim-
its should be used by dynamic modulus test users to identify
potentially poor test data:

 Load and deformation standard error: 10 percent

» Load drift (absolute value): 3 percent

+ Deformation drift (absolute value): 400 percent at 10 Hz,
300 percent at 1 Hz, and percent % at 0.1 Hz

» Deformation uniformity: 20 percent

+ Phase uniformity: 3 percent

Theselimitsareintended to help operatorsidentify suspect data,
so that such data can be evaluated and repeated if necessary.
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TABLE 28 Summary of drift and uniformity for load and defor mation

Load [Deformation Drift (%), at [Deformation Phase
Drift [Frequency (Hz): Uniformity Uniformity
Device | Parameter (%) 10.0 1.00 0.10 (%) (Degrees)

Avgl 021 221 106 85 11.46 0.92
1PC Std. Dev{ 0.26 85 109 61 2.79 0.35
95 % C.L| 0.65 360 286 186 16.05 1.49
Avg| 0.54 230 132 68 12.48 1.34
ITC Std. Dev,| 1.07 100 108 58 3.43 0.79
95 % C.L| 231 395 310 162 18.12 2.64

Thelimits should be set so that when tests are properly con-
ducted by an experienced operator on a properly calibrated
and maintained system, no more than about 5 percent of the
test results should be identified as being suspect. It would
not be efficient to identify a larger proportion of tests as
being suspect, because thiswould result in unnecessary inves-
tigations into test results and procedure and unnecessary
repeated tests.

2.3.3.3 Flow Number

The same approach described for the dynamic modulus
was used to analyze the flow number data. Because therewas
only one test temperature and no differences in loading fre-
guency, the flow number data were somewhat simpler.

2.3.3.3.1 General Trends. Figure 28 is a plot showing
95 percent confidence intervals for the coefficient of varia-
tion (C.V.) in flow number for the various combinations of
conditions (laboratory, device, mixture, confinement). The
C.V. vauesrange from about 12 to 66 percent with an aver-
age of 31 percent. Most of the confidence intervals overlap,
suggesting that there are not large differencesin the standard

deviations relative to the mean values for most cases. The
only pattern apparent from avisua examination of thisplotis
that the C.V. values for the 19-mm mixture appear to be gen-
erally higher than those for the 9.5-mm mixture. Figure 29 is
the corresponding figurefor strain at flow, but in this casethe
confidence intervals are for standard deviation rather than
coefficient of variation, because the range in this parameter
was much smaller than for flow number and using C.V. did
not significantly remove variability from the standard devia-
tion values. Again, many of the confidence intervals overlap,
suggesting that there are not many cases where large differ-
ences exist in the variability in this measurement. One trend
that does appear is that the standard deviations determined
using confinement seem to be dlightly larger than those deter-
mined without confinement.

Scatter plots with regression lines and confidence inter-
vals were constructed to evaluate general trends between
datagenerated in thetwo laboratories and by the two devices,
both for flow number and strain at flow. For three of thefour
cases, the line of equality was captured by the confidence
interval, indicating that there was not a strong indication of
inequality. However, in the case of strain at flow, values
generated by the Interlaken device tended to be higher at
large strain values compared with those generated using the
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Figure 28. 95% confidence limits for flow number coefficient of variation at 45 °C.
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Figure29. 95% confidence limits for strain at flow standard deviation at 45 °C.

Shedworks device, as shown in Figure 30. The deviation
from equality is caused by the two measurements having the
highest values; in both cases, these represent confined data
for the 9.5-mm mixture. Flow in this mixture under confine-
ment was particularly difficult to detect. The rate of change
of permanent strain had a very long trough, making it dif-
ficult to detect the minimum rate of strain using the speci-
fied algorithm. The differences are, therefore, probably the
result of differencesin resolution of the measuring system
caused by differencesin electrical noise on the signal from
the LVDT.

2.3.3.3.2 Detailed Analysisof Variability. InTable 29, a
formal statistical comparison of standard deviations or coef-
ficient of variation (C.V.) is presented, based on an F-test on
the ratio of s*-values. In comparing variability for flow num-

ber, C.V. was used and treated as anormalized standard devi-
ation, because otherwise the wide range in flow number val-
ues could give misleading conclusions concerning variability.
For flow number, the variability in the data generated at
FHWA was somewhat greater than that produced at AAT,
while the variability for data generated using the Shedworks
device was somewhat greater than that measured using the
Interlaken device. The variability in the data for the 19-mm
mix was greater than that produced for the 9.5-mm mix, which
is not surprising, though this was not observed in the modu-
lus data. For the strain-at-flow data, the variability generated
at the two laboratories was not significantly different, but the
variability for data produced using the I nterlaken device was
higher than that produced using the Shedworks device. For
strain at flow, the confined data also showed more variabil-
ity than the unconfined data, which is not surprising because
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Figure 30. Comparison of strain at flow values generated
using the ITC and IPC devices at 45 °C, including confined and
unconfined data (R? = 91.9%, adj. for d.f.).
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TABLE 29 Comparison of variability for flow number and
strain at flow

TABLE 31 Coefficient of variation for flow number and
strain at flow

using confinement provides additional complexity to the test
and greater chance for error.

2.3.3.3.3 Detailed Analysisof M ean Response. Table 30
isa summary of statistical comparisons of mean responses
for the different cases. For flow number, the mean responses
for the two laboratories and two devices are not significantly
different. The flow number for the 19-mm mixture tended to
be significantly greater than that for the 9.5-mm mixture, and
the flow number under confinement was larger than that mea-
sured with no confinement. Both of these differences should
be expected. For strain at flow, there again is no differencein
mean response for the two laboratories. However, the Inter-
laken devicetended to show asomewhat larger valuefor strain
at flow compared with the Shedworks device. The 9.5-mm
mixture showed a larger value for strain at flow than the
19-mm mixture, while confinement tended to increase the
strain at flow. The only discrepancy of concernisthe slightly
larger mean value for strain at flow measured using the
Interlaken device compared with the Shedworks device. As
observed for Figure 30 and the related discussion, this dif-
ference is due to a greater response in only two cases—the
confined tests for the 9.5-mm mixture, and flow in this mix-
ture was particularly difficult to detect.

2.3.3.34 Analysisof Test Variability. A summary of the
coefficient of variation (C.V.) valuesis given in Table 31.
This table lists coefficient of variation values for different
cases (laboratories, devices, mixtures, confinement), and over-

TABLE 30 Comparison of mean response for flow number
and strain at flow

Case with
Greater

Measurement | Comparison Diff. S(Diff.) Value Prob.
AAT - FHWA -29 443 -—- 047

Flow Number IPC-ITC| -245 443 -— 0.29
9.5-mm - 19-mm; -1163 443 19-mm 0.00

Une. - Confined| -1715 443 Confined 0.00

AAT - FHWA| -0.10 0.144 - 0.23

Strain at Flow IPC-1TC| -0.31 0.144 ITC 0.02
9.5-mm - 19-mm| 1.26 0.144 9.5-mm 0.00

Unc. - Confined| -1.03 0.144 Confined 0.00

. ) Case with Flow Number Strain at Flow
Test on s/ Ratio szs Greater Case| Unconfined | Confined | Overall | Unconfined |Confined | Overall
Measurement | Comparison | or C.V. | or C.V.” |Variability| Prob. 1PC 51 312 37.6 3.8 122 13.0
AAT/FHWA| CV 071 | FHWA | 0.10 ITC| 272 347 | 312 113 191 | 157
Flow Number IPCATC| CV 1.45 IPC 0.08 AAT 26.1 362 | 315 11.6 17.1 14.6
9.5-mm/19-mm| CV 0.57 19-mm 0.00 FHWA 438 295 37.3 13.5 14.8 142
Unc./Confined Ccv 1.19 o= 0.26 9.5 mm 37.8 17.5 294 9.7 10.2 9.9
AAT/FHWA S 1.08 - 0.39 19 mm 342 433 39.0 15.0 20.2 17.8
. IPCATC S 0.59 ITC 0.02 Overall 36.0 33.0 34.6 12.6 16.0 144
Strain at Flow
9.5-mm/19-mm S 0.97 - 045
Unc./Confined S 0.25 Con. 0.00

all coefficient of variations, both for flow number and strain at
flow. Considering all flow number data, the overal C.V. was
34.6 percent, which is quite high compared with the C.V. for
modulus of 13.0 percent. The C.V. for strain at failure was
lower, with an overall average of 14.4 percent. The C.V. for
theflow number from thisstudy is somewhat higher than those
reported for the large number of specimens testing during the
Project 9-19 research. Inthe Project 9-19 research, coefficients
of variation for the flow number test were reported to be 23.3
percent for 12.5 mm mixtures and 28.1 percent for 37.5 mm
mixtures (17). These coefficients of variation arefor onerepli-
cate measurement only. If the flow number test in practiceis
to represent the average of three determinations, then the coef-
ficient of variation of the mean would be about 34.6/V3 = 20
percent, which is gill high. Based on these tests, additional
effort is needed to improve the precision of the flow number
procedure before it can be used as a specification test.

The statistical analysis of flow number test dataresultedin
several pertinent findings. These are summarized and dis-
cussed below:

1. The flow number and strain at flow data were in gen-
eral agreement among the devices and laboratories.

2. Thevariability in flow number datawas slightly higher
at the FHWA laboratory compared with the AAT lab-
oratory and was higher for the Shedworks device than
for the Interlaken device.

3. The19-mm mixture exhibited greater variability in flow
number data than the 9.5-mm mixture.

4. Thevariability in strain at flow was greater for the Inter-
laken device compared with the Shedworks device and
was also greater for confined conditions compared with
unconfined conditions.

5. Most of the differencesin mean response for both flow
number and strain at flow were associated with differ-
ent mixtures and/or different levels of confinement,
which is to be expected. The one unexpected differ-
ence in mean response was for strain at flow for the
two measurements on the 9.5-mm mixture in confined
testing, where the I nterlaken device produced signifi-
cantly higher values compared with the Shedworks
device.

6. Theoveral variability of the flow number test data was
much higher than that for the dynamic modulus, and the
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data from this study showed higher variability than that
reported in the original Project 9-19 research. The pri-
mary difference in the flow number testing between this
study and the Project 9-19 research was the algorithm
used to calculate the flow number. In this study, the
derivatives of the permanent strain curve were obtained
using equal ly spaced sampling over therange of the data.
In Project 9-19 logarithmic sampling was used in com-
puting the derivatives, and these were further smoothed
using a polynomial fit. This approach appears to fur-
ther filter the dataand provide less variable flow num-
bers but significantly reduces the range over which
the flow number can be detected. Using the Project 9-19
algorithm and 10,000 load cycles, the flow cannot be
detected beyond about 8,000 cycles.

2.3.4 Functionality

The primary objective of Project 9-29 was to stimulate
the development of commercia equipment for performing
the Project 9-19 simple performance tests in routine labo-
ratory mixture design. For routine use, the functionality of
the equipment is an extremely important consideration. The
first-article specifications described minimum requirements
for functionality, leaving ample opportunity for the manu-
facturers to design user-friendly systems. In fact, perceived
user-friendliness was a significant factor considered in the
selection of the first-article manufacturers. Areas where the
manufacturers could exercise substantial design freedom are
listed below:

1. Aesthetics. Equipment size and shape, finish, noise lev-
els, location of operator controls.

2. Safety Features. Emergency stops, safety interlocks,
protection for load, pressure, and temperature.

3. Accessibility. Location of maintenance items and cal-
ibration points.

4. Operation. Ease of operation, particularly specimen
instrumentation, specimen insertion, and the helpful use
of automation.

5. Controls. Logic and ease of use of the controlsfor tem-
perature, load, and pressure.

6. Softwar e. Functionin addition to the minimum required
by the specifications.

Both first-article deviceswere demonstrated by theresearch
team to the project panel, several engineers and technicians
from a limited number of state highway agencies, and con-
sultants. During the project, the Shedworks equipment was
also demonstrated at various events by the FHWA in their
Mobile Asphalt Laboratory. This provided the opportunity
for some feedback from awider range of individuals, includ-
ing engineers and technicians from state highway agencies,
hot-mix contractors, consulting firms, and universities. Over-
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all, both first-article devices received favorable reviews by
the research team, project panel, and most technicians and
engineers who participated in equipment demonstrations.
However, representatives from several hot-mix contractors
expressed concern over the complexity of the equipment and
its estimated cost. The sectionsthat follow address the major
strengths and weaknesses of the functional characteristics of
the two first-article devices.

2.3.4.1 Interlaken

Table 32 presents a summary of the assessment of the
functional characteristics of the Interlaken Simple Perfor-
mance Test Device. Although the equipment meets the min-
imum requirements of the specifications, there are several
areas needing improvement in future production units.

The Interlaken first-article device looks very much like a
prototype, primarily due to the configuration of the test cham-
ber and the construction of the sight port. The finish of the
metal work, particularly the horizontal surface around the
test chamber and the chamber latch covers, also give the
device aprototype appearance. Additionally, noiselevelsare
high, and the overall size makesit difficult to use the equip-
ment in alaboratory trailer.

The safety features on the first-article device require some
improvement. The overall control of the chamber is quite
good. The chamber lift isinterlocked with the chamber pres-
sure so that the chamber cannot be raised whileit is pressur-
ized. On power loss, the chamber slowly lowers onto the
latches. On loss of air pressure, the chamber slowly lowers
to its seated position. Although well controlled, the mass of
the chamber intimidates most users. Also the emergency stop
islocated in a position were it can be inadvertently activated
during normal operations.

Several critical operational areas require improvement.
Perhapsthe most important isthe stability of the unique exten-
someter system. In addition to the apparent errors discussed in
the statistical analysis section, the extensometer system exhib-
ited an unacceptable amount of initial drift during test ini-
tiation and often had to be released and reapplied multiple
times to obtain acceptable contact. This poor operational per-
formance of the extensometer system negates the benefit
afforded by an automated deformation measuring system. The
extensometer system hasthe potential to ssimplify the dynamic
modul ustesting, but requires substantial improvement for use
in production units. The configuration of thetest chamber also
presented operational difficulties. First, the specimen could
not be seen through the sight port because there is no light
inside the chamber. Although alighted chamber would be an
improvement, the engineers and technicians who performed
the evaluation tests prefer aview of the specimen, instrumen-
tation, and loading platens. The latches for the test chamber
and the required position of the extensometer system result in
avery confined space for inserting the specimen and platen
assembly. Thisisparticularly troublesome when confinement
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TABLE 32 Rating of functional characteristics of the Interlaken simple performance test device

Criteria Rating

Strengths

Weaknesses

Aesthetics Needs Improvement

Overall size

Noise level
Temperature/pressure chamber
Metal work and finish

Safety Features | Needs Improvement | e

control

Temperature/pressure chamber

Chamber weight
Location of emergency stop

Accessibility Acceptable .

Minor disassembly for
calibration and maintenance

Operational Needs Improvement | e

Rugged hydraulic system .
®  Quick heating

Stability of extensometer
system

Specimen is not visible
Cramped specimen test area
Marginal cooling capacity
Leak detector system
Temperature/pressure chamber
O-ring

Controls Needs Improvement

e High standard errors for
45 °C, 0.1 Hz data
e Lack of fine control for ram
e Occasional “run-time error”
during testing

Software Good .

page

Easy to use and learn .
¢ Summary dynamic modulus

Awkward process for
changing tests

isused and the hoses for the leak detection system need to be
attached. Other more minor operational weaknesses in the
device include the following:

» Marginal cooling capacity. Although the system has
sufficient capacity to return to the specified test temper-
ature within the time stated in the specifications, it takes
along time initially to equilibrate the test chamber to
temperatures below room temperature.

» Poor leak detection system. Theleak detection system
was poorly assembled and required constant repair of
joints and hoses.

« Chamber O-ring seal. The O-ring seal at the bottom of
the chamber is easily damaged and often sticks to the
chamber when lifted.

The equipment controls also require additional refinement
and troubleshooting. Very high standard errorswere observed
for the unconfined 45 °C dynamic modulus data. Closer inves-
tigation revealed that for these soft conditions, the hydraulic
control system actually appliesloading at 0.097 Hz. Thisdif-
ference in loading rate results in very high standard errors.
The actuator lacks a fine stroke control for initialy seating
the specimen prior to the start of testing. Occasionally a“run
time error” is experienced during operation, which requires
restarting the UniTest program.

Overal, the UniTest software, as configured for the sim-
ple performance tests, was found to be very logical and easy
to use. Users found the summary dynamic modulus page,
which shows test data and quality indicators for the entire
frequency sweep extremely useful. The only weakness noted

in the software is that it is somewhat awkward to change
between the three types of simple performance tests.

2.3.4.2 Shedworks

Table 33 presents a summary of the assessment of the
functional characteristics of the Shedworks Simple Perfor-
mance Test Device. Thisequipment received high ratingsfor
its appearance and many operational characteristics, but still
requires some improvements for future production units.

The Shedworks device does not look like a first-article.
Operators and observers were impressed with the quality of
the metal work, the quality of the machinework, and the over-
all finish of the device. They also commented very positively
on its compact size and relatively quiet operation. The abil-
ity to move the hydraulic power supply to a remote location
is another strength of the Shedworks design.

The device received mixed reviews for its saf ety features.
It includes ahands clear saf ety feature that requires the oper-
ator to hold two buttons to close the test chamber. Other
safety features, however, requireimprovement. The chamber
lift is not interlocked with pressure, allowing the operator to
open the chamber while it is pressurized. On loss of power,
the chamber closes too rapidly, and the emergency stop is
located in a position where it can be inadvertently activated
during testing.

The Shedworks device wasfound to be very user-friendly.
The automated gauge point system is well designed and
worked extremely well. This system combined with the clip-
on LVDTsproduced avery rugged, practical specimen defor-
mation measuring system. The chamber provided a view of
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TABLE 33 Rating of functional characteristics of the Shedworks simple performance test device

Criteria

Rating

Strengths

Weaknesses

Aesthetics

Good

Compact size

Ability to separate hydraulic
pump from test chamber
Noise level

Metal work and finish

Safety Features

Needs Improvement

Hands clear buttons

Can open chamber when

pressurized

Closure rate on power loss
Location of emergency stop

Accessibility Acceptable Minor disassembly for
calibration and maintenance
Operational Good Automated gauge point
attachment
LVDT clip attachment system
Specimen visibility
Heating/cooling capacity
Controls Needs Improvement e Occasional system lock-up
upon completion of testing
e Some instability of hydraulics
when cold
Software Needs Improvement ¢  Complicated by optional IPC
analyses

e  Too many significant digits on
screen readouts
e Layering of windows

the specimen, instrumentation, and loading platens during
testing, which operators and observers found to be essential.
Finally, the temperature control system has sufficient excess
capacity to alow for very rapid heating and cooling of the
chamber.

The Shedworks first-article device requires improvements
in machine control and some software refinements for pro-
duction units. The most urgent improvement is to remedy the
situation where the control software locks up during the flow
number testing when the maximum number of load cyclesis
reached. When this situation occurs, the software must be
restarted. Instability of the hydraulics was observed when the
system was cold. Thisinstability was characterized by arapid,
uncontrolled oscillation of the loading actuator and was only
observed on start-up when the hydraulic oil was cold.

The software used in the Shedworks first-article device
also requires further refinement. Although the software was
found to be user-friendly and relatively easy to learn, the
optional IPC data analyses must be removed from the soft-
ware for production units to eliminate confusion caused by
multiple data analysis methods. Also, the software displays
too many significant digits, giving the impression that there
isalarge amount of noisein the transducer signals and mak-
ing it difficult to assess the status of the transducers quickly.
Finally, the layering of the windows in the software some-
times coversimportant control information. For example, the
LVDT levels window is sometimes not visible during test-
ing. Having thiswindow as abar that is constantly displayed
would allow operatorsto quickly view the status of thetrans-
ducers at any time.
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CHAPTER 3

INTERPRETATION, APPRAISAL, AND APPLICATIONS

In Phasell of Project 9-29, adetailed purchase specification
was developed for equipment to perform the three Project
9-19 simple performance tests. dynamic modulus, flow num-
ber, and flow time. The specification was used to procure two
simple performance test systems from Interlaken Technology
Corporation and Shedworks, Incorporated. Thesetwo systems
weresimilar in several critical design areas. Both arerelatively
small bottom-loading servo-hydraulic devices with an auto-
mated test chamber that serves as both the confining pressure
cell and the environmental chamber. The primary differences
between the devices are the specific methods used to heat
and cool the chamber and the specimen-mounted deformation
measuring system used exclusively in the dynamic modulus
test. The Interlaken device uses heating elementsand an air-
driven vortex cooler to control temperature in the chamber.
The specimen deformation measuring system is a unique
extensometer system that is held against the specimen with
small pneumatic actuators. The Shedworks device circulates
conditioned air through the test chamber. The specimen defor-
mation measuring system isarefined version of the glued con-
tact point system used in the original Project 9-19 research.

An extensive evaluation of these two devices was under-
takenin Phasell of Project 9-29. Thiseva uation included spe-
cific testing to ensure that the devices werein compliance with
the specifications and properly calibrated and an extensive
mixture testing program to evaluate mechanical properties
measured with the two devices and to assess the functionality
of the devices. The overal findings from the evaluation are as
follows:

1. Both devices meet the requirements of the first-article
specifications and are reasonably user-friendly. Both
have functional deficiencies that need to be addressed
in future production units.

2. For the dynamic modulus test, the evaluation testing
revealed significant differences in both the mean and
the variability of dynamic modulus data collected with
the two devices. These differences appear to be associ-
ated with differences in the specimen-mounted defor-
mation measuring system.

3. Theoverall variability of the dynamic modulustest was
found acceptable for specification testing, and the vari-
ability is expected to decrease as limits are placed on
the quality indicators developed in this project for the
dynamic modulus test.

4. For theflow number test, the evaluation testing showed
no significant differencein flow numbers obtained with
the two devices.

5. Theoverall variability of theflow number test wasfound
to be too high for specification testing. One potential
source of variability that could be improved is the algo-
rithm used to select the flow point.

The remainder of this chapter discusses specific changes
to the specification and the two first-article devices that are
required based on the results of the evaluation testing. At
the end of the chapter, revisionsto the Project 9-19 test pro-
tocols to adapt them to the simple performance test system
are discussed.

3.1 FIRST-ARTICLE SPECIFICATION
MODIFICATIONS

Table 34 presents a summary of the modifications to the
first-article specification required based on the findings of the
evaluation testing. Thistable lists each of the major sections
of the specification, issuesreveal ed by the evaluation testing,
and themodifications, if any, that are required to addressthese
issues and improve the specification. The sections that fol-
low discuss each of the modificationsin detail. These mod-
ifications were incorporated in the final specification, which
isincluded in Appendix D.

3.1.1 Section 1.0 Summary

The summary section of the first-article specification
referred to three Project 9-19 Draft Test Protocols available at
the beginning of Project 9-29. NCHRP later published updates
of these test methods in NCHRP Report 465. The summary
section of the specification wasrevised to refer to thetest meth-
ods published in NCHRP Report 465. Specific test methods for
use with the Simple Performance Test System based on these
methods were included as appendices to the specification.

3.1.2 Section 7.0 Load Measuring System

Requirement 7.2 of this section places requirements on the
maximum error of the load measuring system over arange of
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Section | Topic Issue Modification
1.0 Summary Project 9-19 Test Protocols not Modify based on NCHRP Report
current 465
2.0 Definitions None None
3.0 Test Specimens None None
4.0 Simple Performance Test None None
System
5.0 Compression Loading None None
Machine
6.0 Loading Platens None None
7.0 Load Measuring System Error specifiedin 7.2 is Modify 7.2 using capacities given
ambiguous when machines in requirement 5.1.
exceeding capacity are provided
8.0 Deflection Measuring System None None
9.0 Specimen Measuring System Does not address potential for slip | Specify glued gage point system
of measuring system as standard. Alternatives
permitted if shown to have similar
performance as standard.
10.0 Confining Pressure System Does not require view of Add requirement that pressure
specimen and instrumentation cell must provide visibility of
specimen, platens, and
instrumentation.
11.0 Environmental Chamber Does not require view of Add requirement that
specimen and instrumentation environmental chamber must
provide visibility of specimen,
platens, and instrumentation.
12.0 Computer Control and Data Does not require summary Add requirement for asummary
Acquisitio n dynamic modul us output dynamic modul us output.
13.0 Computations Project 9-29 flow algorithm No change at thistime.
produces more variable flow Recommend study to further
number data than Project 9-19. refine the flow number agorithm.
14.0 Calibration and Verification of | Stiffness of verification device Specify stiffness of verification
Dynamic Performance not specified device.
15.0 Verification of Normal None None
Operation
16.0 Documentation None None
17.0 Warranty None None

2 to 100 percent of the capacity of the machine. Both first-
article devices that were supplied had capacities exceeding
those listed in the specification for the machine; therefore, it
was unclear whether the specification requirement applied to
the listed capacities or the machine capacity as supplied. As
written, a manufacturer supplying a larger machine than
needed would be held to aless stringent maximum error at low
load levels. Because very low loads are used in the dynamic
modulustest at higher temperatures, manufacturers should not
be alowed to circumvent the maximum error requirement by
supplying machineswith excess capacity. Thelanguage of this
section was revised to require the error tolerance over arange
of 2to 100 percent of the capacitieslisted in Requirement 5.2.

3.1.3 Section 9.0 Specimen Deformation
Measuring System

The primary finding from the statistical analysis of the
dynamic modulus test data was that there was a difference

in dynamic modulus test data measured using the two first-
article devices. The Interlaken device consistently produced
higher dynamic modulus values than the Shedworks device.
Errors caused by slip between the specimen and the deforma:
tion measuring system are the likely cause of this difference.
The first-article specification does not address this potential
problem. By design, the first-article specification alowed a
wide range of deformation measuring systemsto be consid-
ered by potential manufacturers. This was done to encour-
age innovation in the design of this critical subsystem to
provide user-friendly systems. Both manufacturers provided
user-friendly systems, but the I nterlaken approach wasclearly
more innovative.

Two approaches were considered for strengthening the
equipment specification in this critical area. Thefirst involves
the development of standard specimens that can be used to
evaluate systematic errors of this type for a wide range of
deformation measuring systems. The design of the standard
specimens must be carefully considered such that they span

Copyright National Academy of Sciences. All rights reserved.
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the range of moduli and phase angles measured with asphalt
concrete and have surface texture similar to the cored simple
performance test specimens. Additionally, an organizational
structure is needed to certify the standards and evaluate var-
ious manufacturer-devel oped systems. The second approach
involves standardizing the specimen-mounted deformation
system. In this approach, ageneric version of the glued gage
point system supplied by Shedworks would be selected as
the standard and included in the specifications. To encour-
age manufacturersto still consider innovative designs, other
designsthat measure over the middle 70 mm (2.75in) of the
specimen would be acceptable, provided the manufacturer
can verify that the system provides equivalent data. This
type of verification would involve an experiment similar to
that conducted in the project where specimens are instru-
mented with the standard system and the proposed system
and tested.

After considerable discussion, the second approach was
selected for two reasons. First, the datathat the NCHRP Proj-
ect 9-19 researchers used to establish the dynamic modulus
criteria were collected with a glued gage point system. Thus,
the standard glued gage point system would minimize any
errors between data collected with the production equipment
and the future specification criteria. Second, implementation
of the standard measuring system approach will be much
quicker than the development of standard specimens and an
organizational structure to perform evaluations of various
measuring systems.

Inthefinal specification, Section 9 was modified to include
a generic sketch of a glued gage point system similar to that
used by Shedworks. Section 9 also specifies the following
critical elements of the system:

1. Gauge point contact area,

2. Distance from specimen to transducer,

3. Mass of mounting system and transducer, and
4. Transducer spring force.

Language was a so added to permit alternativesto this system
provided data are submitted showing that the alternatives
have accuracy comparable with the standard system when
testing asphalt concrete specimens.

3.1.4 Section 10.0 Confining Pressure System
and Section 11.0 Environmental Chamber

These sections of the first-article specification did not
require the specimen and instrumentation to be visible to the
operator. The evaluation testing and the various equipment
demonstrations revealed that the ability to see the specimen
and the instrumentation is a desirable feature for the system.
The operator must have this visibility to confirm that the
deformation measuring system isin proper contact with the
specimen and that the appropriate platen arrangement is in
place and to make sure that the specimen has not deformed

to the point that equipment may be damaged. For the final
specification, these sectionswere revised to include language
that requires the specimen, the specimen-mounted deforma-
tion measuring system, and the end platens to be visible to
the operator during testing.

3.1.5 Section 12.0 Computer Control
and Data Acquisition

The first-article specification did not require a summary
output of the frequency sweep data from the dynamic modu-
lustest. Individual reports were specified for each frequency.
During the evaluation, the summary report provided by the
Interlaken software was found to be very useful. In the fina
specification, the output requirements for the dynamic modu-
lustest were revised to include a summary report in addition
to the detailed report required for each frequency.

3.1.6 Section 13.0 Computations

One of the findings of the evaluation testing was that
flow number data collected with the two first-article
devices had higher variability than data collected during
Project 9-19. Thelikely cause of thisvariability isthe algo-
rithm developed in Project 9-29 to detect the flow number.
The Project 9-29 algorithm samples the specimen perma-
nent deformations on each cycle, computes the rate of per-
manent deformation using a central difference agorithm
and a user-selected sampling interval, and then smoothes
these rates using amoving averagefilter. This protocol was
developed because the Project 9-19 test protocols did not
provide a specific flow number algorithm and the proposed
Project 9-19 algorithm for flow time used a minimum
amount of data and two polynomial curve fits. Assuming
that the Project 9-19 flow time algorithm was also applied
to the flow number tests, it appears that the use of logarith-
mic spaced data combined with curve fitting reduces the
effect of signal noise on the flow number data. However,
this algorithm limits the range of data over which the flow
number can be detected. For atest conducted to 10,000 |oad
cycles, the Project 9-19 algorithm cannot detect flow if it
occurs beyond 8,000 cycles. Additional study of various
flow algorithms is needed; however, until it is completed,
no change is recommended for the final specification. Data
collected using the first-article algorithm can be manipu-
lated outside the control program to perform the flow analy-
sis described in the Project 9-19 test protocols.

3.1.7 Section 14.0 Calibration and Verification
of Dynamic Performance

In addition to describing equipment calibration require-
ments, this section of the specification introduces a procedure
to verify that the equipment measures accurately under
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dynamic loading conditions. This is accomplished by load-
ing a proving ring or similar elastic device and comparing
load versus deformation datameasured statically and dynam-
ically. The specifications require the manufacturer to provide
the proving ring so that it can be tailored to the geometry of
the simple performance test equipment. Oneissue uncovered
during the specification compliance testing was that the two
manufacturers supplied proving rings with significantly dif-
ferent stiffnesses. Thisresulted in the verifications being per-
formed over different deformation ranges. Given that the
simple performance test device is designed to operate at
strain levels between 75 and 125 pstrain, the verification
device should cover this deformation level. This can be done
by specifying that the elastic device will have adeflection of
0.007 mm (0.0003 in.) at aload of 1.2 kN (0.25 kips). This
requirement was added to the final specification.

3.2 ACCEPTABILITY OF FIRST-ARTICLE
DEVICES

One of the objectives of the evaluation testing was to
make recommendations concerning the acceptability of the
first-articledesignsfor usein future production units. Three
categories were identified in the Project 9-29 Research
Problem Statement: approved, conditionally approved, or
disapproved. The recommendations for the two devices are
discussed below.

3.2.1 Interlaken

Based on the results of the evaluation testing and the final
specification, the Interlaken device was disapproved. The pri-
mary reason for this recommendation was the poor perfor-
mance of the unique extensometer system used in the dynamic
modulustest. The evaluationtesting revealed asignificant bias
toward higher dynamic moduli for this system that appearsto
be related to dip at the contact points. In addition to the bias,
the extensometer system exhibited an unacceptable amount of
drift ontest initialization and often had to be rel eased and reap-
plied multiple times to obtain acceptable contact. This poor
operationa performance of the extensometer system negates
the benefit afforded by an automated deformation measuring
system. The extensometer system hasthe potential to smplify
the dynamic modulus testing, but requires substantia
improvement and re-testing beforeit can be considered accept-
able for use in production units. Other items that need to be
addressed by Interlaken in future production units to meet the
final specification include the following:

1. Configuration of thetest chamber . A test chamber that
allows the operator to view the specimen, the deforma-
tion measuring system, and the end platens must be pro-
vided. The current chamber does not meet the revised
requirementsincluded in the final specification.
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2. Leak detection system. The leak detection system
requires constant maintenance to eliminate leaks at
joints. A properly designed system is needed in future
production units.

3. Hydraulic control. The poor performance of theloading
system for 0.1 Hz loading of soft specimens must be
improved. The system must be capable of performing
testsat the user-selected loading rate. Additionally, afine
control for theramisneeded to allow operatorstoinitialy
position the loading ram at the beginning of the test.

4. Software errors. The control software needs to be fur-
ther refined to eliminate the run-time errors experienced
during the evaluation testing.

5. Software upgrades. Interlaken must be prepared to
issue software upgrades for production units based on
changesthat may occur to the data analysis algorithms.
A change to the flow time and flow number algorithms
islikely in the near future.

6. Verification device. A verification device meeting the
stiffness requirements of the final specification must be
designed and provided with future production units.

In addition to these required changes, Interlaken should
seriously consider addressing the other functional weaknesses
identifiedin Section 2.3.4.1. These were based oninformation
provided by the engineers and technicians who operated the
equipment and potential future userswho inspected the equip-
ment during demonstrations. Correcting these weaknesses
represents an excellent opportunity for further improving the
equipment.

3.2.2 Shedworks

Based on the results of the evaluation testing and the
final specification, the Shedworks device was conditionally
approved. This conditional approval requires the following
items to be addressed:

1. Safety features. Safety features for the testing cham-
ber must be improved for production units. The revised
safety features must ensure that the chamber cannot be
opened while pressurized and that its closure rate on
power lossisdow enough to avoidinjury to the operator.

2. Control. The programming error that resultsin system
lock-up upon completion of the flow number and flow
time tests must be identified and resolved.

3. Software. For future production units, the optional
IPC analyses must be removed from the software and
a dynamic modulus summary screen and report must
be added.

4. Software upgrades. Shedworks must be prepared to
issue software upgrades for production units based on
changesthat may occur to the data analysis algorithms.
A change to the flow time and flow number algorithms
islikely in the near future.
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In addition to these required actions, Shedworks should
serioudly consider addressing the other functiona weaknesses
identified in Section 2.3.4.2. These were based on information
provided by the engineers and technicians who operated
the equipment and potential future users who inspected the
equipment during demonstrations. Correcting these weak-
nesses represents an excellent opportunity for further improv-
ing the equipment.

3.3 DRAFT TEST METHODS FOR THE SIMPLE
PERFORMANCE TEST SYSTEM

Thefinal section of this chapter discusses draft test meth-
odsthat were devel oped for use with the Simple Performance
Test System. Thesetest methods areincluded in Appendix D
as annexes to the final equipment specification. These meth-
ods are adaptations of the following four Project 9-19 Test
Protocols for specific use with the Simple Performance Test
System specified in this project:

1. Test Method For Static Creep/Flow Time of Asphalt
Concrete Mixtures in Compression,

2. Test Method for Repeated L oad Testing of Asphalt Con-
crete Mixturesin Uniaxial Compression,

3. Test Method for Dynamic Modulus of Asphalt Concrete
Mixtures for Permanent Deformation, and

4. Test Method for Dynamic Modulus of Asphalt Concrete
Mixtures for Fatigue Cracking

The sections that follow summarize the modifications of
the Project 9-19 Test Protocols that were made to tailor the
test protocols to the Simple Performance Test System. First,
recommendations for two new standard practice documents
are discussed:

1. Standard Practicefor Fabrication of Performance Test
Specimens Using the Superpave Gyratory Compactor
and

2. Standard Practice for Permanent Deformation and
Fatigue Evaluation of HMA Using the Simple Perfor-
mance Test System

These recommendations are followed by a summary of the
modifications to the Project 9-19 Test Protocols. The draft
test methods assume that the two standard practice documents
listed above will be developed in the future.

3.3.1 Specimen Fabrication

Section 7 in al of the Project 9-19 Test Protocols
addresses the fabrication of test specimens. A separate stan-

dard practice for the fabrication of performance test speci-
mens using the Superpave gyratory compactor should be
developed. This document should cover the equipment and
procedures for preparing specimens, as well as the allow-
able air void gradient, dimensional tolerances, and air void
tolerances for the finished specimens. Information devel-
oped in Project 9-19 on the preparation of field-sampled
mixtures to a specific target air void content should also be
included in this practice. Moving the specimen fabrication
to a separate document would reduce redundancy in the test
methods, ensure consistency of the specimen fabrication
process between test methods, and make it easier to update
the test methods and the specimen fabrication processin the
future. Each test method should still include a section on
test specimens, but the information included in this section
should be limited to the following:

1. Reference to Standard Practice for Fabrication of Per-
formance Test Specimens Using the Superpave Gyra
tory Compactor for details on specimen preparation,

2. Required number of specimensfor the test, and

3. Nominal size of the test specimen.

A draft of this standard practice should be prepared as part
of the evaluation of the automated specimen fabrication
equipment.

3.3.2 Permanent Deformation
and Fatigue Evaluation

A standard practice for permanent deformation and fatigue
evaluation of HMA using the Simple Performance Test Sys-
tem is also needed to complement the Simple Performance
Test System and AASHTO MP2, “Specification for Super-
pave Volumetric Mix Design.” This Standard Practice should
address the following:

1. Computation of the effective pavement temperatures
for a specific project site,

2. Target air void content for permanent deformation and
fatigue analyses,

3. Typeof laboratory aging required for permanent defor-
mation and fatigue analyses,

4. Deviatoric and confining stresslevelsto beused in per-
manent deformation analyses,

5. Loading frequencies to be used in the dynamic modu-
lus test and

6. Criteriafor differentiating acceptable versus unaccept-
able performance.

This standard practice document would gather the engineering
analysis associated with the use of the Simple Performance
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Test System into a single document that is separate from the
test methods. Thiswould simplify the test methods and make
it easier to update the test methods and engineering analysis.

3.3.3 Draft Simple Performance Test System
Test Methods

Three draft test methods for use with the Simple Perfor-
mance Test System weredevel oped and included asannexesto
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thefinal specificationin Appendix D. These draft test methods
are adaptations of the Project 9-19 Test Methodsto the specific
capabilities of the Simple Performance Test System. Tables 35,
36, and 37 present a section-by-section summary of the mod-
ifications to the Project 9-19 Test Methods that were made to
adapt these methods to the Simple Performance Test System.
Because of the standardization of thetesting equipment and the
dataacquisition and analysis software, the Simple Performance
Test System Test Methods are shorter and | ess detailed than
the corresponding Project 9-19 Test Method.

TABLE 35 Moadificationsto the Project 9-19 flow timetest protocol to produce the ssimple
performance test system flow timetest method

Section

Topic

Modifications

1

Scope

Minor editorial revisionsto reflect specific loading and measurement
capabilities of the Simple Performance Test System.

Referenced Documents

Revised to refer only to the two new recommended Standard Practices
and the Equipment Specification.

Definitions

1. Revised flow time definition to be consistent with definition
in Equipment Specification.

2. Deleted definition of compliance.

3. Deleted definition of Effective Temperature.

Summary

Minor editorial revisions to simplify summary and make it consistent
with terminology used in the Equipment Specification.

Significance and Use

Editorial revisions to describe use of flow time with criteriato judge
mix acceptability or flow time to rank expected mixture performance.

Apparatus

1. Modified to reference Equipment Specification.

2. Added separate environmental chamber for conditioning
specimens.

3. Modified to use thin Teflon sheet to reduce friction.

Test Specimens

1. Revised to reference new Standard Practice for specimen
fabrication.

2. Requires average from three specimens. (Subject to change based
on analysis of criteriaand test variability).

Test Specimen Instrumentation

Deleted. Not needed with Simple Performance Test System.

Procedure

1. Changed to Section 8.
2. Modified for specific steps required with the Simple Performance
Test System.

10

Calculations

1. Changed to Section 9.

2. Modified to reflect that flow time is computed by the Simple
Performance Test Software.

3. Added computation of average and standard deviation of three
tests.

11

Reporting

1. Changed to Section 10.
2. Modified to reflect standard report is generated by software.

Copyright National Academy of Sciences. All rights reserved.
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TABLE 36 Madificationsto the Project 9-19 flow number test protocol to producethe simple
performance test system flow number test method

Section | Topic Modifications

1 Scope Minor editorial revisions to reflect specific loading and measurement
capabilities of the Simple Performance Test System.

2 Referenced Documents Revised to refer only to the two new recommended Standard Practices
and the Equipment Specification.

3 Definitions 1. Revised permanent deformation definition.
2. Revised flow number definition to be consistent with definition

in Equipment Specification.

3. Deleted definition of Effective Temperature.

4 Summary Minor editorial revisions to simplify summary and make it consistent
with terminology used in the Equipment Specification.

5 Significance and Use Editorial revisionsto describe use of flow number with criteriato

judge mix acceptability or flow number to rank expected mixture
performance.

Apparatus

1. Modified to reference Equipment Specification.

2. Added separate environmental chamber for conditioning
specimens.

3. Modified to use thin Teflon sheet to reduce friction.

Test Specimens

1. Revised to reference new Standard Practice for specimen
fabrication.

2. Reqguires average from three specimens. (Subject to change based
on analysis of criteriaand test variability.)

Test Specimen Instrumentation

Deleted. Not needed with Simple Performance Test System.

Procedure

1. Changed to Section 8.
2. Modified for specific steps required with the Simple Performance
Test System.

10

Calculations

1. Changed to Section 9.

2. Modified to reflect that flow number is computed by the Simple
Performance Test Software.

3. Added computation of average and standard deviation of three
tests.

11

Reporting

1. Changed to Section 10.
2. Modified to reflect standard report is generated by software.

Copyright National Academy of Sciences. All rights reserved.
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TABLE 37 Madificationsto the Project 9-19 dynamic modulus test protocol to producethe
simple performance test system dynamic modulus test method

Section

Topic

Modifications

1

Scope

Minor editorial revisionsto reflect specific loading and measurement
capabilities of the Simple Performance Test System.

Referenced Documents

Revised to refer only to the two new recommended Standard Practices
and the Equipment Specification.

Definitions

1. Revised dynamic modulus definition to be consistent with
definition in Equipment Specification.

2. Deleted definition of complex modulus.

3. Deleted definition of linear viscoelastic.

4. Deleted definition of effective temperature.

Summary

Minor editorial revisionsto simplify summary and make it consistent
with terminology used in the Equipment Specification.

Significance and Use

Editorial revisions to describe use of dynamic modulus with criteria
to judge mix acceptability or dynamic modulus to rank expected
mixture performance.

Apparatus

1. Modified to reference Equipment Specification.
2. Added separate environmental chamber for conditioning

specimens.
3. Modified to use thin Teflon sheet to reduce friction.

Test Specimens

1. Revised to reference new Standard Practice for specimen
fabrication.
2. Requires average from three specimens.

Test Specimen Instrumentation

1. Revised to address standard glued gage point system.
2. Gage length modified to 70 mm.

Procedure

Modified for specific steps required with the Simple Performance
Test System.

10

Calculations

1. Re-titled Calculations and Data Quality Indicators.

2. Added guidelines for data quality indicators.

3. Modified to reflect that dynamic modulus and phase angle are
computed by the Simple Performance Test Software.

4. Added computation of average and standard deviation of three
tests.

11

Reporting

Modified to reflect standard report is generated by software.

Copyright National Academy of Sciences. All rights reserved.

51


http://www.nap.edu/21954

52

CHAPTER 4

CONCLUSIONS AND RECOMMENDATIONS

4.1 CONCLUSIONS

Phase Il of Project 9-29 was extremely successful. A
detailed purchase specification was devel oped for equi pment
to perform the three Project 9-19 simple performance tests:
dynamic modulus, flow number, and flow time. Input from
both potential users and manufacturers was included in the
specification.

The specification generated a significant amount of inter-
est from manufacturers. In response to arequest for propos-
als issued under Project 9-29, four manufacturers proposed
first-article equipment designs, and two were selected for
evaluation. These systems, produced by Interlaken Technol-
ogy Corporation and Shedworks, Incorporated, are similar in
severd critical design areas. Both arerelatively small bottom-
loading servo-hydraulic devices with an automated test cham-
ber that serves as both the confining pressure cell and the envi-
ronmental chamber. The primary differences with the devices
are the specific methods used to heat and cool the chamber
and the specimen-mounted deformation measuring system
used exclusively in the dynamic modulus test. The Inter-
laken device uses heating elements and an air-driven vortex
cooler to control temperature in the chamber. The specimen
deformation measuring system isaunique extensometer sys-
tem that is held against the specimen with small pneumatic
actuators. The Shedworks device circulates conditioned air
through the test chamber. The specimen deformation mea-
suring system is arefined version of the glued contact point
system used in the origina Project 9-19 research.

An extensive evaluation of these two devices was also
undertaken in Phase Il of Project 9-29. This evaluation
included specific testing to ensure that the devices were in
compliance with the specifications and properly calibrated and
an extensive mixture testing program to evaluate mechanical
properties measured with the two devices and to assess the
functionality of the devices. The overall findings from the
evaluation are asfollows:

1. Both devices meet the requirements of the first-article
specifications and are reasonably user-friendly. Both
have functional deficiencies that need to be addressed
in future production units.

2. For the dynamic modulus test, the evaluation testing
revealed significant differences in both the mean and

the variability of dynamic modulus data collected with
the two devices. These differences appear to be associ-
ated with differences in the specimen-mounted defor-
mation measuring system.

3. Theoveral variability of the dynamic modulustest was
found acceptable for specification testing, and the vari-
ability is expected to decrease as limits are placed on
the quality indicators developed in this project for the
dynamic modulus test.

4. For theflow number test, the eval uation testing showed
no significant differencein flow numbers obtained with
the two devices.

5. Theoveral variability of theflow number test wasfound
to be too high for specification testing. One potential
source of variability that could be improved is the algo-
rithm used to select the flow point.

The equipment specification was revised based on these
findings. The most significant revision addressed the specimen
deformation measuring system for the dynamic modulus test.
A generic glued gage point system was included in the speci-
fication asthe standard system with the option to use other sys-
temsif they can be shown to produce the same measured spec-
imen responses. Test methods for performing the flow time,
flow number, and dynamic modulustestswith the Simple Per-
formance Test System were developed. The test methods are
adaptations of the Project 9-19 Test Methods to the specific
capabilities of the Simple Performance Test System.

Based on the findings of the evaluation testing and the
revised specification requirements, the Interlaken Simple Per-
formance Test System was disapproved. The performance of
the unique extensometer system wasthe primary deficiency
with this system. The Shedworks Simple Performance Test
System was conditionally approved. This device requires
minor improvementsin severa functional areas.

4.2 RECOMMENDATIONS

When the criteria development and validation are com-
pletedin Project 9-19, procurement of production Simple Per-
formance Test Systems can begin using the final specification
developed in Project 9-29. The specification and test methods
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should be reviewed based on the final recommendations of
Project 9-19. It isanticipated that only minor revisionsto the
specification and test methods will be required.

Manufacturers should be encouraged to continue devel-
opment of innovative deformation sensors for the dynamic
modulus test. Although the performance of the Interlaken
prototype was found unacceptable, the results, considering
the limited design and fabrication time allowed in Project
9-29, are encouraging. A rapid specimen fabrication sys-
tem, and automated deformation sensors of thistype, will be
needed to use the dynamic modulus test in quality control
operations.

Additional refinement of the flow number test is needed
if itisto be used asaspecification test. Coefficients of vari-
ation for this test from this study and Project 9-19 are too
high for use in a specification. The agorithm used to com-
pute the flow number is a likely source of a significant
amount of the test variability. Various flow number algo-
rithms should be investigated using the data already col-
lected in this project and Project 9-19 to determine an opti-
mum flow number algorithm.

53

Work should be initiated on the development of two stan-
dard practice documents to complement the simple perfor-
mance test methods. The first of these, Standard Practice for
Fabrication of Performance Test Specimens Using the Super-
pave Gyratory Compactor, would address the fabrication of
simple performance test specimens. This document should
cover the equipment and procedures for preparing specimens,
aswell asthe allowable air void gradient, dimensional toler-
ances, and air void tolerances for the finished specimens.
Information developed in Project 9-19 on the preparation of
field-sampled mixtures to a specific target air void content
should also be included in this practice. A draft of this stan-
dard practice should be developed as part of the automated
specimen fabrication evaluation to be completed in Project
9-29. The second, Standard Practice for Permanent Defor-
mation and Fatigue Evaluation of HMA Using the Simple
Performance Test System, would address determination of
testing condition for a specific site as well asthe application
of the criteria differentiating acceptable versus unacceptable
performance. A draft of thisstandard practice should be devel-
oped when Project 9-19 is compl eted.
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1.0

11

12

13

14

Summary

This specification describes the requirements for a testing system to conduct the
following National Cooperative Highway Research Program (NCHRP) Project 9-19
simple performance tests:

Protocol W1: Simple Performance Test for Permanent Deformation Based Upon
Static Creep / Flow Time Strength of Asphalt Concrete Mixtures.

Protocol W2: Simple Performance Test for Permanent Deformation Based Upon
Repeated Load Test of Asphalt Concrete Mixtures.

Protocol X1: Simple Performance Test for Permanent Deformation Based Upon
Dynamic Modulus of Asphalt Concrete Mixtures.

The Project 9-19 Draft Test Protocols are reproduced in Annex A, B and C of this
equipment specification to provide manufacturers with a description of the proposed
test procedure.

Note: This equipment specification represents a revision of the equipment
requirements contained in the Project 9-19 Draft Test Protocols. The requirements
of this specification supersede those contained in Project 9-19 Draft Test Protocols.

The testing system shall be capable of performing three compressive tests on nominal
100 mm (4 in) diameter, 150 mm (6 in) high cylindrical specimens. Thetestsare
briefly described below.

Flow Time Test. Inthistest, the specimen is subjected to a constant axial
compressive load at a specific test temperature. The test may be conducted with or
without confining pressure. The resulting axial strain is measured as a function of
time and numerically differentiated to calculate the flow time. The flow timeis
defined as the time corresponding to the minimum rate of change of axial strain. This
is shown schematically in Figure 1.

Flow Number Test. In thistest, the specimen, at a specific test temperature, is
subjected to arepeated haversine axial compressive load pulse of 0.1 sec every 1.0
sec. The test may be conducted with or without confining pressure. The resulting
permanent axial strains are measured as a function of time and numerically
differentiated to calculate the flow number. The flow number is defined as the
number of load cycles corresponding to the minimum rate of change of permanent
axial strain. Thisis shown schematically in Figure 2.
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Figurel. Schematic of Flow Time Test Data.
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Dynamic Modulus Test. In thistest, the specimen, at a specific test temperature, is
subjected to controlled sinusoidal (haversine) compressive stress of various
frequencies. The applied stresses and resulting axial strains are measured as a

function of time and used to cal culate the dynamic modulus and phase angle. The

dynamic modulus and phase angle are defined by Equations 1 and 2. Figure 3

presents a schematic of the data generated during atypica dynamic modulus test.

LOAD

* :&
=2

_T
¢7—T—(360)

P
Where:
|E*| = dynamic modulus
& =phaseangle, degree
0o = Stress amplitude
€, = strain amplitude
T; = time lag between stress and strain
Tp = period of applied stress
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Figure 3. Schematic of Dynamic Modulus Test Data.
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20 Definitions

21 Flow Time. Time corresponding to the minimum rate of change of axial strain during
acreep test.
22 Flow Number. The number of load cycles corresponding to the minimum rate of

change of permanent axial strain during a repeated load test.

23 Dynamic Modulus. Ratio of the stress amplitude to the strain amplitude for asphalt
concrete subjected to sinusoidal loading (Equation 1).

24 Phase Angle. Angle in degrees between a sinusoidally applied stress and the resulting
strain in a controlled stress test (Equation 2).

25 Resolution. The smallest change of a measurement that can be displ ayed or recorded
by the measuring system. When noise produces a fluctuation in the display or
measured value, the resolution shall be one-half of the range of the fluctuati on.

2.6 Accuracy. The permissible variation from the correct or true value.

2.7 Error. Thevalue obtained by subtracting the value indicated by atraceable
calibration device from the value indicated by the measuring system.

2.8 Confining Pressure. Stress applied to all surfacesin a confined test.

29 Deviator Stress. Difference between the total axial stress and the confining pressure

in aconfined test.

2.10 Dynamic Stress. Sinusoidal deviator stress applied during the Dynamic Modulus
Test.
211 Dynamic Strain. Sinusoidal axial strain measured during the Dynamic Modulus Test.

3.0 Test Specimens

31 Test specimens for the Simple Performance Test System will be cylindrical meeting

the following requirements.

Item Specification Remarks

Average Diameter 100 mm to 104 mm

Standard Deviation of Diameter 1.0 mm Seenote 1

Height 147.5 mmto 152.5 mm

End Flatness 0.3mm See note 2

End Parallelism 1 degree Seenote 3
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Notes:

1. Measure the diameter at the center and third points of the test specimen along axes that are 90 degrees
apart. Record each of the six measurements to the nearest 1 mm. Calculate the average and the
standard deviation of the six measurements. The standard deviation shall be lessthan 1.0 mm. The
average diameter, reported to the nearest 1 mm, shall be used in all material property calculations.

2. Check thisrequirement using a straight edge and feeler gauges.

3. Check this requirement using a machinists square and feeler gauges.

Note: Test specimenswill be fabricated using separate equipment. This
information is provided for design of the Simple Performance Test system.

4.0  SimplePerformance Test System

4.1 The Simple Performance Test System shall be a complete, fully integrated testing
system meeting the requirements of these specifications and having the capability to
perform the Flow Time, Flow Number, and Dynamic Modulus simple performance
tests described in Annex A, B, and C, respectively.

4.2 Annex D summarizes the methods that will be used to verify that the Simple
Performance Test System complies with the requirements of this specification.

4.3 The Simple Performance Test System shall include the following components:

1. Compression loading machine.

2. Loading platens.

3. Load measuring system.

4. Deflection measuring system.

5. Specimen deformation measuring system.

6. Confining pressure system.

7. Environmental chamber.

8. Computer control and data acquisition system.

4.4 The load frame, environmental chamber, and computer control system for the Simple
Performance Test System shall occupy afoot-print no greater than 1.5 m (5 ft) by 1.5
m (5 ft) with amaximum height of 1.8 m (6 ft). A suitable frame, bench or cart shall
be provided so that the bottom of the test specimen, and the computer keyboard and
display are approximately 90 cm (36 in) above the floor.

45 The load frame, environmental chamber and computer control system for the Simple

Performance Test System shall operate on single phase 115 or 230 VAC 60 Hz
electrical power.

A-9
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4.6 If ahydraulic power supply isrequired, it shall be air-cooled occupying a foot-print
no larger than 1 m (3 ft) by 1.5 m (5 ft). Thenoiselevel 2 m (6.5 ft) from the
hydraulic power supply shall not exceed 70 dB. The hydraulic power supply shall
operate on single phase 115 of 230 VAC 60 Hz electrical power.

47 When disassembled, the width of any single component shall not exceed 76 cm (30
in).

48 Air supply requirements shall not exceed 0.005 m/s (10.6 ft*/min) at 850 kPa (125
psi).

4.9 The Simple Performance Test System shall include appropriate limit and overload
protection.

4.10 An emergency stop shall be mounted at an easily accessible point on the system.

50 Compression Loading Machine

51 The machine shall have closed-loop load control with the capability of applying
constant, ramp, sinusoidal, and pulse loads. The requirements for each of the simple
performance tests are listed below.

Test Type of L oading Capacity Rate
Flow Time Ramp, constant 10 kN (2.25kips) | 0.5 sec ramp
Flow Number Ramp, constant, pulse | 8 kN (1.80 kips) | 10 Hz pulse with
0.9 sec dwell
Dynamic Modulus | Ramp, constant, 6 kN (1.35kips) | 0.1t0o 25 Hz
sinusoidal
52 For ramp and constant loads, the load shall be maintained within +/- 2 percent of the
desired load.
53 For sinusoidal loads, the standard error of the applied load shall be lessthan 5

percent. The standard error of the applied load is a measure of the difference between
the measured |load data, and the best fit sinusoid. The standard error of theload is
defined in Equation 3.

©)
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Where:
se(P) = Standard error of the applied load
Xi = Measured load at point i
X, = Predicted load at point i from the best fit sinusoid, See Equation 16
%X, = Amplitude of the best fit sinusoid
n = Total number of data points collected during test.
54 For pulse loads, the pesk of the load pulse shall be within +/- 2 percent of the

specified value and the standard error of the applied load during the sinusoidal pulse
shall be less than 10 percent.

55 For the Flow Time and Flow Number Tests, the loading platens shall remain parallel

during loading. For the Dynamic Modulus Test, the load shall be applied to the
specimen through a ball or swivel joint.

6.0 Loading Platens

6.1 The loading platens shall be fabricated from aluminum and have a Brinell Hardness
Number HBS 10/500 of 95 or greater.

6.2 Theloading platens shall be at least 25 mm (1 in) thick. The diameter of the loading
platens shall not be less than 105 mm (4.125 in) nor greater than 108 mm (4.25 in).

6.3 Theloading platens shall not depart from a plane by more than 0.0125 mm (0.0005
in) across any diameter.

7.0 Load Measuring System

71 The Simple Performance Test System shall include an electronic load measuring
system with full scale range equal to or greater than the stall force for the actuator of
the compression loading machine.

7.2 The load measuring system shall have an error equal to or lessthan +/- 1 percent for
loads ranging from 2 to 100 percent of the capacity of the machine when verified in

accordance with ASTM EA4.

7.3 The resolution of the load measuring system shall comply with the requirements of
ASTM EA4.

A-11
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8.0

8.1

8.2

8.3

8.4

8.5

9.0

9.1

9.2

9.3

9.4

9.5

Deflection Measuring System

The Simple Performance Test System shall include a electronic deflection measuring
system that measures the movement of the loading actuator for use in the Flow Time
and Flow Number Tests

The deflection measuring system shall have arange of at least 12 mm (0.5 in).

The deflection measuring system shall have a resolution equal to or better than 0.0025
mm (0.0001 in).

The deflection measuring system shall have an error equal to or less than 0.03 mm
(0.001 in) over the 12 mm range when verified in accordance with ASTM D 6027.

The deflection measuring system shall be designed to minimize errors due to
compliance and/or bending of the loading mechanism. These errors shall be less than
0.25mm (0.01in) at 8 kN (1.8 kips) load.

Specimen Defor mation Measuring System

The Simple Performance Test System shall include an electronic system for
measuring deformations on the specimen over a gauge length of 70 mm (2.76 in) at
the middle of the specimen. This system will be used in the Dynamic Modulus Test,
and shall include at least two transducers spaced equally around the circumference of
the specimen.

The transducers shall have arange of at least 1 mm (0.04 in).

The transducers shall have aresolution equal to or better than 0.0002 mm (7.8 micro
inch).

The transducers shall have an error equa to or less than 0.0025 mm (0.0001 in) over
the 1 mm range when verified in accordance with ASTM D 6027.

The axia deformation measuring system shall be designed for rapid specimen
installation and subsequent testing. Specimen instrumentation, installation,
application of confining pressure, and temperature equilibration shall take no longer
than 3 minutes over the complete range of temperatures.
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10.0 Confining Pressure System

10.1

10.2

10.3

10.4

10.5

10.6

10.7

The confining pressure system shall be capable of providing a constant confining
pressure up to 210 kPa (30 psi) to the test specimen. The system shall include a
pressure cell with appropriate pressure regulation and control, a flexible specimen
membrane, a device or method for detecting leaks in the membrane, a pressure
transducer, and a temperature sensing device that is mounted internal to the cell.

Confining pressure shall be controlled by the computer control and data acquisition
system. The confining pressure control system shall have the capability to maintain a
constant confining pressure throughout the test within +/- 2 percent of the desired
pressure.

The specimen shall be enclosed in an impermeable flexible membrane sealed against
the loading platens.

The pressure inside the specimen membrane shall be maintained at atmospheric
pressure through vents in the loading platens. The system shall include a device or
method for detecting membrane leaks.

The confining pressure system shall include a pressure transducer for recording
confining pressure during the test. The pressure transducer shall have arange of at
least 210 kPa, (30 psi) and aresolution of 0.5 kPa (0.07 psi). The pressure transducer
shall have an error equal to or less than +1 percent of the indicated value over the
range of 35 kPa (5 psi) to 210 kPa (30 psi) when verified in accordance with ASTM
D5720.

A suitable temperature sensor shall be mounted at the mid-height of the specimenin
the pressure cell between the specimen and the cell wall. This temperature sensor
shall have arange of 20 to 60 °C (68 to 140 °F), and be readable and accurate to the
nearest 0.25 °C. (0.5°F). For confined tests this sensor shall be used to control the
temperature in the chamber, and provide a continuous reading of temperature that will
be sampled by the data acquisition system during the test.

The confining pressure system shall be designed for rapid installation of the test
specimen in the confining cell and subsequent equilibration of the chamber
temperature to the target test temperature. Specimen instrumentation, installation,
application of confining pressure, and temperature equilibration shall take no longer
than 3 minutes over the complete range of temperatures.
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11.0 Environmental Chamber

111

11.2

11.3

114

12.0

12.1

12.2

12.3

The environmental chamber shall be capable of controlling temperatures inside the
chamber over the range from 20 to 60 °C (68 to 140 °F) within +/- 0.5 °C (1 °F), when
room temperature is between 15 and 27 °C (60 and 80 °F).

The environmental chamber need only be large enough to accommodate the test
specimen. It isenvisioned that specimens will be preconditioned in a separate
chamber that is large enough to hold the number of specimens needed for a particular
project along with one or more dummy specimens with internally mounted
temperature sensors.

The Flow Time Test system shall be designed for rapid installation of the test
specimen and subsequent equilibration of the environmental chamber temperature to
the target test temperature. Specimen instrumentation, installation, application of
confining pressure, and temperature equilibration shall take no longer than 3 minutes
over the complete range of temperatures.

A suitable temperature sensor shall be mounted in the environmental chamber within
25 mm (1 in) of the specimen at the mid-height of the specimen. Thistemperature
sensor shall have arange of 20 to 60 °C (68 to 140 °F), and be readable and accurate
to the nearest 0.25 °C (0.5°F). This sensor shall be used to control the temperaturein
the chamber, and provide a continuous reading of temperature that will be sampled by
the data acquisition system during the test.

Computer Control and Data Acquisition

The Simple Performance Test System shall be controlled from a Personal Computer
operating software specifically designed to conduct the Flow Time, Flow Number,
and Dynamic Modulus Tests described in Annex A, B, and C, and to analyze datain
accordance with Section 13.

The Simple Performance Test System Software shall provide the option for user
selection of S| or US Customary units.

Flow Time Test Control and Data Acquisition

1231 The control system shall control the deviator stress, and the confining pressure

within the tolerances specified in Sections 5 and 10.2

12.3.2 The control system shall ramp the deviator stress from the contact stress

condition to the creep stress condition in 0.5 sec.
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12.33

1234

12.35

Zero time for data acquisition and zero strain shall be defined as the start of
the ramp from contact stress to creep stress. Using thistime as areference,
the system shall provide arecord of deviator stress, confining pressure, axial
strain, and temperature at zero time and a user specified samplinginterval, t,
between (0.5 and 10 sec). The axia strains shall be based on the user
provided specimen length and the difference in deflection at any time and the
deflection at zero time.

The control system shall terminate the test and return the deviator stress and
confining pressure to zero when the axial strain exceeds 5 percent or the
maximum user specified test duration timeis exceeded.

Note: in Project 9-19, flow time criteria will be developed for mixturesasa
function of climate, and traffic level. These criteriawill be used by the user
to determine the maximum duration of the test.

Figure 4 presents a schematic of the specified loading and data acquisition.

CONTACT DEVIATOR STRESS +/- 2%

/ CREEP DEVIATOR STRESS +/- 2%

STRESS, kPa

0 t 2t 3t

TIME, SEC t = sampling interval

Figure 4. Schematic of L oading and Data Acquisition.
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12.3.6

12.3.7

12.3.8

12.3.9

The Flow Time Test Software shall include a screen to input test and file
information including:

1. Project Name

Operating Technician
Specimen Identification

File Name

Specimen Diameter
Specimen Height

Target Test Temperature
Target Confining Stress

. Target Contact Deviator Stress
10. Target Creep Deviator Stress
11. Specimen Conditioning Time
12. Sampling Interval

13. Test Duration

14. Remarks

©COND AWM

The Flow Time Test Software shall prompt the operator through the Flow
Time Test.
1. Testand fileinformation screen.
Insert specimen.
Apply confining pressure and contact stress.
Wait for temperature equilibrium, check for confining system leaks.
Ramp to creep stress and collect and store data.
Post test remarks.
Remove tested specimen.

NookwN

During the creep loading portion of the test, the Flow Time Test Software
shall provide areal-time display of the time history of the deviator stress, the
axial strain, and the rate of change of axial strain. The rate of change of axial
strain shall be computed in accordance with the a gorithm presented in
Section 13.

If at any time during the creep loading portion of the test, the deviator stress,
confining pressure, or temperature exceed the tolerances listed below, the
Flow Time Test Software shall display awarning and indicate the parameter
that exceeded the control tolerance. The test shall continue and the software
shall include this warning in the data file and the hard copy output.

Response Tolerance

Deviator stress +/- 2 percent of target
Confining pressure  +/- 2 percent of target
Temperature +/- 0.5 °C of target
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12.3.10 Datafiles shall include the following information:

1. Testinformation supplied by the user in Section 12.3.6.

2. Date and time stamp.

3. Computed flow time.

4. Axid strain at the flow time.

5. Average temperature during the test.

6. Average confining stress during the test.

7. Time and corresponding measured deviator stress, measured confining
pressure, measured temperature, measured axial strain, and computed
rate of change of strain.

8. Warnings

9. Post test remarks.

12311 TheFlow Time Test Software shall provide the capability of retrieving data
files and exporting them to an ASCIl comma delimited file for further
analysis.

12312  TheFlow Time Test Software shall provide a one page hard copy output with
the following:

1. Testinformation supplied by the user in Section 12.3.6.

2. Date and time stamp.

3. Computed flow time.

4. Axid strain at the flow time.

5. Average temperature during the test.

6. Average confining stress during the test.

7. Warnings

8. Post test remarks

9. Plot of axial strain versustime.

10. Plot of rate of change of axial strain versus time with the flow time
indicated.

124 Flow Number Test Control and Data Acquisition

1241 The control system shall control the deviator stress, and the confining pressure
within the tolerances specified in Sections 5 and 10.2

12.4.2 The control system shall be capable of applying an initial contact stress, then
testing the specimen with the user specified cyclic deviator stress.

12.4.3 The data acquisition and control system shall provide the user the ability to

select the sampling interval as awhole number of load cycles.
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1244

1245

Zero deflection shall be defined as that at the start of thefirst load pulse. At
the user specified sampling interval, the control system shall provide arecord
of peak deviator stress, standard error of the applied load (See Section 5.3),
contact stress, confining pressure, permanent axial strain at the end of the load
cycle, and temperature. The axial strains shall be based on the user provided
specimen length and the difference in deflection the end of any load cycle and
the zero deflection.

The control system shall terminate the test and return the deviator stress and
confining pressure to zero when the axial strain exceeds 5 percent or the user
specified test duration is reached.

Note: in Project 9-19, flow number criteria will be developed for mixtures asa
function of climate, and traffic level. These criteria will be used by the user to
determine the maximum duration of the test.

12.4.6

Figure 5 presents a schematic of the specified loading and data acquisition.

CYCLE1 CYCLE 2

H‘P 5,(1) { %@

CONTACT DEVIATOR STRESS +/- 2%

DEFLECTION, mm

REPEATED [DEVIATOR STRESS +/-2%
CONFINING PRESSURE +/- 2%

STRESS, kPa

0.1 0.9

TIME, SEC

Figure5. Schematic of Loading and Data Acquisition for Flow Time Test.
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12.4.7

12.4.8

12.4.9

The Flow Number Test Software shall include a screen to input test and file
information including:

Project Name

Operating Technician

Specimen |dentification

File Name

Specimen Diameter

Specimen Height

Target Test Temperature

Target Confining Stress

. Target Contact Deviator Stress
10. Target Repeated Deviator Stress
11. Specimen Conditioning Time
12. Sampling Interval

13. Maximum Number of Load Cycles
14. Remarks

©COoNOTA~WNE

The Flow Number Test Software shall prompt the operator through the Flow
Number Test.

Test and file information screen.

Insert specimen.

Apply confining pressure and contact stress.

Wait for temperature equilibrium, check for confining system leaks.
Test specimen, collect and store data.

Post test remarks.

Remove tested specimen.

NogogrwNE

During the test, the Flow Number Test Software shall provide the user the
ability to select the following displays and the ability to change between
displays:

1. Digital oscilloscope showing stress and strain as a function of time.

2. A display of the history of the peak deviator stress, permanent axial
strain, and the rate of change of permanent axial strain as a function of
the number of load cycles. The rate of change of permanent axial
strain shall be computed in accordance with the a gorithm presented in
Section 13.

A-19
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12.4.10

12.4.11

12412

If at any time during the test, the peak deviator stress, standard error of the
applied load, confining pressure, or temperature exceed the tolerances listed
below, the Flow Number Test Software shall display awarning and indicate
the parameter that exceeded the control tolerance. The test shall continue and
the software shall include this warning in the data file and the hard copy
output.

Response Tolerance

Peak deviator stress  +/- 2 percent of target
Load standard error 10 percent
Confining pressure  +/- 2 percent of target
Temperature +/- 0.5 °C of target

Datafiles shall include the following information:

Test information supplied by the user in Section 12.4.7.
Date and time stamp.

Computed flow number.

Axial strain at the flow number.

Average temperature during the test.

Average confining stress during the test.

Average pesk deviator stress.

Average contact stress.

Maximum standard error of the applied load.

. Cycle and corresponding measured peak deviator stress, computed
load standard error, measured contact stress, measured confining
pressure, measured temperature, measured permanent axial strain, and
computed rate of change of permanent strain.

11. Warnings

12. Post test remarks.

BoOooNoOoA~WNE

o

The Flow Number Test Software shall provide the capability of retrieving data
files and exporting them to an ASCIl commadelimited file for further
analysis.
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12.4.13

The Flow Number Test Software shall provide a one page hard copy output
with the following:

1. Testinformation supplied by the user in Section 12.4.7.

2. Date and time stamp.

3. Computed flow number.

4. Axia strain at the flow number.

5. Average temperature during the test.

6. Average confining stress during the test.

7. Average peak deviator stress.

8. Average contact stress.

9. Maximum load standard error.

10. Warnings.

11. Post test remarks.

12. Plot of permanent axial strain versus load cycles.

13. Plot of rate of change of axial strain versus load cycles with the flow
number indicated.

125 Dynamic Modulus Test Control and Data Acquisition

1251

1252

1253

1254

1255

12.5.6

The control system shall control the axial stress and the confining pressure.
The confining pressure shall be controlled within the tolerances specified in
Section 10.2.

The control system shall be capable of applying confining stress, an initial
contact deviator stress, then conditioning and testing the specimen with a
haversine loading at a minimum of 5 user selected frequencies.

Conditioning and testing shall proceed from the highest to lowest loading
frequency. Ten conditioning and ten testing cycles shall be applied for each
frequency.

The control system shall have the capability to adjust the dynamic stress and
contact stress during the test to keep the average dynamic strain within the
range of 75t0 125 strain. Adjustment of the dynamic stress shall be
performed during the ten conditioning cycles at each loading frequency.

A contact stress equal to 5 percent of the dynamic stress shall be maintained
during conditioning and testing.

During the 10 testing cycles, record and store the load, specimen deformations
from the individual transducers, confining pressure, and temperature as a
function of time. The data acquisition rate shall be set to obtain 50 data points
per loading cycle.

A-21
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12.5.7

1258

12.5.9

125.10

The Dynamic Modulus Test Software shall include a screen to input test and
fileinformation including:

Project Name

Operating Technician
Specimen Identification
File Name

Specimen Diameter
Specimen Height

Target Test Temperature
Target Confining Stress

. Loading Rates

10. Specimen Conditioning Time
11. Remarks

OCONOTA~WNE

The Dynamic Modulus Test Software shall prompt the operator through the
Dynamic Modulus Test.

Test and file information screen.

Insert specimen and attach strain instrumentation.

Apply confining pressure and contact stress.

Wait for temperature equilibrium, check for confining system leaks.
Condition and test specimen.

Review dynamic modulus, phase angle, temperature, confining
pressure, and data quality statistics (See Section 13) for each
frequency tested.

7. Post test remarks.

8. Remove tested specimen.

QA wWNE

During the conditioning and testing, the Dynamic Modulus Test Software
shall provide area-time display of the axial stress, and the axial strain
measured individually by the transducers.

If at any time during the conditioning and loading portion of the test,
confining pressure, temperature, or average accumulated permanent strain
exceed the tolerances listed below, the Dynamic Modulus Test Software shall
display awarning and indicate the parameter that exceeded the control
tolerance. Thetest shall continue and the software shall include this warning
in the data file and the hard copy output.

Response Tolerance

Confining pressure +/- 2 percent of target
Temperature +/- 0.5 °C of target
Permanent Axial Strain  0.0050 mm/mm
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12511

125.12

12.5.13

For each loading frequency, a separate data file shall be produced. Thisfile
shall include he test information supplied by the user in Section 12.5.7, adate
and time stamp, and the following information for each frequency of loading
included in the test.

Dynamic modulus.

Phase angle.

Average temperature during the test.

Average confining pressure.

Data quality measures (See Section 13)

e Thedrift for the applied load, AY,, %

¢ Thestandard error for the applied load, se(P), %

«  The average drift for the deformations, AY o, %

¢ Theaverage standard error for the deformations, se(Y), %

¢ Theuniformity coefficient for the deformations, Ua %

« Theuniformity coefficient for the deformation phase angles,

U, degrees.

6. Timeand corresponding measured axia stress, individual measured

axial strains, measured confining pressure, and measured temperature,
7. Warnings
8. Post test remarks.

garwNE

The Dynamic Modulus Test Software shall provide the capability of retrieving
data files and exporting them to an ASCII comma delimited file for further
analysis.

For each loading frequency, the Dynamic Modulus Test Software shall
provide a one page hard copy output with the following. Figure 6 presents an
example one page output.

Test information supplied by the user in Section 12.5.7.

Date and time stamp.

Dynamic modulus.

Phase angle.

Average temperature during the test.

Average confining pressure during the test.

Data quality measures (See Section 13)

« Thedrift for the applied load, AY,, %

* Thestandard error for the applied load, se(P), %

* Theaverage drift for the deformations, AYo , %
¢ Theaverage standard error for the deformations, se(Y), %
« Theuniformity coefficient for the deformations, Ua %
¢ Theuniformity coefficient for the deformation phase angles,
Uy, degrees.
9. Warnings

NogrwWNE
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10. Post test remarks

11. Plot showing centered stress and centered strains as a function of time

12. Plot showing normalized stress and strains as a function of phase
angle. Thisplot shall include both the measured and fit data.

13. Plot showing normalized stress as a function of normalized strain.
This plot shall include both the measured and fit data.

DYNAMIC MODULUS STANDARD REPORT D ata generated on : 4-Apr-01 Dynamic Modulus. ksi- 457
Data exported on : 4-Apr-01 Phase Angle, Deg.: 301
Sample ID: FHWA DO
Project WO 621 System Configuration Data Quality Indicators:
Test Frequency (Hz): 0.50 Number Of Movers 2 RMS Cmd. Error, %: 7.9
Specimen Gauge Length (in.) 4.00 Number Of Channels 11 Load Std. Error, %: 72
Specimen Dia. (in.): 4.00 Disp. Avg. Std. Error, %: 78
Specimen Cross-Sec. Area (in.A2) 12,57 Points Acquired : 500 Disp. Uniformity, %: 3.4
Test Temperature C: 40.0 Scan Time : 20 Phase Uniformity, Deg.: 45
Time Between Scans : 40 Avg. Total Drift, %: -4.2
200 _|NORMALIZED LOAD AND DISPLACEMENTSl_— 200 LOAD VS. DISPLACEMENT
150 150
% 100 & ~ 100
S S k]
5 50 \ S 50 -
H
3 3 ! |
S o 2 >
3 T ‘
g £
é 50 — S 50 T Disp 1
5 o0 ¢ Load Displ 100 Dfspl Fit
[====Load Fit Disp1 Fit Disp2
-150 Disp2 Disp2 Fit -150 Disp? Fit
200 l -200
180 90 0 %0 180 200 150 -100  -50 0 50 100 150 200
Angle, degrees Normalized Displacement
| p———
30 DATA TRACE! 300
20 b ,‘A“ e fA“ N f'\ }A‘. f\. 15N f\\ £1 .00
w0 | L ¥ s Fa [ Vs [ ¥4 S5 ¥ : é
o . e . . - - %
L Y Y I o R R I Y Y I T L B
g OT% LN SR % o % a7 & 7 % o & ¢ % -
Soti A LA L OF L E Y E Y E L E OLE Y E LA
P E “os v S P v 4 P v o4 v 38 100
20 R4 W W e kY W W 2 W W
-30 -200
* Load Displ Disp2
Figure 6. Example Dynamic Modulus Output.
13.0 Computations
131 Flow Time Test

Disp., micro-in

1311 The Flow Timeis defined as the time corresponding to the minimum rate of

change of axial strain during a creep test. To ensure that different laboratories
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13.1.2

13.1.3

13.14

produce comparabl e results for this test method, the procedure described in
this section shall be followed in determining the flow time. The procedure
consists of three steps: (1) numerical calculation of the creep rate ; (2)
smoothing of the creep rate data; and (3) identification of the point at which
the minimum creep rate occurs as the flow time.

Thefirst step in determining the flow time isto estimate the rate of change
(derivative) of the axial strain € with respect to timet using afinite-difference
formula. Therate of change of the strain with respect to time is estimated
using the following equation:

d & D£i+m “ i

dt 2At @

Where:

dei/dt = rate of change of strain with respect to time or creep rate at i sec, /s
g.a = strainati-Atsec

€t = Strainat i+At sec

At = samplinginterval

The derivatives calculated in Section 13.1.2 shall then be smoothed by
calculating the running average at each point, by adding to the derivative at
that point the two values before and two values after that point, and dividing
the sum by five:

dgll _lEE‘glszt + dgilfAt +£+ d£+At + d£|+2At 0

= (5
dt 50 dt dt dt dt dt

Where:

de’i/dt = smoothed creep rateat i sec, /s
deionddt = creep rate at i-2At sec, Us
dei.n/dt = creeprateati-At sec, Us
dei/dt = creeprateati sec, s

dei.addt = creeprateat i+At sec, Us
deisonddt = creep rate at i+2At sec, Us

The flow time is reported as the time at which the minimum value of the
smoothed creep rate occurs, and shall be reported to nearest At seconds. |If
there is no minimum, then the flow time is reported as being greater than or
equal to the length of the test. If more than one point share the minimum
creep rate, the first such minimum shall be reported as the flow time.
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13.2 Flow Number Test

1321 The Flow Number is defined as the number of load cycles corresponding to
the minimum rate of change of permanent axial strain during arepeated |load
test. To ensure that different laboratori es produce comparable results for this
test method, the procedure described in this section shall be followed in
determining the Flow Number. The procedure consists of three steps: (1)
numerical calculation of the creep rate; (2) smoothing of the creep rate data;
and (3) identification of the point at which the minimum creep rate occurs as
the Flow Number.

13.2.2 Thefirst step in determining the Flow Number is to estimate the rate of
change (derivative) of the permanent axial strain, p, with respect to the
number of load cycles, N, using afinite-difference formula. The rate of
change of the permanent strain with respect to the number of cyclesis
estimated using the following equation:

N 20N ©
Where:
d(ep)i/dN = rate of change of permanent axial strain with respect to cycles or
creep rate at cyclei, L/cycle
(Ep)ian = permanent strain at i-AN cycles
(€p)isan = permanent strain at i+AN cycles
AN = sampling interval

13.2.3 The derivatives calculated in Section 12.2.3 shall then be smoothed by
calculating the running average at each point, by adding to the derivative at
that point the two values before and two values after that point, and dividing
the sum by five:

d(£p)|‘=le(£p)|—2AN +d(5p)|—AN +d(£p)\ +d(£p)|+AN +d(£p)|+2ANH
dN  5H oN dN dN dN dN
Where:
d(gp)'i/dN smoothed creep rate at i sec, 1/cycle

d(Ep)i.ZAN/dN
d(Sp)i.AN/dN

creep rate at i-2AN cycles, 1/cycle
creep rate at i-AN cycles, LUcycle

d(ep)i/dN creep rate at i cycles, lcycle
d(ep)i+an/dN = creeprateat i+AN cycles, L/cycle
d(gp)i+oan/dN = creeprate at i+2AN cycles, l/cycle
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13.24 The Flow Number is reported as the cycle at which the minimum value of the

smoothed creep rate occurs. If there is no minimum, then the Flow Number is
reported as being greater than or equal to the length of thetest. If more than
one point share the minimum creep rate, the first such minimum shall be
reported as the Flow Number.

133 Dynamic Modulus Test

1331 The data produced from the dynamic modulus test at frequency ay will bein
the form of several arrays, one for time[t], onefor each of thej =1, 2, 3,...m
transducers used [y;]. Inthetypical arrangement, therewill bem=3
transducers: the first transducer will be aload cell, and transducers 2 and 3
will be specimen deformation transducers. However, this approach is general
and can be adapted to any number of specimen deformation transducers. The
number of i =1, 2, 3...n pointsin each array will be equal to 500 based on the
number of cycles and acquisition rate specified in Section 12.5.6. It has been
assumed in this procedure that the load will be given in Newtons (N), and the
deformations in millimeters (mm). The analysis has been devised to provide
complex modulus in units of Pascals (1 Pa= 1 N/m?) and phase angle in units
of degrees. The general approach used hereis based upon the least squares fit
of asinusoid, as described by Chapra and Canale in Numerical Methods for
Engineers (McGraw-Hill, 1985, pp. 404-407). However, the approach used
hereis more rigorous, and also includes provisions for estimating drift of the
sinusoid over time by including another variable in the regression function.
Regression is used, rather than the Fast Fourier transform (FFT), becauseit is
asimpler and more direct approach, which should be easier for most engineers
and technicians in the paving industry to understand and apply effectively.
The regression approach also lends itself to calcul ating standard errors and
other indicators of dataquality. Thisapproach should however produce
results essentially identical to those produced using FFT anaysis.

1332 The calculation proceeds as follows. First, the data for each transducer are
centered by subtracting from the measured data the average for that

transducer:
Yi'=Y; -Y, (8)
Where:
Yii' = Centered data for transducer j at point i in dataarray
Yi = Raw data for transducer j at point i in data array
Y, = Average for transducer |
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13.3.3

[x'x]

1334

1335

DDDDDEDDD%

In the second step in the procedure, the [X' X] matrix is constructed as follows:

N Z b > cosliat) z snlwt) 4

2t Zt Z | cosa) z i) §
icl(;'ls(wot‘) >t I(;(lls(woti) Emg(woti) ZCOS(M o) B ©
gsn(@ot,) glt,sin(wot,) %C;;(a)ot)sin(%t,) a égnz(wotl) E

Where N is the total number of data points, a is the frequency of the data, t is
the time from the start of the data array, and the summation is carried out over
all pointsin the data array.

The inverse of this matrix, [X' X] ™, isthen calculated. Then, for each
transducer, the [X'Yj] array is constructed:

‘M-
=<

I
M

Y ‘cos(wot)

1l
i

[xv,] (10)

M-

I
W

o e i o
M-
<
-
ooooooood

M-

I
o

Y, 'sin(w,t) s

Where Y; represents the output from one of the three transducers (j=1 for the
load cell, j=2 and 3 for the two deformation transducers). Again, the
summation is carried out for al pointsin the data arrays.

The array representing the regression coefficients for each transducer isthen
calculated by multiplying the [X' X]™ matrix by the [X'Y;] matrix:

0 A, 0O
O A'OD
0 A
Oa. 0
O AJZD
O BIZD

[x'x][xY|] 1
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13.3.6

Where the regression coefficients can be used to calculate predicted values for
each of thej transducers using the regression function:

YA]\ = A]U + Ajltl + A|Zcos(w0t|)+ B]ZS.n(OJOtI)-'—g]I (12)

Where Y is the predicted value for thei™ point of datafor the " transducer,

and ¢j; represents the error term in the regression function.

From the regression coefficients, several other functions are then calculated as
follows:

B;, U
6 = arctan-—= (13)
0 Ae
|YJ *| =4 AJ22 + szz (24)
AjltN
AY, =2 100% (15)
i
i
n 2
2 ék( "B 1000 O
se(Y) = | ——— = (16)
n O |Yj |
Where:
6 = Phase anglefor transducer j, degrees
[Yj*] = Amplitude for transducer j, N for load or mm for displacement
AY; = Drift for transducer j, as percent of amplitude.
N = Total time covered by data
Yii'" = Predicted centered response for transducer j at point i, N or mm
(Yj) = Standard error for transducer j, %
n = number of data points = 500

The calcul ations represented by Equations 13 through 16 are carried out for
each transducer—typically the load cell, and two deformation transducers.
This produces values for the phase angle, and standard errors for each
transducer output. The phase angles given by Equation 13 represent absolute
phase angles, that is, 8 is an arbitrary value indicating the angle at which data
collection started.
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13.3.7

13.3.8

13.3.9

13.3.10

The phase angle of the deformation (response) relative to the load (excitation)
is the important mechanical property. To calculate this phase angle, the
average phase angle for the deformations must first be cal cul ated:

2 6
6, =2 17
& 1 (17)
Where , isthe average absol ute phase angle for the deformation

transducers, and § isthe phase angle for each of thej =2, 3, ..., m
deformation transducers. For the typical case, there are oneload cell and two
deformation transducers, so m = 3, and Equation 17 simply involves summing
the phase angle for the two deformation transducers and dividing by two.

The relative phase angle at frequency wbetween the deformation and the load,
&), isthen calculated asfollows:

6(w)=6, -6 (18)
Where 6 is the absolute phase angle calculated for the load.
A similar set of calculations is needed to cal culate the overall modulus for the

material. First, the average amplitude for the deformations must be
calculated:

i
Vor|=2— (19

Where |\7D *| represents the average amplitude of the deformations (mm).

Then, the dynamic modulus [E*| at frequency wis calculated using the
following equation:

* = |YP *lLQ
|E* (w) = N (20)

Where [E* (w)| isin Pa, Lyis the average gage length for the deformation
trgnsducers (mm), and A isthe loaded cross-sectional areafor the specimen,
m-.
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13.3.11 Thefina part of the analysis involves calculation of severa factorsindicative

of data quality, including the average drift for the deformations, the average
standard error for the deformations, and uniformity coefficients for
deformation amplitude and phase:

; AjltN

AYp = x100% (21)

(22
(23)
(29
Where:
AYo = Average deformation drift, as percent of average deformation
amplitude
s(Yp) = Average standard error for all deformation transducers, %
Ua = Uniformity coefficient for deformation amplitude, %
Ug = Uniformity coefficient for deformation phase, degrees
14.0 Calibration and Verification of Dynamic Performance
14.1 Prior to shipment, the complete Simple Performance Test System shall be assembled

at the manufacturer’s facility and calibrated. Thiscalibration shall include calibration
of the computer control and data acquisition electronics/software, static calibration of
the load, deflection, specimen deformation, confining pressure and temperature
measuring systems; and verification of the dynamic performance of the load and
specimen deformation measuring systems.

14.2 The results of these calibrations shall be documented, certified by the manufacturer,
and provided with the system documentation.
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14.3

14.4

145

14.6

Static calibration of the load, deflection, specimen deformation, and confining
pressure systems shall be performed in accordance with the following standards:

System ASTM Standard
Load ASTM E4
Deflection ASTM D 6027
Specimen Deformation ASTM D 6027
Confining Pressure ASTM D 5720

The calibration of the temperature measuring system shall be verified over the range
that the testing system will be used. A NIST traceable reference thermal detector
with resolution equal to or better than the temperature sensor shall be used.

Verification of the dynamic performance of the force and specimen deformation
measuring systems shall be performed by loading a proving ring or similar
verification device with the specimen deformation measuring system attached. The
manufacturer shall be responsible for fabricating the verification device and shall
supply it with the Simple Performance Test System. The verification shall include
loads of 0.6, 1.2, 3.0, and 4.8 kN (0.13, 0.27, 0.67, and 1.08 kips) at frequencies of
0.1, 1, and 25 Hz. The verification shal include measurement of load, and
displacement of the verification device using the specimen deformation measuring
system. All of the resulting load versus deformation data shall be within 2 percent of
that determined by static loading of the verification device. The phase difference
between load and displacement measurements shall be less than 1 degree.

The Simple Performance System shall include a calibration mode for subsequent
annual calibration in accordance with the standards listed in Section 14.3 and the
method described in 14.4. It shall also include a dynamic verification mode to
perform the verification test described in Section 14.5. Access points for calibration
work shall be clearly shown in the system reference manual.

15.0 Verification of Normal Operation

15.1

The manufacturer shall develop and document procedures for verification of normal
operation for each of the systemslisted in Section 14.3, and the dynamic
performance verification discussed in Section 14.5. It is anticipated that these
verification procedures will be performed by the operating technician on a frequent
basis. Equipment used in the verification process shall be provided as part of the
Simple Performance Test System.
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16.0 Documentation

16.1 The Simple Performance Test System shall include an on-line help and
documentation.

16.2 A reference manual completely documenting the Simple Performance Test System
shall be provided. Thismanual shall include the following Chapters:

System Introduction.

Installation.

Loading System.

Confining Pressure System.
Environmental Chamber.

Control and Data Acquisition System.
Flow Time Test.

Flow Number Test.

. Dynamic Modulus Test.

10. Cdlibration.

11. Verification of Dynamic Performance.
12. Verification of Normal Operation.

13. Preventative Maintenance.

14. Spare Parts List

15. Drawings.

CONOUAWNE

17.0 Warranty

17.1 The Simple Performance Test System shall carry a one year on-site warranty.

A-33

uoinenjeas pue juawdojanaq ajoIly-IsiiH :ubisaq xiN anediadns Joj 181Sa ] aouewlouad ajdwis


http://www.nap.edu/21954

‘paniasal Sybu | "S22uaIds Jo Awapeay [euonen 1ybuAdod

NCHRP 9-29 First-Article Equipment Specifications for Simple Performance Test System
Version 1.1

November 19, 2001

Includes Amendment 1

Annex A
NCHRP Project 9-19 Draft Test Protocol W1:
Simple Performance Test for Permanent Defor mation Based Upon Static Creep / Flow
Time Strength of Asphalt Concrete Mixtures
Arizona State University, September, 2000
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Scope

1

3.

11

12

13

14

14

This test method covers procedures for the preparation, testing and measurement of the
resistance to tertiary flow of cylindrical asphalt concrete specimensin atriaxial state of
compressive loading.

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

Thetest is conducted at a single effective temperature T and design stress levels.

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

This standard may involve hazardous material, operations, and equipment. This
standard does not purport to address all safety problems associated with its use. It is
the responsibility of the user of this procedure to establish appropriate safety and
health practices and to determine the applicability of regulatory limitations prior to
use.

Referenced Documents

2.1 AASHTO Standards

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

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

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

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

Definitions

31

3.2

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

Compliance —is the reciprocal of the modulus and represents the ratio of strain to stress
for aviscoela
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Note 1 — It has been found that feedback control of a servovalve to
control the pressure is the preferred method of control. However,

3.3 Effective Temperature Tet — is a single test temperature at which an amount of
permanent deformation would occur equivalent to that measured by considering each

‘paniasal Sybu | "S22uaIds Jo Awapeay [euonen 1ybuAdod

season separately throughout the year

Summary of Method

4.1 A cylindrical sample of bituminous paving mixture is subjected to a static axial load.

The test can be performed either without confinement, or a confining pressure is
applied to better simulate in situ stress conditions. The flow time is defined as the
postulated time when shear deformation, under constant volume, starts. The applied
stress and the resulting permanent and/or axial strain response of the specimen is
mesasured and used to cal culate the flow time.

Significance and Use

5.1 Current Superpave volumetric mix design procedure lacks a fundamental design

criterion to evaluate fundamental engineering properties of the asphalt mixture that
directly affect performance. In thistest, the selection of the design binder content and
aggregate structure is fundamental ly enhanced by the evaluation of the mix resistance
to shear flow (Flow Time).

5.2 Thisfundamental engineering property can be used as a performance criteria indicator

for permanent deformation resistance of the asphalt concrete mixture, or can be simply
used to compare the shear resistance properties of various bituminous paving mixtures.

Apparatus

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

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

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

A-36

6.1.3

6.1.4

manual valves or proportional valves may be adequate for some
applications. The axisymmetric triaxial cells of AASHTO T292 or
T294 may be used for this purpose. Other types of triaxial cells may
be permitted. In all cases, see-through cells are not recommended for
use with gas confining media. Sight glass ports or reduced area
windows are recommended with gas media for safety reasons. It is
not required that the specimen be visible through the cell wall if
specimen centering and proper instrumentation operation can be
verified without a see-through pressure vessel. Certain simulations
of pavement loads and extended material characterization desired for
local conditions may suggest using confining pressures greater than
207 kPa. For pressures higher than 690 kPa (100 ps), fluid cells are
recommended.

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

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

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

6.1.4.1Load - The load shal be measured with an electronic load cell having

adequate capacity for the anticipated load requirements. The load cell shall be
calibrated in accordance with AASHTO T67. The load measuring transducer
shall have accuracy equal to or better than 0.25 percent of full scale.
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Note 3 — A 25 kN (5600 Ibf) load cell has been found to be the
approximate maximum capacity limit for this test method because
of range versus resolution factors. It is recommended that if the
selected load cell capacity is 25 kN or greater, the system should
be equipped with either manua or automatic amplification
selection capability so that it can be used to enhance control of the
system at lower anticipated loads.

6.1.4.2 Axial and Radial Deformations — Axial and/or radial deformations shall be

6.1.5

6.1.6

6.1.7

measured with displacement transducers referenced to gauge points contacting
the specimen as shown in Figure 1. The axial deformations shall be measured
at aminimum of two locations 180° apart (in plan view); radial deformations
shall be measured at a minimum of four locations aligned, in planform, on
diametral, perpendicular lines which intersect at the center of the specimen.

Note 4 — Analog transducers such as linear variable differential
transformers (LVDTSs) having a range of £ 0.5 mm (0.02 in) and
inherent nonlinearity equal to or better than +0.025 percent of full
scale have been found adeguate for this purpose. Software or
firmware linearization techniques may be used to improve the
inherent nonlinearity. Amplification and signa conditioning
techniques may be used with the + 0.5 mm range LVDTsto obtain
resolutions down to 0.001mm (0.00004 in) or better for small
strain tests conditions. These techniques may be manua or
automatic. In general, increasing the resolution by manual signal
amplification will result in reduction of the overall range of the
instrument by the same factor.

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

Flexible Membrane: for the confined tests, the specimen should be enclosed in an
impermeable flexible membrane. The membrane should be sufficiently long to
extend well onto the platens and when dlightly stretched be of the same diameter
as the specimen. Typica membrane wall thickness range between 0.012 and
0.0625 inches (0.305 — 1.588 mm).

End Treatment — Friction reducing end treatments shall be placed between the
specimen ends and the loading platens.
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Note 5 - End treatments consisting of two 0.5 mm (0.02 in) thick latex
sheets separated with silicone grease have been found to be suitable
friction reducing end treatments.

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

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

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

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

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

7. Test Specimens

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

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

7.3  Gyratory Specimens— Prepare 165 mm (6.5 in) high specimens to the required air void
content in accordance with AASHTO TP-4.
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7.4  Coring - Corethe nominal 100 mm (4 in) diameter test specimens from the center of

the gyratory specimens. Both the core drill and the gyratory specimen should be
adequately supported to ensure that the resulting test specimen is cylindrical with sides
that are smooth, parallel, and free from steps, ridges, and grooves.

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

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

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

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

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

7.8 Replicates— The number of test specimens required depends on the number of
axial and/or radial strain measurements made per specimen and the desired
accuracy of the average flow timevalues. Table 1 summarizesthe LVDTs and
replicate number of specimens needed to obtain a desired accuracy limit.
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Tablel. Recommended Number of Specimens.

LVDTsper Estimated Standard Error of the Mean, % Per
Specimen (Total Number of Mixture's Nominal Aggregate Size
for either vertical Specimens
or horizontal, not 12.5mm 19mm 37.5mm
combined total)
2 2 7.6 9.5 18.8
2 3 6.2 7.7 15.3
3 2 6.7 8.9 174
3 3 55 7.3 14.2
4 2 6.2 8.6 16.6
4 3 5.0 7.0 13.6

79 Sample Sorage — Wrap completed specimens in polyethylene and store in an
environmentally protected storage area at temperatures between 5 and 25 °C (40 and

75°F).

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

8. Test Specimen Instrumentation

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

hardware.

Note 9 — Quick setting epoxy such as Duro Master Mend Extra Strength
Quick Set QM-50 has been found satisfactory for attaching studs. Under
certain conditions when using the triaxia cell with confining pressure,
the mounting studs may not require gluing to the specimen. While the
surface contact area of the mounting studs is normally minimized
consistent with transducer support requirements, it is generaly
recommended that the area of the studs be sufficiently large to bridge
any open void structure features evident on the cut face of the specimen.
The minimum diameter mounting stud consistent with support
requirements is normally set at 8 mm (0.315 in), maximum diameters
have not been established. A circular stud contact surface shape is not
required, rectangular or other shapes are acceptable.
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8.2 The gauge length for measuring axial deformations shall be 100 mm +1 mm. Suitable

dignment and spacing fixture shall be used to facilitate mounting of the axial
deformation measuring hardware. The gauge length is normally measured between the
stud centers.

9. Procedure

9.1 The recommended test protocol for the Simple Performance Test for use in the

9.2

9.3

Superpave volumetric mix design consists of testing the asphalt mix at one effective
pavement temperature Tt and one design stress level selected by the design engineer.
The effective pavement temperature T+ covers approximately the temperature range of
25 to 60 °C (77 to 140 °F). The design stress levels covers the range between 69 and 207
kPa (10 —30 psi) for the unconfined tests, and 483 to 966 kPa for the confined tests.
Typica confinement levels range between 35 and 207 kPa (5 — 30 psi).

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

Table2. Recommended Equilibrium Times.

Specimen Test Temperature, °C (°F) Time, hrs
25 (77) 0.5
30 (86) 1.0
37.8 (100) 15
>54.4 (130) 2.0

Unconfined Tests

After temperature equilibrium is reached, place one of the friction reducing end
treatments on top of the platen at the bottom of the loading frame. Place the specimen
on top of the lower end treatment, and mount the axial LVDTSs to the hardware
previously attached to the specimen. Adjust the LVDT to near the end of itslinear range
to alow the full range to be available for the accumulation of compressive permanent
deformation.
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9.4

9.5

9.6

9.8

9.9

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

Apply a contact load equal to 5 percent of the static load that will be applied to the
specimen, while ensuring the proper response of the LVDTSs (i.e,, check for proper
direction sensing for al LVDTS).

Place theradia LVDTsin contact with the specimen, adjust the LVDTs to near the end
of their linear range to allow the full range to be available for the accumulation of radial
permanent deformation. Adjust and balance the electronic measuring system as
necessary.

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

After the time required for the sample to reach the testing temperature, apply arapid (50
psec) axial static load at 50 mm/sec which yields the desired stress on the specimen.

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

9.10During the load application, record the load applied, the axia and radial deflection

measured from all LVDTs through the data acquisition system.

Confined Tests

9.11 After temperature equilibrium is reached, place one of the friction reducing end

treatments on top of the platen at the bottom of the loading frame. Place the specimen
on top of the lower end treatment, place the top platen and extend the flexible membrane
over the top and bottom platens. Attach the O-rings to seal the specimen on top and
bottom platens from the confining air/fluid. Center the specimen with the load actuator
visualy in order to avoid eccentric loading.

9.12 Mount the axial LVDTSs to the hardware previoudy attached to the specimen. Adjust

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

9.13 Connect the appropriate hose through the upper or lower platen (or take other

appropriate steps) to keep the specimen’s internal void structure under atmospheric
pressure while pressure greater than atmospheric is applied to the outside of the
membrane during testing.
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9.14 Assemble the triaxia cell over the specimen, ensure proper sea with the base and
connect the fluid (or gas) pressure lines.

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

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

9.17 After thetime required for the sample to reach the testing temperature, apply arapid (50
psec) axial static load, which yields the desired deviatoric stress on the specimen. Hold
the load constant until the tertiary flow occurs or the total axial strain reaches 4 - 5%.
The test time will depend on the temperature and the stress levels applied.

9.18 During the load application, record the load, confining pressure, the axial and radia
deflection measured from all LVDTs through the data acquisition system.

10. Calculations

10.1 Calculate the average axial deformation for each specimen by averaging the readings
from the two axial LVDTSs. Convert the average deformation values to total axial strain
(g1a), inVin, by dividing by the gauge length, L (100mm (4-inches). Typical total axial
strain versustime is shown in Figure 3.

10.2 Compute the total axial compliance D(t) = ¢&1/04 , where oy is the deviator stress
applied during testing in psi. ( o4 = applied constant load (1b) divided by the cross
sectional area of the specimen (in®).

10.3 Plot the total axial compliance versustimein log space.

10.4 Using the data generated between the total axial compliance and time, determine the
axial creep compliance parameters (Do, D1, M1) from the linear portion of the creep
compliance data between a time of ten seconds until the end of the linear curve (see
Figure 4). The creep compliance parameters are estimated as follows:

D, : isthe instantaneous compliance, and can be assumed to be the value of the total
compliance at atime equal to 100psec (if the load is applied rapidly at 50psec).

D, : istheintercept of the creep compliance — time relationship, which is the estimated
value of the total compliance at atime of one second.
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M, : isthe slope of the creep compliance-time relationship.

10.5 The flow point is viewed as the lowest point in the curve of rate of change in axial
compliance vs. loading time (see Figure 5). The rate of change of creep compliance
D’ (t) versus loading time should be plotted and the flow time (F) is estimated using the
following mathematical procedure:

Ten data points are taken from every log scale unit of time at approximately equal
intervals. Then, at a specific timet;, apolynomial equation isfitted by five points (two
points forward and two points backward above the timet;). The form of this equation

is:
D(t), = a+ bt + ct?
Where
D(t)1 = compliance at timet for t; point evaluated
t = time of loading
ab,c = regression coefficients
By taking the derivative of the above equation, one obtains the following:
d(D(t);
IO
dt
Therefore, the rate of change in compliance at time t; is equal to b+2ct;. For each
data point selected one can obtain the rate of change in compliance by repeating
the above procedure. Once all the rates of change in compliance are calculated,
one can find the zero value of rate of change in compliance, i.e., the flow point.
Thisis accomplished by another polynomial curvefitting, using equal data points
on both sides of the minimum value. Theoretically the "flow point" is the time
corresponding to arate of compliance change equal to zero.
11. Report

11.1 Report all specimen information including mix identification, storage conditions, dates
of manufacturing and testing, specimen diameter and length, volumetric properties,
stress levels used, confining pressure, creep compliance parameters (Do, D1, M1) and
flow time.
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Figurel. Schematic of Static Creep / Flow Time Test.
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Figure2. Axial LVDTsInstrumentation.
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Arizona State University Arizona State University BOUSTRIN, FROCISS CNTAOLS L.
[FO52] V1.09 Static Creep/Flow Time Strength Test [F052] V1.09 Static Creep/Flow Time Strength Test Universal Tescing Machine (UTM V3.00829)
12000 -0.5 T T T
1.0
10000 ]
H
8 1.5
B000.0 -
§ g
%_ g; -2.0
3 2
S 8000.0 g_-
2 I
® 000 3
3
-3.0
2000.0
-3.5 T
0.0 -1.0 -0.5 0.0 0.5 1.0 1.5 2.0 25 a0
0 100 200 S00 400 500 600 1000 —
Time (seconds)
test date and time: Thursday February 3, 2000 9:56 FM
Figure 3. Total Axial Strain Vs. Time From a Static Creep / Flow Time Test. specimen identification: A0943
Data analysis results:
r;;;n;r_m_u;l_;;é;e;;;o;‘um (s) 1.0 average deviator stress (kPa) 69.2
maximum regressicn time (s) 300.0 average confining stress (kPa) 1.4
time act DO (s) 0.1 .
[averaged) axial based DO 0.008744

axial based D1 0.009997
axial based ml 0.321279%
axial based flow time (s) 303.3023

Figure4. Regression Constants“D;” and “M;” from Log Compliance—Log Time Plot.
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Arizona State University
[FO52] V1.09 Static Creep/Flow Time Strength Test
1.5 S——

-2.0

o'

Compllance,Rale of Change [axial]

-4.0

-4.5 I I | I | 1 I : -:--:;—-—. P AnneXB

0.0 0.375 0.75 1128 1.5 1.875 2.25 2.625 2.0 NCHRP Project 9-19 Draft Test Protocol W2:
(';';ﬂam'.'i Simple Performance Test for Permanent Defor mation Based Upon Repeated L oad Test of

Asphalt Concrete Mixtures

) . . . . ) Arizona State University, September, 2000
Figure5. Typical Plot of the Rate of Changein Compliance Vs. Loading Time

on alog-Log Scale.
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1. Scope

15

16

17

18

19

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

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

The test is conducted at a single effective temperature Te; and design stress levels.

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

This standard may involve hazardous material, operations, and equipment. This
standard does not purport to address all safety problems associated with its use. It is
the responsibility of the user of this procedure to establish appropriate safety and
health practices and to determine the applicability of regulatory limitations prior to
use.

2. Referenced Documents

2.1 AASHTO Standards

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

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

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

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

3. Déefinitions

31

Permanent Deformation —is amanifestation of two different mechanismsand isa
combination of densification (volume change) and repetitive shear deformation (plastic
flow with no volume change).
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3.2

33

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

Effective Temperature Tet — IS a single test temperature a which an amount of
permanent deformation would occur equivalent to that measured by considering each
season separately throughout the year

4.  Summary of Method

4.1

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

5. Significance and Use

51

52

Current Superpave volumetric mix design procedure lacks a fundamental design
criterion to evaluate fundamental engineering properties of the asphalt mixture that
directly affect performance. In thistest, the selection of the design binder content and
aggregate structure is fundamental ly enhanced by the evaluation of the mix resistance
to shear flow (Flow Number of Repetitions).

This fundamental engineering property can be used as a performance criteriaindicator
for permanent deformation resistance of the asphalt concrete mixture, or can be simply
used to compare the shear resistance properties of various bituminous paving mixtures.

6. Apparatus

6.1

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

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

6.1.2 Confining Pressure Device: a system capable of maintaining a constant confining

pressure, up to 207 kPa (30 psi), such as an air pressure intensifier or a hydraulic
pump. The device shall be equipped with a pressure relief valve and a system to
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6.1.3

6.1.4

pressurize and depressurize the cell with gas or fluid. The device should also have
a high temperature control subsystem for testing up to 60 °C (140 °F)within an
accuracy of + 0.5°C (1°F) at constant pressure.

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

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

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

Measurement System - The system shall include a data acquisition system
comprising analog to digital conversion and/or digital input for storage and
analysis on a computer. The system shall be capable of measuring and recording
the time history of the applied load, axial and radia deformations for the time
duration required by this test method. The system shall be capable of measuring
the load and resulting deformations with aresolution of 0.5 percent.

6.1.4.1Load - The load shall be measured with an electronic load cell having

adequate capacity for the anticipated load requirements. The load cell shall be
calibrated in accordance with AASHTO T67. The load measuring transducer
shall have accuracy egual to or better than 0.25 percent of full scale.
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Note 3 — A 25 kN (5600 Ibf) load cell has been found to be the
approximate maximum capacity limit for this test method because
of range versus resolution factors. It is recommended that if the
selected load cell capacity is 25 kN or greater, the system should
be equipped with either manua or automatic amplification
selection capability so that it can be used to enhance control of the
system at lower anticipated |oads.

6.1.4.2 Axial and Radial Deformations — Axial and/or radial deformations shall be

6.1.5

6.1.6

6.1.7

measured with displacement transducers referenced to gauge points contacting
the specimen as shown in Figure 1. The axia deformations shall be measured
at aminimum of two locations 180° apart (in plan view); radial deformations
shall be measured a a minimum of four locations aligned, in planform, on
diametral, perpendicular lines which intersect at the center of the specimen.

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

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

Flexible Membrane: for the confined tests, the specimen should be enclosed in an
impermeable flexible membrane. The membrane should be sufficiently long to
extend well onto the platens and when slightly stretched be of the same diameter
as the specimen. Typical membrane wall thickness range between 0.012 and
0.0625 inches (0.305 — 1.588 mm).

End Treatment — Friction reducing end treatments shall be placed between the
specimen ends and the loading platens.
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6.2

6.3

6.4

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

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

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

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

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

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

7. Test Specimens

7.1

72

7.3

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

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

Gyratory Specimens — Prepare 165 mm (6.5 in) high specimens to the required air void
content in accordance with AASHTO TP-4.
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74

75

7.6

7.7

7.8

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

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

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

7.6.1 The specimen ends shall have a cut surface waviness height within a

tolerance of + 0.05 mm across any diameter. This requirement shall be
checked in aminimum of three positions at approximately 120° intervals
using a straight edge and feeler gauges approximately 8-12.5 mm (0.315-
0.5in) wide or an optical comparator.

7.6.2  The specimen end shall not depart from perpendicular to the axis of the

specimen by more than 0.5 degrees (i.e. 0.87 mm or 0.03 in across the
diameter of a 100 mm diameter specimen). This requirement shall be
checked on each specimen using a machinists square and feeler gauges.

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

Replicates — The number of test specimens required depends on the number of
axial and/or radial strain measurements made per specimen and the desired
accuracy of the average flow time values. Table 1 summarizesthe LVDTs and
replicate number of specimens needed to obtain a desired accuracy limit.
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Tablel. Recommended Number of Specimens

LVDTsper Estimated Standard Error of the Mean, % Per
Specimen (Total Number of Mixture' s Nominal Aggregate Size
for either vertical Specimens
or horizontal, not 12.5mm 19mm 37.5mm
combined total)
2 2 7.6 9.5 18.8
2 3 6.2 7.7 15.3
3 2 6.7 8.9 174
3 3 55 7.3 14.2
4 2 6.2 8.6 16.6
4 3 5.0 7.0 13.6

8.

7.9 Sample Sorage — Wrap completed specimens in polyethylene and store in an

environmentally protected storage area at temperatures between 5 and 25 °C (40 and
75°F).

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

Test Specimen Instrumentation

8.1 Attach mounting studs for the axial LVDTSs to the sides of the specimen with epoxy

cement. Figure 2 presents details of the mounting studs and LVDT mounting
hardware.

Note 9 — Quick setting epoxy such as Duro Master Mend Extra Strength
Quick Set QM-50 has been found satisfactory for attaching studs. Under
certain conditions when using the triaxial cell with confining pressure,
the mounting studs may not require gluing to the specimen. While the
surface contact area of the mounting studs is normally minimized
consistent with transducer support requirements, it is generaly
recommended that the area of the studs be sufficiently large to bridge
any open void structure features evident on the cut face of the specimen.
The minimum diameter mounting stud consistent with support
requirements is normally set at 8 mm (0.315 in), maximum diameters
have not been established. A circular stud contact surface shape is not
required, rectangular or other shapes are acceptable.
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8.2 The gauge length for measuring axial deformations shall be 200 mm +1 mm. Suitable

dignment and spacing fixture shall be used to facilitate mounting of the axial
deformation measuring hardware. The gauge length is normally measured between the
stud centers.

9. Procedure

9.1 The recommended test protocol for the Simple Performance Test for use in the

9.2

9.3

Superpave volumetric mix design consists of testing the asphalt mix at one effective
pavement temperature T and one design stress level selected by the design engineer.
The effective pavement temperature T covers approximately the temperature range of
2510 60 °C (77 to 140°F). The design stress levels covers the range between 69 and 207
kPa (10 —30 psi) for the unconfined tests, and 483 to 966 kPa for the confined tests.
Typical confinement levels range between 35 and 207 kPa (5 — 30 psi).

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

Table2. Recommended Equilibrium Times.

Specimen Test Temperature, °C (°F) Time, hrs
25 (77) 05
30 (86) 10
37.8 (100) 15
>54.4 (130) 2.0

Unconfined Tests

After temperature equilibrium is reached, place one of the friction reducing end
treatments on top of the platen at the bottom of the loading frame. Place the specimen
on top of the lower end treatment, and mount the axial LVDTSs to the hardware
previously attached to the specimen. Adjust the LVDT to near the end of its linear range
to alow the full range to be available for the accumulation of compressive permanent
deformation.
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9.4  Place the upper friction reducing end treatment and platen on top of the specimen.
Center the specimen with the load actuator visually in order to avoid eccentric loading.

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

9.6 Placetheradia LVDTsin contact with the specimen, adjust the LVDTs to near the end
of their linear range to alow the full range to be available for the accumulation of radial
permanent deformation. Adjust and balance the electronic measuring system as
necessary.

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

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

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

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

9.11 Apply the haversine loading (Pcyclic) and continue until 10,000 cycles (2.8 hours) or
until the specimen fails and results in excessive tertiary deformation to the specimen,
whichever comesfirst. Thetotal number of cycles or the testing time will depend on the
temperature and the stress levels applied.

9.12 During the load applications, record the load applied, the axia and radia deflection
measured from al LVDTSs through the data acquisition system. Signal-to-noise ratio
should be at least 10. All data should be collected in real time and collected/processed
S0 as to minimize phase errors due to sequential channel sampling. In order to save
storage space during data acquisition for 10,000 cycles, it is recommended to use the
data acquisition of the cycles shown in Table 3.

Table 3. Suggested Data Collection for the Repeated L oad
Permanent Deformation Test

Data collected Data collected Data collected
During Cycles | During Cycles | During Cycles
1 through 100 700 4,500
130 750 5,000
170 800 5,500
200 850 6,000
230 900 6,500
270 950 7,000
300 1,000 7,500
350 1,300 8,000
400 1,700 8,500
450 2,000 9,000
500 2,300 9,500
550 2,700 10,000
600 3,000
650 4,000
Confined Tests

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

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

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

9.16 Assemble the triaxia cell over the specimen, ensure proper seal with the base and
connect the fluid (or gas) pressure lines.
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9.17 Apply acontact load equal to 5 percent of the load that will be applied to the specimen,

while ensuring the proper response of the LVDTs (i.e., both decrease accordingly). Place
the radial LVDTSs in contact with the specimen, adjust the LVDTSs to near the end of
their linear range to dlow the full range to be available for the accumulation of radial
permanent deformation.

9.18 Record theinitial LVDT readings and slowly increase the lateral pressure to the desired

9.19

test level (eg. 2 psi /sec). Adjust and balance the electronic measuring system as
necessary. Close the environmental chamber and dlow sufficient time (normally 10 to
15 minutes) for the temperature to stabilize within the specimen and the chamber

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

9.20 During the load applications, record the load applied, confining pressure, the axial and

radial deflection measured from all LVDTSs through the data acquisition system. Signal-
to-noise ratio should be at least 10. All data should be collected inea time and
collected/processed so as to minimize phase errors due to sequential channel sampling.
In order to save stomge space during data acquisition for 10,000 cycles, it is
recommended to use the data acquisition of the cycles shownin Table 3.

10. Calculations

10.1 Cdlculate the average axia deformation for each specimen by averaging the readings

from the two axial LVDTSs. Convert the average deformation values to total axial strain
(g74), in/in, by dividing by the gauge length, L (100mm (4-inches). Typical total axia
strain versustimeis shown in Figure 3.

10.2 Compute the cumulative axial permanent strain.

10.3 Plot the cumulative axial permanent strain versus number of loading cycles in log space.

Determine the permanent deformation parameters, intercept (a) and slope (b), from the
linear portion of the permanent strain curve (see Figure 4).

10.4 The flow number of repetitions is viewed as the lowest point in the curve of rae of

change in axial strain vs. number of loading cycles (see Figure 5). The rate of change of
axial strain versus number of loading cycles should be plotted and the flow number (Fy)
is estimated where a minimum or zero slope is observed.
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11. Report

11.1 Report all specimen information including mix identification, storage conditions, dates
of manufacturing and testing, specimen diameter and length, volumetric properties,
stress levels used, confining pressure, axia permanent deformation parameters: a, b and

flow number of repetitions.

-0

Load Cell

Radial LVDTs

Greased Double Memiprang » i
DT /Hardened Steel Disks

Figure 1. Schematic of Repeated L oad Per manent Defor mation Test.
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_ INDUSTRIAL PROCESS CONTROLS Ltd.

Arlzona Stata Un’vers’ty Universal Tescing Machine (UTM V3.00B23)
- N [FO51] ;"L.DS Rep Axial Load Confined Strain Test B
L L 8.0 |
1 1 Lé 25
2] +
E 20 {—
2 :
~ 1.5 T
(- +
3 1.0
o _© |:ml'] o o
[] T “ 5
0.0 == =
] 250 500 750
Pulses
_ final reading of measured parameters:
loading pulse count 1476
deviator stress (kPa) 134.44
On-Sample Assembly seating stress (kPa) 17.096
axial permanent strain (%) 3.2537
— - axial resilient strain (%) 0.0234

axial resil modulus (MPa) 574.13
radial permanent strain (%) 3.9636
radial resilient strain (%) 0.0134

resilient Poisson ratio 0.5755

actuator perm strain (%) 3,182
o actuator resil strain (%) 0.0693
actuator resil modulus (MPa) 193.87
min ax'l strn slope (um/m/p) 16.08
< Frictionless min axial slope pulse count 626
Bushing
<4—— Guiding Rod . . . .
Figure 3. Cumulative Permanent Strain Vs. Loading Cycles From a Repeated L oad
Permanent Deformation Test.
LvDT —»
Mounting Stud
T
O O

u|

Holding
Brackets

Lateral View Longitudinal Cross-Section

Figure2. Axial LVDTsInstrumentation.
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Arizona State University

[FOS1] V1.05 Repeated Axial Load Confined Strain Test

[%]

Axlal Permanent Strain

Figure 4. Regression Constants“a” and “b” from Log Permanent Strain — L og Number of
L oading Cycles Plot.

Arizona State University

[FOSI]‘X_L.OS Repeated Axial Load Confined Strain Test

pa

[um/m/fpulss]

Axial Parmanen! Strain Slo

Figure5. Typical Plot of the Rate of Changein Permanent Strain Vs. L oading Cycles.
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Annex C
NCHRP Project 9-19 Draft Test Protocol X1:
Simple Performance Test for Permanent Deformation Based Upon Dynamic M odulus of
Asphalt Concrete Mixtures
Arizona State University, September, 2000
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1.

3.

Scope

11

12

13

14

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

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

This standard is applicable to laboratory prepared specimens of mixtures with nominal
maximum size aggregate less than or equal to 37.5 mm (1.5in).

This standard may involve hazardous material, operations, and equipment. This
standard does not purport to address all safety problems associated with itsuse. It is
the responsibility of the user of this procedure to establish appropriate safety and
health practices and to determine the applicability of regulatory limitations prior to
use.

Referenced Documents

2.1 AASHTO Standards

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

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

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

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

Definitions

31

Dynamic Modulus — [E’|, the norm value of the complex modulus calculated by
dividing the peak-to-peak stress by the peak-to-peak strain for amaterial subjected to a
sinusoidal loading.
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32

33

34

35

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

Phase angle — 9, the angle in degrees between a sinusoidally applied stress and the
resulting strain in a controlled-stress test.

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

Effective Temperature Tex — IS a single test temperature at which an amount of
permanent deformation would occur equivalent to that measured by considering each
season separatel y throughout the year

4.  Summary of Method

4.1

4.2

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

Figure 1 presents a schematic of the dynamic modulus test device.

5. Significanceand Use

51

52

53

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

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

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

Dynamic modulus values measured over arange of temperatures and freguencies of
loading can be shifted into a master curve for characterizing asphalt concrete for
pavement thickness design and performance analysis.

This test method covers the determination of the dynamic modulus values measured
unconfined within the linear viscoel astic range of the asphalt mixture.
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6.

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

Apparatus

6.1 Dynamic Modulus Test System — A dynamic modulus test system consisting of a
testing machine, environmental chamber, measuring system, and specimen end fixtures.

6.1.1 Testing Machine — A materials testing machine capable of producing a controlled

haversine compressive loading of paragraphs 9.7 and 9.8 isrequired.

Note 4 - The testing machine shall have a capability of applying load
over arange of frequencies from 0.1 to 30 Hz. Stress levels up to 2800
kPa (400 psi) may be required at certain temperatures and frequencies.
However, for virtually all effective temperatures in the US, stress levels
between 10 kPa and 690 kPa (1.5-100 psi) have been found to be
sufficient. This latter range of stress levels converts to an approximate
range of 0.08-5.5 kN 18-1218 Ibf) on a 100 mm diameter specimen. If
the machine is to be dedicated only to this test procedure with no
requirement for additional strength testing or low temperature testing, it
is recommended that the lowest capacity machine capable of applying
the required waveforms be used. Alternatively, larger capacity machines
may be used with low capacity load cells or signa amplifiers. It has
been found that feedback controlled testing machines equipped with
appropriate servovalves can be used for this test. As a genera rule of
thumb, the dynamic load capacity of a testing machine between 10 and
30 Hz will be approximately 65-75 percent of the monotonic (“static”)
capacity, but this rule varies by manufacturer. A 25-50 kN capacity
servohydraulic testing machine has been found to be adequate for
virtually all of the testsin the suite of simple performance tests.
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temperature of the dummy. The separate dummy chamber must be
operated similar to the operation of the main test specimen chamber so
that the dummy will accurately register the time required to obtain
temperature equilibrium on the test specimen.

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

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

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

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

6.1.2 Environmental Chamber — A chamber for controlling the test specimen at the

desired temperature is required. The environmental chamber shall be capable of
controlling the temperature of the specimen over a temperature range from 25 to
60 °C (77 to 140 F ) to an accuracy of + 0.5 °C (1°F). The chamber shall be large
enough to accommodate the test specimen and a dummy specimen with
temperature sensor mounted at the center for temperature verification.

Note 8 — Analog transducers such as linear variable differential
transformers (LVDTSs) having arange of + 0.5 mm (0.02 in) and inherent
nonlinearity equal to or better than +0.025 percent of full scale have been
found adequate for this purpose. Software or firmware linearization
techniques may be used to improve the inherent nonlinearity.
Amplification and signal conditioning techniques may be used with the +

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

Note 6 — If the chamber does not have sufficient room for a dummy
specimen, it is permissible to have a second chamber controlling the
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0.5 mm range LV DTs to obtain resolutions down to 0.001mm (0.00004
in) or better for small strain tests conditions. These techniques may be
manual or automatic. In general, increasing the resolution by manual
signal amplification will result in reduction of the overall range of the
instrument by the same factor.
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6.2

6.3

6.4

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

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

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

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

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

Note 10 — A double bladed diamond masonry saw greatly facilitates the
preparation of test specimens with smooth, parallel ends. Both single-
and double-bladed diamond saws should have feed mechanisms and
speed controls of sufficient precision to ensure compliance with
paragraphs 7.5 and 7.6 of thismethod. Adequate blade stiffnessisaso
important to control flexing of the blade during thin cuts.

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

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

7.1

7.2

73

74

75

7.6

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

Aging — Mixtures shal be aged in accordance with the short-term oven aging
procedurein AASHTO PP2.

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

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

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

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

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

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

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

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

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

Tablel. Recommended Number of Specimens

8.

LVDTs per Number of Estimated Limit of
Specimen Specimens Accuracy
2 4 134
3 2 13.1
79 Sample Sorage — Wrap completed specimens in polyethylene and store in an

environmentally protected storage area at temperatures between 5 and 25°C (40 and
75°F).

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

Test Specimen | nstrumentation

8.1 Attach mounting studs for the axial LVDTSs to the sides of the specimen with epoxy

cement. Figure 3 presents details of the mounting studs and LVDT mounting
hardware.

Note 14 — Quick setting epoxy such as Duro Master Mend Extra Strength
Quick Set QM-50 has been found satisfactory for attaching studs. Under
certain conditions when using the triaxial cell mentioned in Note 3, the
mounting studs may not require gluing to the specimen. While the
surface contact area of the mounting studs is normally minimized
consistent with transducer support requirements, it is generally
recommended that the area of the studs be sufficiently large to bridge
any open void structure features evident on the cut face of the specimen.
The minimum diameter mounting stud consistent with support
requirementsis normally set at 8 mm (0.315 in), maximum diameters
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8.2

have not been established. A circular stud contact surface shape is not
required, rectangular or other shapes are acceptable.

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

9.  Procedure

9.1 The recommended test protocol for the Simple Performance Test for use in the

9.2

9.3

9.4

9.5

9.6

Superpave volumetric mix design consists of testing the asphalt mix at one effective
pavement temperature Te: and one design frequency selected by the design engineer.
The effective pavement temperature T covers approximately the temperature range of
2510 60 °C (77 to 140°F). The design frequency covers the range between 0.1 to 10 Hz

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

Table2. Recommended Equilibrium Times.

Specimen Test Temperature, "C (°F) Time, hrs
30 (86) TBD*
40 (104)
50 (122)
60 (140)

* To be determined

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

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

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

Adjust and balance the electronic measuring system as necessary.
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9.7  Apply haversine loading (Paynamic) to the specimen without impact in a cyclic manner.
The dynamic load should be adjusted to obtain axia strains between 50 and 150
microstrain.

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

Table 3. Target Dynamic L oads

Temperature, °C (°F) Range, kPa Range,
ps
25 (77) 70— 690 10-100
38 (100) 40-200 6-29
54 (130) 10- 70 15— 10

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

Table4. Cyclesfor Test Sequence.

Frequency | Number of Cycles
10 100
5 50
1 25
0.5 6
0.1 6

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

10. Calculations
10.1 Capture and store the last 6 loading cycles of full waveform data for each transducer.

Determine the average amplitude of the sinusoidal load and deformation from each
axial displacement transducer over the first 5 cycles of the last 6 loading cycle group
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(since the displacement will lag behind the load, the computations may use data from
the 6™ cycle, but might not have enough of the waveform to fully determine the
propertiesin the 6" cycle).

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

Note 16 — Different approaches are available to determine these. The
approach is highly dependent upon the number of data points collected
per cycle. Approaches that have been used include peak search
agorithms, various curve fitting techniques, and Fourier Transform.
Curve fitting techniques and other numerical techniques have also been
used to determine the phase angle from the more stable center portion of
the waveform instead of the peaks. If any displacement transducer is out
of range or otherwise obviously reading incorrectly during a cycle,
discard the data for that cycle.

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

10.3 Calculate the loading stress, o, as follows (see Figure 4):

o = P
°TA
Where
P = averageload amplitude
A = areaof specimen
O, = sStress.

10.4 Calculate the recoverable axial strain for each frequency, €, as follows:

b
575

el

A = average deformation amplitude.
GL = gagelength
O, = strain

A-T7
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10.5 Calculate dynamic modulus, |E* | for each frequency as follows:

Dynamic Modulus,| E* | = o
£

o

10.6 Calculate the phase angle for each frequency:

0=1 x(360)
tp
Where

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

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

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

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

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

Greased Double Memiran oT >Hardened Steel Disks

Figure 1. Schematic of Dynamic Modulus Test Device.
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||| T
DEﬁﬁJ

LVDT

Mounting Stud

On-Sample Assembly

]

Lateral View Longitudinal Cross-Section

Figure 2. Schematic of Gauge Points.

Figure3. Mounting Hardwar e Details.
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hase lag
Displacement
Amplitude

Load

Figure 4. |deal Waveform Schematic.
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Annex D
Specification Compliance Test M ethods for the Simple Performance Test System
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TableD1. Summary of Specification Compliance Tests.
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TableD1. Summary of Specification Compliance Tests (Continued).

ltem Section Method Item Section M ethod
Assembled Size 4.4 and Measure Transducer Resolution 9.3 Independent deflection verification (See
4.6 verification procedures bel ow)
Specimen and Display Height | 4.4 Measure Transducer Accuracy 94 Independent deflection verification (See
Component Size 4.7 Measure verification procedures bel ow)
Electrical Requirements 45and Documentation and trial Specimen Deformation 95 Tria
4.6 System Complexity
Air Supply Requirements 4.8 Documentation and trial Confining Pressure Range 10.1and | Independent pressure verification (See verification
Limit Protection 4.9 Documentation and trial 10.5 procedures below)
Emergency Stop 4.10 Documentation, visual inspection, trial Confining Pressure Control 10.2 Trial tests on asphalt specimens
Loading Machine Capacity 5.1 Independent force verification (See verification Confining Pressure System 10.3and | Visua
procedures bel ow) Configuration 104
Load Control Capability 5.2 Trial tests on asphalt specimens and manufacturer Confining Pressure Resolution | 10.5 Independent pressure verification (See verification
through | provided dynamic verification device. and Accuracy procedures below)
5.4 Temperature Sensor 10.6 and | Independent temperature verification (See
Platen Configuration 55 Visua 114 verification procedures bel ow)
Platen Hardness 6.1 Test ASTM E10 Specimen Installation and 9.5,10.7 | Tria
Platen Dimensions 6.2 Measure Equilibration Time and 11.3
Platen Smoothness 6.3 Measure Environmental Chamber 111 Independent temperature verification (See
Load Cell Range 71 Load cell dataplate Range and Control verification procedures bel ow)
Load Accuracy 7.2 Independent force verification (See verification Control System and Software | 12 Trial
procedures below) Data Analysis 13 Independent computations on trial test
L oad Resolution 73 Independent force verification (See verification Initial Calibration and 14 Certification and independent verification
procedures below) Dynamic Performance
Configuration of Deflection 8.1 Visual Verification
Measuring System Cdlibration Mode 146 Trial
Transducer Range 8.2 Independent deflection verification (See Verification of Normal 15 Review
verification procedures below) Operation Procedures and
Transducer Resolution 83 Independent deflection verification (See Equipment
verification procedures below) On-line Documentation 16.1 Tria
Transducer Accuracy 8.4 Independent deflection verification (See Reference Manual 16.2 Review
verification procedures below)
Load Mechanism Compliance | 8.5 Measure on steel specimens with various degrees
and Bending of lack of parallelism
Configuration of Specimen 9.1 Visual
Deformation Measuring
System
Gauge Length of Specimen 9.1 Measure
Deformation Measuring
System
Transducer Range 9.2 Independent deflection verification (See
verification procedures below)
A-84 A-85
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INDEPENDENT VERIFICATION PROCEDURES FOR SIMPLE PERFORMANCE
TESTING MACHINE

10 Genera

11  Thetesting machine shall be verified as a system with the load, deflection, specimen
deformation, confining pressure, and temperature measuring systemsin place and
operating asin actual use.

12  System verificationisinvalid if the devices are removed and checked independently of
the testing machine.

2.0 Load Measuring System Static Verification

21  Performload measuring system verification in accordance with ASTM E-4.

2.2 All cdlibration load cells used for the load calibration shall be certified to ASTM E-74
and shall not be used below their Class A loading limits.

2.3 When performing the load verification, apply at least two verification runs of at
least 5 loads throughout the range selected.

24  |If theinitial verification loads are within +/- 1% of reading, these can be applied
asthe“Asfound” values and the second set of verification forces can be used as
the final values. Record return to zero values for each set of verification loads.

25  If theinitia verification loads are found out of tolerance, calibration adjustments
shall be made according to manufacturers specifications until the values are
established within the ASTM E-4 recommendations. Two applications of
verification loads shall then be applied to determine the acceptance criteria for
repeatability according to ASTM E-4.

2.6  Atnotimewill correction factors be utilized to corrected values that do not
meet the accuracy requirements of ASTM E-4.

3.0 Deflection and Specimen Deformation M easuring System Static Verification

3.1  Perform verification of the deflection and specimen deformation measuring systemsin
accordance with ASTM D 6027 Test Method B.

3.2  Themicrometer used shall conform to the requirements of ASTM E-83.
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33

34

35

3.6

4.0

4.1

4.2

43

4.4

4.5

4.6

5.0

51

52

When performing verification of the deflection and strain measuring system, each
transducer and associated electronics must be verified individually throughout it's
intended range of use.

Mount the appropriate transducer in the micrometer stand and aign it to prevent errors
caused by angular application of measurements.

Apply at least 5 verification measurements to the transducer throughout
it'srange. Re-zero and repeat the verification measurements to determine repeatability.

If the readings of the first verification do not meet the specified error tolerance, perform
calibration adjustments according to manufacturers specifications and repeat the
applications of measurement to satisfy the error tolerances.

Confining Pressure Measuring System Verification

Perform verification of the confining pressure measuring system in accordance with
ASTM D-5720.

All calibrated pressure standards shall meet the requirements of ASTM D-5720.
Attach the pressure transducer to the pressure standardizing device.

Apply at least 5 verification pressures to the device throughout it’s range recording each
value. Determineif the verification readings fall within +/- 1 % of the value applied.

If the readings are within tolerance, apply a second set of readings to determine
repeatability. Record the return to zero values for each set of verifi cation pressures.

If readings are beyond tolerance, adjust the device according to manufacturers
specifications and repeat the dual applications of pressure as described above to complete
verification.

Temperature Measuring System Verification

Verification of the temperature measuring system will be performed using ausing aNIST
traceable reference thermal detector that is readable and accurate to 0.1 °C.

A rubber band or O-ring will be used to fasten the reference thermal detector to the
system temperature sensor.
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5.3  Comparisons of the temperature from the reference thermal detector and the system
temperature will be made at 6 temperatures over the operating range of the environmental
chamber.

54  Onceequilibrium is obtained at each temperature setting, record the temperature of the
reference thermal detector and the system temperature sensor.

55  Also check stahility of the environmental chamber by noting the maximum and minimum
temperatures during cycling at the set temperature.

6.0 Dynamic Performance Verification

6.1  Theverification of the dynamic performance of the equipment will be performed after
static verification of the system.

6.2  Thedynamic performance verification will be performed using the verification device
provided with the system by the manufacturer.

6.3  First, the verification device will be loaded statically to obtain the static relationship
between force and displacement. Thisrelationship will be compared to that provided by
the manufacturer in the system documentation.

6.4  The verification device will then be used to simulate dynamic modulus test conditions.
Load and displacement data will be collected on the verification device using loads of
0.6, 1.2, 3.0, and 4.8 kN at frequenciesof 0.1, 1, and 25 Hz. The peak load and
displacements will be determined and plotted along with the static data. The data shall
plot within +/- 2 percent of the static force displacement relationship.

6.5  Theverification device will also be used to check the phase difference between the load
and specimen deformation measuring system. The phase difference shall belessthan 1
degree.
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1. INTRODUCTION

This Appendix documents the laboratory methods used in the preparation and testing of
specimens for the mixture testing component of the first-article evaluation. Although the first-
article simple performance devices are capable of performing three tests: dynamic modulus,
flow number, and flow time, only two of these tests were included in the mixture testing
component of the evaluation due to budget constraints. The dynamic modulus and flow number
were the tests selected for evaluation because these were the two tests for which criteria
differentiating between good and poor performance were being developed in Project 9-19.
Research in Project 9-19 found a good correlation between flow number and flow time, allowing
flow time to be used as a surrogate test for flow number, but the criteria differentiating between
good and poor performance will be based in the flow number test and the performance of in-
service sections.

Tables 1 and 2 present the experimental design for the dynamic modulus and flow
number tests. Datafor the two simple performance test devices in were collected in two
laboratories (AAT and FHWA) on two mixtures (9.5 mm and 19.0 mm). Eight independent tests
wereincluded in each cell to provide sufficient replication to evaluate differences in means and
differencesin variances between devices, laboratories, and testing conditions. The dynamic
modul us tests were conduced for three conditions selected to exercise the range of the equipment
capabilities:

¢ Unconfined dynamic modulus at 25 °C, arepresentative condition for evaluating
mixtures for fatigue cracking potential.

* Unconfined dynamic modulus at 45 °C, arepresentative condition for evaluating
mixtures for rutting potential.

¢ Confined dynamic modulus at 45 °C, a representative condition for possibly evaluating

open or gap graded mixtures for rutting potential.

B-2

The flow number was evaluated only at 45 °C for unconfined and confined conditions. The
levels of confinement and deviatoric stress were selected to provide arelatively short test, less
than 1000 cycles, and arelatively long test, greater than 5000 cycles.

Tablel. Experimental Design for Dynamic Modulus Testing.

Dynamic Modulus and Phase Angle
Device Lab Mix Unconfined, 25 C |Unconfined, 45 C|Confined, 45 C
Interlaken  |AAT 9.5 mm 8 8 8
19.0 mm 8 8 8
FHWA 9.5 mm 8 8 8
19.0 mm 8 8 8
Shedworks |AAT 9.5mm 8 8 8
19.0 mm 8 8 8
FHWA 9.5 mm 8 8 8
19.0 mm 8 8 8

Table 2. Experimental Design for Flow Number Testing.

Flow Number
Device Lab Mix Unconfined, 45 C |Confined, 45 C
Interlaken |AAT 9.5mm 8 8
19.0 mm 8 8
FHWA 9.5 mm 8 8
19.0 mm 8 8
Shedworks [AAT 9.5 mm 8 8
19.0 mm 8 8
FHWA 9.5 mm 8 8
19.0 mm 8 8

2. MIXTURES

Two mixtures that exhibited different levels of variability in mechanical properties when
tested in NCHRP Project 9-18 “Field Shear Test for Hot-Mix Asphalt,” were used in the
evaluation testing. Thefirst wasa 9.5 mm mixture with low variability, having a shear modulus
coefficient of variation of approximately 5 percent when tested in NCHRP Project 9-18. The

second was a 19.0 mm mixture that had a shear modulus coefficient of variation of
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approximately 17 percent. Volumetric properties for the mixtures are provided in Table 3. As 100 . .
shown in Figures 1 and 2, both are coarse graded mixtures Superpave mixtures. The 9.5 mm 90 -
mixture was made with limestone coarse and fine aggregates. Granite aggregates were used in 80 .
o )
the 19.0 mm mixtures. Both mixtures were made with the same PG 64-22 binder. AASHTO % 70
M320 properties for the binder are summarized in Table 4. % 60 i
~ 50 :
P4
w40 :
Table 3. Volumetric Properties of Evaluation Mixtures. T 3 '
o '
Property 9.5mm 19.0 mm 20 ;
Nesign 65 96 10 .
Coarse Aggregate Angularity. 100/100 100/100 - '
One Face/ Two Face 0
Fine Aggregate Angularity 45.0 52.1 0.075 03 06 118 2.36 4.75 9.5 125
Flat & Elongated, % 1.6 19
(Ratio5: 1) 0.15 SIEVE SIZE, mm
Sand Equivalent, % 83 80 ) i i
Binder Content, % 6.2% 24.4% Figure 1. Gradation of 9.5 mm Mixture.
Gyratory Compaction, % Gmm
Niri 85.2% 85.9%
Nes 96.0% 95.8%
Ninax 97.8% 97.2% 100 . =
Voidsin Mineral Aggregate (VMA), % 17.2 145 90 e ' ' ' ! . /
Voidsin Total Mixture (VTM), % 4.0 42 e ' ' ' ' ' / - '
Voids Filled with Asphalt (VFA), % 76.7 710 80 — : : : — '
Fines to Effective Binder Rafio (F/A) 12 11 2 . L ' ' ' / '
Gradation, % passing @ o . . . / . .
Sieve Size, mm 2 60 ——— . . . — . . )
375 100 100 e Coao . . oL / . . .
25 100 100 = T v v w - v v v '
E .
19 loo 94 LLl 40 ) ) ) ) ) ) — - . / ) ) ) ]
25| 100 73 Q w0 e et S~ - - - -
9.5 97 52 w A
o [ [ e ' ' ' ' '
475 62 33 20 i / ; — ; .
1.18 27 17 L3 ; ; ; ) ) ) )
0.6 18 14 0 4 /
03 11 10 0.075 0.3 06 118 236 4.75 95 125 19 25
0.15 8 6 0.15
0.075 6.8 3.6 SIEVE SIZE, mm

Figure2. Gradation of 19.0 mm Mixture.
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Table 4. Binder Propertiesfor Evaluation Mixtures.

Condition Test M ethod Result
Specific Gravity at 25 °C AASHTO T228 1.032
Unaged Asphalt Viscosity at 135 °C ASTM D4402 0.38 Pas
G*/sind at 10 rad/sec, 64 °C AASHTO T515 1.58 kPa
RTFO Aged Residue Mass Change, % AASHTO T240 -0.32
G*/sind, at 10 rad/sec, 64 °C AASHTO T315 5.27 kPa
G*sind, at 10 rad/sec, 25 °C AASHTO T315 2800 kPa
PAV Aged Residue Creep Stiffness, at 60 sec, -12°C AASHTO T313 138 MPa
m-value at 60 sec, -12 °C AASHTO T313 0.331

3. SPECIMEN PREPARATION

The simple performance test specimens were prepared to atarget air void content of 4.0
percent. First 150 mm diameter by 165 mm high gyratory specimens were prepared to an air
void contents 5.5 percent. From these, 100 mm diameter by 150 mm high specimens were cored
and sawed using a portable core drilling machine and double bladed saw. The sections that

follow discuss procedures used in the specimen fabrication process for:

« Binder and aggregate handling
« Laboratory mixing, aging and compaction
« Simple performance test specimens fabrication, and

e Test specimen handling

3.1 Binder Handling

The binder used in the first-article evaluation was an unmodified PG 64-22 obtained from the
Paulsboro, New Jersey refinery of the Citgo Asphalt Refining Company (Citgo). This binder
was being used by AAT on several NCHRP projects including: Project 9-29, Phase 11 of Project
9-29, Project 9-25, Project 9-31, and Project 9-34. For these projects, 37, five-gallon samples of
PG 64-22 binder were obtained by Citgo representatives on November 9, 2001. The sample
containers were sealed, marked, and forwarded to AAT. Each five-gallon sample was treated as
arepresentative sample of the binder with no mixing of the binder from individual containers.
Upon receipt at AAT, one five-gallon sample was divided into quart containers by heating the

five-gallon container in an oven set at 135 °C, stirring with a mechanical stirrer, and pouring the
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binder into theindividual quart containers. A representative sample was obtained from one of
the quart containers and viscosities were determined at 135, 150, and 165 °C in accordance with
ASTM D4402 to determine appropriate mixing and compaction temperatures. The quart
containers were then used in the preparation of laboratory mixture batches. Quart containers
were only heated once. Excess binder in the quart containers was discarded. As additional
binder was required by the testing program, additional five-gallon samples were divided into
quart containers using the procedure outlined above.

3.2 Aggregate Handling

Representative samples of the aggregates used in the evaluation mixtures were obtained by
AAT techniciansin sample bags of varying sizes. The procedures described in the Appendix of
Asphalt Institute Publication MS-2 were used to prepare the aggregate samples for |aboratory
batching. Coarse aggregate samples were separated into individual sizes, while individual
samples of fine aggregate were mixed together to produce a homogeneous supply for subsequent
batching. For the two mixtures, Table 5 summarizes the sizes that the aggregates were
separated into for preparation of laboratory specimens. For the 19.0 mm mixture, stockpile
samples of the #57 and #78 stone were combined prior to separating into the fractions shown.

Table5. Summary of Aggregate Sizes Used in Phase 1 Specimen Preparation.

9.5 mm Mixture 19.0 mm Mixture
Material % | Sizes, mm Material % Sizes, mm
8P 31 | Retained 9.5 Combined 72 Retained 19.0
Retained 4.75 | #57 and #78 Retained 12.5
1/4in 63 | Asreceived Retained 9.5
Manufactured Sand 5 | Asreceived Retained 4.75
Lime 1 | Asreceived Retained 2.36
#10 14 As-received
#34 14 As-received

3.3 Mixing, Aging, and Compaction

Gyratory specimens for the simple performance tests before sawing and coring were 150 mm

diameter by 165 mm high. These specimens were prepared to a target air void content in
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accordance with AASHTO T314. An Interlaken compactor meeting the requirements of
AASHTO T314 and AASHTO PP35 was used to prepare the gyratory specimens.

Mixing and compaction temperatures were determined from viscosities measured at 135, 150,
and 165 °C in accordance with ASTM D4402. These were converted to kinematic viscosities
using the binder specific gravity measured at 25 °C and the specific gravity temperature
correction factors given in Annex A1 of AASHTO T201. Thisresulted in amixing temperature
of 158 °C and a compaction temperature of 145 °C. Prior to compaction, materials for all
specimens were short-term oven aged in accordance with AASHTO PP2 for two hours at the
compaction temperature.

3.4 Sawing and Coring of Simple Performance Test Specimens

The simple performance test specimens were manufactured by coring and sawing 100 mm
diameter by 150 mm high test specimens from the middie of 150 mm by 165 mm high gyratory
compacted specimens. The procedure is described in the test protocols submitted to the NCHRP
in Project 9-19, Superpave Support and Performance Models Management. There are three
reasons for using smaller test specimens obtained from larger gyratory specimensin the simple
performance tests. The first isto obtain an appropriate aspect ratio for the test specimens.
Research performed during Project 9-19, found that a minimum specimen diameter of 100 mm
was needed in the flow number and flow time tests, and that a minimum height to diameter ratio
of 1.5 was needed in al three simple performance tests: dynamic modulus, flow number, and
flow time. The second reason is to eliminate areas of high air voidsin the gyratory specimens.
Gyratory compacted specimens typically have high air voids near the ends and the circumference
the specimen. The third reason isto obtain relatively smooth, parallel ends for testing.

In Phase | of this project, measurements on alarge number of specimens prepared in
accordance with the Project 9-19 draft test protocols showed that some of the specimen
dimensional tolerances could not be achieved with standard laboratory saws and drills. The
tolerances in the Project 9-19 test protocols were based on those presented in AASHTO T231 for
capping concrete cylinders. The revised tolerances listed in Table 6 were recommended and
incorporated in the first-article specifications.

B-8

Table 6. Project 9-29 Specimen Dimension Tolerances.

Item Specification Remarks
Average Diameter 100 mm to 104 mm

Standard Deviation of Diameter 1.0 mm See note 1
Height 147.5 mm to 152.5 mm

End Flatness 0.3mm Seenote 2
End Parallelism 1 degree See note 3

Notes:

1. Measure the diameter at the center and third points of the test specimen along axes that are 90 degrees
gpart. Record each of the six measurements to the nearest 1 mm. Calculate the average and the
standard deviation of the six measurements. The standard deviation shall be lessthan 1.0 mm. The
average diameter, reported to the nearest 1 mm, shall be used in all material property calculations.

2. Check thisreguirement using a straight edge and feeler gauges.

3. Check this requirement using a machinists square and feeler gauges.

Several laboratories have adapted equipment for preparing the simple performance test
specimens that range from elaborate feed control drills combined with sophisticated holders and
double bladed saws to standard drills and single bladed saws with simple clamping
arrangements. For this project, specimens meeting the tolerances listed in Table 6 were
prepared using a portable core drilling machine, and a double bladed saw. Asshownin Figure 3,
the portable core drilling machine was mounted to a heavy stand on the laboratory floor to
facilitate vertical drilling of the specimen. The 150 mm diameter by 165 mm high gyratory
compacted specimen was held in place under the drill by blocks of wood cut to provide atight fit
between the gyratory specimen and the stand. A sophisticated clamp for holding the gyratory
specimen is not needed to obtain the tolerances on the specimen diameter listed in Table 6.

Figure 4 shows the 100 mm diameter core and the waste portion of the gyratory specimen.

B-9
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Figure 3. Portable CoreDrilling Machine and Stand.
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Figure4. 100 mm Diameter Core and Waste Ring.

Reasonably smooth, parallel ends for the test specimen were then provided by trimming the
100 mm diameter core using the double bladed saw shown in Figure 5. This step ismore
critical than the coring step and requires the 100 mm diameter core to fit tightly in the saw
clamp, and sufficient waste material on each end to keep the saw blades from bending.

Figure5. Double Bladed Saw With 100 mm Core.
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All coring and sawing was done using water to cool the cutting tools. After al cutting was
complete, the bulk specific gravity of the finished specimen was determined in accordance with
AASHTO T166 by first measuring the immersed mass, then the saturated surface dry mass, and
finally the dry mass. The cores were measured for compliance with the NCHRP Project 9-29
specimen tolerances, which are summarized the Table 6. Figure 6 shows a completed test

specimen.

EEA ik
i

x
g

Figure 6. Final Simple Performance Test Specimen.

4. SPECIMEN HANDLING

The evaluation testing program required fabrication and testing of 192 specimens. Sample
fabrication and testing was split into two phases as shown in Table 7. In the first phase the
Interlaken equipment was operated in the FHWA laboratory and the Shedworks equipment was

operated in AAT’ slaboratory. In the second phase, the location of the equipment was switched.

Each phase was divided into two blocks, and al of the testing for a given block in both
|aboratories was completed before the next block began. To allow reasonable productivity
during specimen fabrication, the over-height gyratory specimens were fabricated on aregular
schedule of four specimens per day. To minimize aging of the test specimens, the simple

B-12

performance test specimens were sawed and cored from the over-height gyratory specimens
when needed. All of the simple performance test specimens for a specific mixture for a block
were cored, sawed, and measured at the same time. They were then distributed to the two
laboratories based on their air void contents to obtain approximately the same average and range
of air void contents.

5. TESTING

The dynamic modulus and flow number tests were performed with the simple performance
test devicesin accordance with the Project 9-19 test protocols. Test specimens were conditioned
in a separate environmental chamber prior to testing. Dummy specimens with thermocouples
were used to ensure that the test specimens were with the specified 0.5 °C tolerance of the target
test temperature. The test chamber of the simple performance test device was a so equilibrated
to the target testing temperature. Once the specimens and the test chamber reached the target
temperature, the specimens were removed from the separate environmental chamber, placed in
the test chamber, and instrumented if required. The test chamber was then closed and allowed to
equilibrate to the test temperature before the testing began.

The three dynamic modulus tests, 25 °C unconfined, 45 °C confined, and 45 °C unconfined,
were performed on the same test specimen. For each condition dynamic moduli and phase
angles were measured at frequencies of 25, 10, 5, 1, 0.5, and 0.1 Hz. Stress levels were varied
automatically by the simple performance testers to achieve atarget strain level of 100 pstrain. A
confining pressure of 138 kPawas used in the confined testing.

Separate test specimens were used for each of the flow time tests. Table 8 summarizes the
confining and deviatoric stresses used in the flow number testing for the two mixtures. These
stress levels were selected to obtain a short test, less than 1000 load repetitions and along test,
greater than 1000 |oad repetitions.
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Table 8. Flow Number Test Conditions.
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Table7. Evaluation Testing Program.
Dynamic Modulus Flow Number
25°C 45°C 45°C 45°C 45°C
Phase | Block | Device Lab Mix Unconfined | Confined | Unconfined | Unconfined | Confined
1 1 Interlaken | AAT 9.5 mm 4 4 4
19.0 mm 4 4 4
Shedworks | FHWA 9.5 mm 4 4 4
19.0 mm 4 4 4
2 Interlaken | AAT 9.5 mm 4 4 4
19.0 mm 4 4 4
Shedworks | FHWA 9.5 mm 4 4 4
19.0 mm 4 4 4
2 1 Shedworks | AAT 9.5 mm 4 4 4
19.0 mm 4 4 4
Interlaken | FHWA 9.5 mm 4 4 4
19.0 mm 4 4 4
2 Shedworks | AAT 9.5 mm 4 4 4
19.0 mm 4 4 4
Interlaken | FHWA 9.5 mm 4 4 4
19.0 mm 4 4 4
Total 64 128

Copyright National Academy of Sciences. All rights reserved.
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APPENDIX C
EVALUATION TEST DATA

TABLE C-1 Modulusand phase angle data and values for associated quality indices

Nominal Load Deformation
Mix |Nominal (Confining Phase Standard | Deformation | Standard [Deformation| Phase
Device | Lab Type | Temp. |Pressure| Freq. | Modulus | Angle [Load Drift| Error Drift Error Uniformity [Uniformity
°C KPa Hz MPa Deg. % % % % % Deg.
IPC AAT [ 95MM 25.0 0.0 10.00 5001 28.9 0.0 2.8 -343.1 6.9 4.8 0.5
IPC AAT | 95MM 25.0 0.0 1.00 2258 33.5 0.1 0.8 -245.2 3.6 5.4 0.8
IPC AAT [ 95MM 25.0 0.0 0.10 881 32.7 0.0 2.2 -82.4 3.1 4.3 0.7
IPC AAT | 95MM 25.0 0.0 10.00 5301 27.7 0.0 2.6 -278.6 6.3 18.8 0.7
IPC AAT | 95MM 25.0 0.0 1.00 2451 31.7 0.0 0.6 -173.5 3.2 18.7 1.2
IPC AAT | 95MM 25.0 0.0 0.10 986 31.2 -0.1 2.0 -44.7 3.3 18.2 1.4
IPC AAT [ 95MM 25.0 0.0 10.00 4663 29.5 0.1 3.5 -354.4 6.9 2.3 0.1
IPC AAT | 95MM 25.0 0.0 1.00 2091 34.0 0.1 0.7 -272.8 4.1 2.9 0.4
IPC AAT | 95MM 25.0 0.0 0.10 805 33.2 -0.4 2.3 -104.9 3.5 6.1 0.7
IPC AAT | 95MM 25.0 0.0 10.00 5289 28.7 0.0 2.7 -331.2 6.7 3.6 0.4
IPC AAT | 95MM 25.0 0.0 1.00 2411 33.3 -0.1 0.7 -245.8 3.7 3.4 0.7
IPC AAT [ 95MM 25.0 0.0 0.10 972 32.7 0.1 1.9 -98.9 3.2 4.3 0.3
IPC AAT | 95MM 25.0 0.0 10.00 4578 28.2 0.1 2.9 -268.2 6.6 11.6 0.5
IPC AAT | 95MM 25.0 0.0 1.00 2048 32.7 0.3 0.8 -163.2 3.0 12.7 0.1
IPC AAT | 95MM 25.0 0.0 0.10 769 33.3 0.2 2.3 -18.0 3.1 12.6 0.8
IPC AAT | 95MM 25.0 0.0 10.00 5377 27.4 -0.1 2.7 -316.6 6.5 34 0.5
IPC AAT | 95MM 25.0 0.0 1.00 2552 32.5 0.1 0.7 -277.5 3.9 1.7 0.8
IPC AAT | 95MM 25.0 0.0 0.10 1049 32.5 0.2 1.7 -140.9 2.9 0.3 1.0
IPC AAT | 95MM 25.0 0.0 10.00 5101 27.9 0.1 2.9 -271.9 6.5 2.5 0.2
IPC AAT [ 95MM 25.0 0.0 1.00 2303 32.7 0.4 0.8 -172.7 3.2 2.4 0.2
IPC AAT | 95MM 25.0 0.0 0.10 882 32.9 -0.1 2.1 -60.1 2.9 1.8 0.1
IPC AAT | 95MM 25.0 0.0 10.00 5397 28.3 0.0 2.6 -343.4 6.7 5.5 0.2
IPC AAT | 95MM 25.0 0.0 1.00 2475 33.5 0.3 0.7 -296.7 4.1 2.4 0.3
IPC AAT | 95MM 25.0 0.0 0.10 981 33.6 0.4 1.8 -134.9 3.0 1.5 0.1
IPC AAT | 95MM | 45.0 0.0 10.00 888 37.4 -0.6 5.2 -271.3 8.2 3.0 1.2
IPC AAT | 95MM 45.0 0.0 1.00 282 33.4 1.1 2.6 14.5 4.8 2.6 1.3
IPC AAT | 95MM | 45.0 0.0 0.10 131 26.1 0.9 9.7 95.1 5.0 5.6 0.9
IPC AAT | 95MM | 45.0 0.0 10.00 965 36.6 -0.4 5.4 -193.7 7.1 16.8 2.1
IPC AAT [ 95MM | 45.0 0.0 1.00 341 32.5 0.0 3.2 17.9 5.9 16.7 2.9
IPC AAT | 95MM | 45.0 0.0 0.10 149 26.5 1.6 7.8 248.6 5.9 21.2 3.0
IPC AAT | 95MM | 45.0 0.0 10.00 843 39.8 -0.3 5.7 -361.4 9.1 8.6 0.1
IPC AAT | 95MM | 45.0 0.0 1.00 274 35.0 -2.1 3.8 10.1 6.3 6.5 0.9
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Nominal Load Deformation
Mix |Nominal|Confining Phase Standard | Deformation | Standard |Deformation| Phase
Device | Lab Type | Temp. |Pressure| Freq. | Modulus | Angle |Load Drift| Error Drift Error Uniformity | Uniformity
°C KPa Hz MPa Deg. % % % % % Deg.
IPC AAT | 95MM 45.0 0.0 0.10 109 29.2 1.7 11.0 244.0 8.4 6.6 1.4
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TABLE C-1 Modulusand phase angle data and values for associated quality indices (continued)

Nominal Load Deformation
Mix |Nominal| Confining Phase Standard | Deformation | Standard | Deformation | Phase
Device| Lab | Type | Temp. | Pressure | Freq. |Modulus| Angle |Load Drift Error Drift Error Uniformity [Uniformity

°C KPa Hz MPa Deg. % % % % % Deg.
IPC_| AAT | 95MM [ 45.0 0.0 10.00 952 36.7 0.0 5.1 -245.2 7.3 3.2 0.5
IPC_| AAT | 95MM [ 45.0 0.0 1.00 334 32.7 -0.1 2.7 -19.6 6.3 1.1 1.1
IPC_| AAT | 95MM [ 45.0 0.0 0.10 129 27.8 0.3 8.9 71.0 5.2 3.7 0.9
IPC | AAT | 95MM [ 45.0 0.0 10.00 685 38.3 -0.8 7.8 -213.1 8.3 14.6 1.4
IPC_| AAT | 95MM [ 45.0 0.0 1.00 225 34.1 0.7 3.8 26.0 5.5 12.3 1.8
IPC_| AAT | 95MM [ 45.0 0.0 0.10 89 28.4 -4.6 9.0 338.4 7.0 13.0 0.9
IPC AAT | 95MM 45.0 0.0 10.00 891 37.1 0.1 7.2 -258.5 8.7 7.9 0.7
IPC_| AAT | 95MM [ 45.0 0.0 1.00 314 325 1.3 34 -14.2 6.0 10.4 0.9
IPC_| AAT | 95MM [ 45.0 0.0 0.10 125 27.3 4.2 7.3 123.8 5.8 114 0.7
IPC AAT | 95MM 45.0 0.0 10.00 874 37.8 -0.5 6.1 -231.9 7.4 8.2 0.7
IPC_| AAT | 95MM [ 45.0 0.0 1.00 292 34.5 0.6 3.1 -8.1 4.9 10.0 1.0
IPC_| AAT | 95MM [ 45.0 0.0 0.10 117 28.1 -1.8 9.9 126.2 5.2 11.5 1.0
IPC | AAT | 95MM [ 45.0 0.0 10.00 852 375 -0.3 6.9 -232.6 7.7 12.3 0.8
IPC_ | AAT | 95MM [ 45.0 0.0 1.00 297 32.9 -2.2 3.5 -0.9 6.0 11.6 1.0
IPC_| AAT | 95MM [ 45.0 0.0 0.10 118 27.8 2.8 9.0 217.0 6.2 10.7 1.1
IPC_| AAT | 95MM [ 45.0 138.0 10.00 1369 27.6 0.3 4.3 -83.4 4.5 6.0 0.8
IPC_| AAT | 95MM [ 45.0 138.0 1.00 877 19.3 0.1 1.1 -38.1 2.5 5.1 0.7
IPC | AAT | 95MM [ 45.0 138.0 0.10 782 125 0.2 21 -58.1 2.8 5.1 1.1
IPC | AAT | 95MM [ 45.0 138.0 10.00 1586 30.2 0.2 3.5 -91.9 4.6 13.6 24
IPC AAT | 95MM 45.0 138.0 1.00 1025 22.7 -0.1 1.1 -25.4 3.8 15.0 2.4
IPC_| AAT | 95MM [ 45.0 138.0 0.10 825 16.3 -0.7 2.8 -14.3 4.7 14.0 0.6
IPC_| AAT | 95MM [ 45.0 138.0 10.00 1544 25.6 -0.1 3.6 -55.8 3.9 12.7 0.1
IPC_| AAT | 95MM [ 45.0 138.0 1.00 996 17.7 -0.2 1.2 -24.4 2.3 11.5 0.3
IPC | AAT | 95MM [ 45.0 138.0 0.10 817 10.8 0.3 2.2 -28.6 2.5 10.6 0.4
IPC AAT | 95MM 45.0 138.0 10.00 1450 274 0.2 4.0 -77.5 4.4 5.4 0.3
IPC_| AAT | 95MM [ 45.0 138.0 1.00 892 20.0 -0.7 1.3 -16.1 2.6 5.9 0.3
IPC_| AAT | 95MM [ 45.0 138.0 0.10 705 13.0 0.4 21 -28.9 4.7 12.5 0.5
IPC_| AAT | 95MM [ 45.0 138.0 10.00 1315 27.0 0.1 3.3 -100.6 3.9 9.9 0.7
IPC_| AAT | 95MM [ 45.0 138.0 1.00 843 19.2 0.4 1.4 -42.1 2.8 11.2 0.6
IPC | AAT | 95MM [ 45.0 138.0 0.10 780 12.9 -1.6 3.5 -92.9 4.6 3.1 1.1
IPC_| AAT | 95MM [ 45.0 138.0 10.00 1693 25.0 0.0 3.2 -72.5 3.5 4.4 0.7
IPC_| AAT | 95MM [ 45.0 138.0 1.00 1091 17.8 -0.3 1.1 -13.7 2.3 5.5 0.7
IPC_| AAT | 95MM [ 45.0 138.0 0.10 861 11.0 -0.1 2.6 -16.3 2.8 5.7 0.5
IPC_ | AAT | 95MM [ 45.0 138.0 10.00 1377 28.1 0.2 3.3 -95.0 4.2 16.8 1.4
IPC_ | AAT | 95MM [ 45.0 138.0 1.00 879 19.8 -0.1 1.1 -30.7 2.2 17.3 0.9
IPC_| AAT | 95MM [ 45.0 138.0 0.10 765 12.6 -0.1 3.1 -59.8 4.1 15.7 0.2
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TABLE C-1 Modulusand phase angle data and values for associated quality indices (continued)

Nominal Load Deformation
Mix |Nominal| Confining Phase Standard | Deformation | Standard | Deformation | Phase
Device| Lab | Type | Temp. | Pressure | Freq. |Modulus| Angle |Load Drift Error Drift Error Uniformity [Uniformity

°C KPa Hz MPa Deg. % % % % % Deg.
IPC_| AAT | 95MM [ 45.0 138.0 10.00 1412 28.0 0.3 4.0 -89.0 4.5 8.3 1.0
IPC_| AAT | 95MM [ 45.0 138.0 1.00 888 20.0 -0.3 1.3 -29.2 2.5 8.2 0.1
IPC_| AAT | 95MM [ 45.0 138.0 0.10 665 13.3 0.3 3.3 24 3.5 6.4 0.4
IPC | AAT | 19MM [ 25.0 0.0 10.00 7307 25.2 -0.1 2.1 -273.3 5.6 22.6 0.4
IPC_| AAT | 19MM [ 25.0 0.0 1.00 3766 30.4 0.1 0.6 -266.7 3.8 21.4 0.8
IPC_| AAT | 19MM [ 25.0 0.0 0.10 1693 32.0 -0.4 1.4 -180.0 3.2 19.5 1.2
IPC_| AAT | 19MM [ 25.0 0.0 10.00 7728 243 0.0 2.2 -195.7 5.6 14.0 0.8
IPC_| AAT | 19MM [ 25.0 0.0 1.00 3891 29.1 0.2 0.5 -115.1 2.9 15.8 0.8
IPC_| AAT | 19MM [ 25.0 0.0 0.10 1648 30.6 -0.1 1.2 -47.5 34 17.9 0.7
IPC | AAT | 19MM [ 25.0 0.0 10.00 6951 24.6 -0.1 2.1 -261.9 5.5 24.0 0.6
IPC_| AAT | 19MM [ 25.0 0.0 1.00 3616 29.9 0.2 0.6 -250.5 4.0 24.1 0.1
IPC_| AAT | 19MM [ 25.0 0.0 0.10 1611 31.6 -0.3 0.9 -145.0 3.4 22.8 0.6
IPC | AAT | 19MM [ 25.0 0.0 10.00 7252 255 0.0 2.2 -276.8 5.8 15.9 0.3
IPC_ | AAT | 1I9MM [ 25.0 0.0 1.00 3670 30.6 0.1 0.5 -235.5 4.0 13.3 0.3
IPC | AAT | 1I9MM [ 25.0 0.0 0.10 1582 32.1 0.4 0.6 -103.3 2.8 14.5 0.9
IPC_| AAT | 19MM [ 25.0 0.0 10.00 7801 24.6 0.0 2.2 -272.8 5.6 5.3 0.4
IPC_| AAT | 19MM [ 25.0 0.0 1.00 4025 30.5 0.1 0.6 -279.6 4.0 5.2 0.4
IPC | AAT | 19MM [ 25.0 0.0 0.10 1771 32.3 -0.4 1.1 -186.5 2.9 5.7 0.4
IPC | AAT | 19MM [ 25.0 0.0 10.00 8294 24.3 0.1 2.1 -266.4 5.5 4.1 0.5
IPC_| AAT | 19MM [ 25.0 0.0 1.00 4303 30.1 0.1 0.6 -265.8 3.7 3.1 0.7
IPC_| AAT | 19MM [ 25.0 0.0 0.10 1919 324 0.1 1.2 -177.5 2.9 2.4 1.0
IPC_| AAT | 19MM [ 25.0 0.0 10.00 6999 24.8 0.1 2.9 -254.9 5.5 9.7 0.1
IPC_| AAT | 19MM [ 25.0 0.0 1.00 3605 29.9 0.1 0.6 -252.4 3.7 9.1 0.0
IPC | AAT | 1I9MM [ 25.0 0.0 0.10 1605 31.6 0.2 1.3 -171.8 2.8 9.5 0.3
IPC_| AAT | 19MM [ 25.0 0.0 10.00 6802 25.7 0.1 2.3 -285.4 6.0 13.2 0.5
IPC_| AAT | 19MM [ 25.0 0.0 1.00 3422 31.2 -0.1 0.6 -282.4 3.9 12.3 0.7
IPC_| AAT | 19MM [ 25.0 0.0 0.10 1466 32.8 0.0 1.4 -198.9 3.3 14.6 0.8
IPC_| AAT | 1I9MM [ 45.0 0.0 10.00 1694 34.7 0.5 5.0 -250.7 7.0 6.0 0.8
IPC_ | AAT | 1I9MM [ 45.0 0.0 1.00 656 31.9 0.1 1.5 -57.5 4.8 5.4 0.9
IPC | AAT | 19MM [ 45.0 0.0 0.10 285 27.4 -0.2 5.3 -58.8 7.2 7.0 0.5
IPC_| AAT | 1I9MM [ 45.0 0.0 10.00 1912 33.9 0.1 5.3 -199.8 7.2 12.5 0.3
IPC_| AAT | 19MM [ 45.0 0.0 1.00 711 31.6 -0.5 1.5 -36.2 5.2 12.9 0.9
IPC | AAT | 1I9MM [ 45.0 0.0 0.10 281 29.1 -0.3 5.3 1.5 5.2 20.8 24
IPC | AAT | 1I9MM [ 45.0 0.0 10.00 1643 35.0 0.0 4.6 -246.7 8.1 26.0 1.3
IPC_| AAT | 1I9MM [ 45.0 0.0 1.00 632 32.7 -0.5 1.5 -32.6 4.8 23.6 2.4
IPC_| AAT | 19MM [ 45.0 0.0 0.10 285 28.1 -2.0 5.7 95.0 5.2 26.5 2.2
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TABLE C-1 Modulusand phase angle data and values for associated quality indices (continued)

Nominal Load Deformation
Mix |Nominal| Confining Phase Standard | Deformation | Standard | Deformation | Phase
Device| Lab | Type | Temp. | Pressure Freq. [Modulus| Angle |Load Drift Error Drift Error Uniformity [Uniformity

°C KPa Hz MPa Deg. % % % % % Deg.
IPC_| AAT | 1I9MM [ 45.0 0.0 10.00 1583 35.2 0.1 5.0 -203.8 6.9 13.6 0.1
IPC_| AAT | 1I9MM [ 45.0 0.0 1.00 578 32.6 -1.1 1.6 -22.1 4.8 16.6 0.6
IPC_| AAT | 1I9MM [ 45.0 0.0 0.10 248 28.0 0.5 6.1 52.3 4.9 225 0.7
IPC_| AAT | 1I9MM [ 45.0 0.0 10.00 1735 35.2 -0.2 5.5 -259.3 8.5 11.4 0.6
IPC AAT | 19MM 45.0 0.0 1.00 642 32.9 1.3 1.9 -54.1 5.1 13.5 1.0
IPC_| AAT | 1I9MM [ 45.0 0.0 0.10 267 29.1 4.9 4.7 5.7 5.1 13.3 0.9
IPC_| AAT | 19MM [ 45.0 0.0 10.00 1825 35.2 0.1 5.3 -274.6 8.2 8.2 15
IPC_| AAT | 1I9MM [ 45.0 0.0 1.00 694 32.8 1.1 1.9 -61.5 5.0 9.5 1.3
IPC_| AAT | 19MM [ 45.0 0.0 0.10 286 29.4 1.1 4.1 22.0 5.2 8.8 1.8
IPC AAT | 19MM 45.0 0.0 10.00 1621 34.5 0.1 5.3 -254.4 8.0 14.8 0.8
IPC AAT [ 19MM 45.0 0.0 1.00 617 32.2 0.1 1.7 -56.9 5.0 16.5 1.4
IPC_| AAT | 1I9MM [ 45.0 0.0 0.10 261 28.5 0.4 4.7 10.6 4.9 22.1 0.9
IPC_| AAT | 1I9MM [ 45.0 0.0 10.00 1351 35.6 -0.4 5.8 -244.3 8.2 17.2 0.9
IPC_ | AAT | 19MM [ 45.0 0.0 1.00 502 32.8 0.2 2.6 -44.0 5.1 18.6 1.4
IPC_| AAT | 1I9MM [ 45.0 0.0 0.10 214 21.7 -0.7 6.8 31.2 5.3 25.5 1.8
IPC AAT [ 19MM 45.0 138.0 10.00 2312 294 0.1 3.7 -156.1 5.5 12.8 1.7
IPC_| AAT | 1I9MM [ 45.0 138.0 1.00 1336 23.8 0.1 0.9 -53.9 3.1 11.8 1.9
IPC_| AAT | 1I9MM [ 45.0 138.0 0.10 956 18.6 -0.1 2.1 -51.6 3.6 14.7 1.7
IPC_| AAT | 1I9MM [ 45.0 138.0 10.00 2444 28.7 -0.1 3.1 -113.0 4.8 10.3 0.2
IPC AAT [ 19MM 45.0 138.0 1.00 1394 23.1 0.3 1.3 -44.8 3.1 10.9 0.4
IPC_| AAT | 1I9MM [ 45.0 138.0 0.10 1002 17.3 0.1 1.7 -40.6 3.2 10.7 0.3
IPC_| AAT | 1I9MM [ 45.0 138.0 10.00 2415 27.1 0.2 3.3 -135.7 5.1 255 0.8
IPC_| AAT | 1I9MM [ 45.0 138.0 1.00 1461 21.7 0.0 0.8 -53.8 2.8 21.8 1.1
IPC_| AAT | 1I9MM [ 45.0 138.0 0.10 1094 16.4 -0.1 1.7 -46.3 3.1 17.3 0.8
IPC_| AAT | 1I9MM [ 45.0 138.0 10.00 2310 27.8 -0.2 3.8 -103.5 4.8 8.4 0.3
IPC_| AAT | 1I9MM [ 45.0 138.0 1.00 1376 22.0 -0.3 0.8 -49.1 2.8 9.8 0.5
IPC_| AAT | 19MM [ 45.0 138.0 0.10 1029 16.5 0.7 1.9 -47.5 3.1 10.1 0.5
IPC_| AAT | 1I9MM [ 45.0 138.0 10.00 2092 32.2 0.1 3.7 -170.0 6.0 2.0 0.5
IPC_| AAT | 1I9MM [ 45.0 138.0 1.00 1038 21.7 0.8 1.3 -42.2 3.5 5.6 0.6
IPC_| AAT | 1I9MM [ 45.0 138.0 0.10 636 225 -2.0 3.4 -14.0 4.0 10.1 0.6
IPC_| AAT | 1I9MM [ 45.0 138.0 10.00 2388 29.2 0.0 2.9 -119.2 4.4 5.9 1.4
IPC_| AAT | 1I9MM [ 45.0 138.0 1.00 1364 235 -0.2 1.0 -36.6 2.9 7.2 1.1
IPC_| AAT | 1I9MM [ 45.0 138.0 0.10 971 17.5 0.6 2.6 -26.1 3.1 7.1 0.7
IPC_ | AAT | 19MM [ 45.0 138.0 10.00 2094 29.1 -0.1 3.2 -138.6 4.9 4.8 1.1
IPC_| AAT | 1I9MM [ 45.0 138.0 1.00 1169 23.9 0.8 1.3 -48.3 3.2 10.8 1.7
IPC_| AAT | 19MM [ 45.0 138.0 0.10 828 18.5 1.0 2.8 -72.3 5.0 12.8 1.4
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TABLE C-1 Modulusand phase angle data and values for associated quality indices (continued)

Nominal Load Deformation

Mix |Nominal| Confining Phase Standard | Deformation | Standard | Deformation | Phase

Device| Lab | Type | Temp. | Pressure | Freq. |Modulus| Angle |Load Drift Error Drift Error Uniformity [Uniformity
°C KPa Hz MPa Deg. % % % % % Deg.
IPC AAT | 19MM 45.0 138.0 10.00 1984 28.6 -0.1 2.9 -101.7 4.0 115 0.9
IPC_| AAT | 1I9MM [ 45.0 138.0 1.00 1157 22.1 1.7 1.5 -36.1 2.8 11.4 1.1
IPC_| AAT | 1I9MM [ 45.0 138.0 0.10 857 16.3 0.0 2.7 -37.6 2.9 10.0 0.9
IPC_|FHWA| 95MM [ 25.0 0.0 10.00 5183 29.3 -0.1 3.0 -383.1 7.5 7.8 0.5
IPC_|FHWA| 95MM [ 25.0 0.0 1.00 2337 34.4 -0.5 0.8 -290.9 4.3 6.6 1.0
IPC_|FHWA| 95MM [ 25.0 0.0 0.10 915 33.6 -0.4 1.9 -127.0 3.0 8.9 1.1
IPC_|FHWA| 95MM [ 25.0 0.0 10.00 5424 28.0 0.0 2.8 -280.7 6.7 10.1 0.3
IPC_|FHWA| 95MM [ 25.0 0.0 1.00 2467 324 0.2 0.7 -164.7 3.1 10.0 0.6
IPC_|FHWA| 95MM [ 25.0 0.0 0.10 949 32.5 -0.2 1.6 -47.3 3.0 10.1 0.6
IPC_|FHWA| 95MM [ 25.0 0.0 10.00 5230 29.6 0.0 2.8 -395.3 7.4 8.5 0.5
IPC_|FHWA| 95MM [ 25.0 0.0 1.00 2378 34.4 0.0 0.7 -341.6 4.6 9.7 0.1
IPC_|FHWA| 95MM [ 25.0 0.0 0.10 964 333 0.0 1.5 -168.0 3.3 10.9 0.4
IPC_|FHWA| 95MM [ 25.0 0.0 10.00 5491 27.6 0.1 2.8 -271.2 6.6 18.0 0.4
IPC_|FHWA| 95MM [ 25.0 0.0 1.00 2528 32.0 0.2 0.7 -168.4 3.3 19.2 0.5
IPC_|FHWA| 95MM [ 25.0 0.0 0.10 988 32.6 0.1 1.6 -53.8 3.2 19.3 0.9
IPC_|FHWA| 95MM [ 25.0 0.0 10.00 4835 30.1 0.0 3.1 -381.5 7.6 13.3 0.5
IPC_|FHWA| 95MM [ 25.0 0.0 1.00 2130 34.6 0.1 0.8 -272.9 4.1 14.2 0.9
IPC_|FHWA| 95MM [ 25.0 0.0 0.10 819 34.0 -0.1 2.2 -89.3 3.3 12.8 0.9
IPC_|FHWA| 95MM [ 25.0 0.0 10.00 5224 28.9 0.1 3.0 -366.4 6.9 12.9 0.4
IPC_|FHWA| 95MM [ 25.0 0.0 1.00 2422 33.9 0.0 0.7 -314.9 4.3 10.8 0.5
IPC_|FHWA| 95MM [ 25.0 0.0 0.10 999 33.2 0.1 1.6 -172.3 3.5 7.9 0.5
IPC_|FHWA| 95MM [ 25.0 0.0 10.00 4535 30.1 0.1 3.1 -410.0 7.3 24.9 0.5
IPC_|FHWA| 95MM [ 25.0 0.0 1.00 2002 34.9 -0.2 0.8 -371.8 4.6 25.3 0.4
IPC_|FHWA| 95MM [ 25.0 0.0 0.10 795 33.9 0.6 1.7 -183.0 4.1 23.0 0.6
IPC_ [FHWA| 95MM 25.0 0.0 10.00 5021 30.5 -0.2 3.0 -414.7 7.6 8.8 0.3
IPC_|FHWA| 95MM [ 25.0 0.0 1.00 2179 35.7 -0.2 1.2 -317.6 4.8 7.6 0.3
IPC_|FHWA| 95MM [ 25.0 0.0 0.10 818 35.0 1.0 2.9 -97.7 2.9 5.9 0.0
IPC_|FHWA| 95MM [ 45.0 0.0 10.00 1014 39.0 -0.1 7.0 -282.2 8.6 4.0 0.7
IPC_|FHWA| 95MM [ 45.0 0.0 1.00 353 34.2 1.7 3.6 -27.4 5.7 8.2 0.9
IPC_|FHWA| 95MM [ 45.0 0.0 0.10 142 27.9 0.5 8.8 143.4 5.8 10.9 0.8
IPC_ [FHWA| 95MM 45.0 0.0 10.00 1041 37.6 -0.2 8.9 -249.6 9.1 7.4 0.7
IPC_|FHWA| 95MM [ 45.0 0.0 1.00 365 33.0 1.0 25 -24.1 5.5 5.8 0.6
IPC_|FHWA| 95MM [ 45.0 0.0 0.10 153 27.1 2.2 4.6 68.4 5.1 4.7 0.9
IPC [FHWA| 95MM 45.0 0.0 10.00 1035 37.3 -0.2 7.3 -150.4 7.8 19.5 1.9
IPC_|FHWA| 95MM [ 45.0 0.0 1.00 341 34.7 0.6 24 0.4 4.8 16.9 2.2
IPC_|FHWA]| 95MM [ 45.0 0.0 0.10 140 28.6 1.4 4.1 120.1 5.4 15.2 1.9
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TABLE C-1 Modulusand phase angle data and values for associated quality indices (continued)

Nominal Load Deformation

Mix |Nominal| Confining Phase Standard | Deformation | Standard | Deformation | Phase

Device| Lab | Type | Temp. | Pressure Freq. [Modulus| Angle |Load Drift Error Drift Error Uniformity [Uniformity
°C KPa Hz MPa Deg. % % % % % Deg.
IPC_[FHWA| 95MM 45.0 0.0 10.00 1045 37.0 -0.7 7.8 -230.9 8.4 114 0.2
IPC_|FHWA| 95MM [ 45.0 0.0 1.00 371 33.1 2.9 2.4 -23.8 4.8 9.7 0.2
IPC_|FHWA| 95MM [ 45.0 0.0 0.10 158 27.7 -1.6 5.2 74.4 5.2 7.7 0.1
IPC_|FHWA| 95MM [ 45.0 0.0 10.00 728 40.1 -1.4 8.6 -281.0 9.6 7.8 1.0
IPC[FHWA | 95MM 45.0 0.0 1.00 235 35.2 1.7 2.9 -7.2 5.4 7.2 0.9
IPC_|FHWA| 95MM [ 45.0 0.0 95.80 96 29.0 0.6 5.0 148.7 7.4 9.6 0.3
IPC_|FHWA| 95MM [ 45.0 0.0 10.00 1023 36.9 -0.5 8.1 -147.3 7.9 3.2 0.2
IPC_|FHWA| 95MM [ 45.0 0.0 1.00 364 32.7 0.2 2.5 -14.9 5.1 7.9 0.6
IPC_|FHWA| 95MM [ 45.0 0.0 95.80 159 26.8 -0.3 5.5 57.2 5.6 11.3 1.1
IPC_|FHWA| 95MM [ 45.0 0.0 10.00 1053 38.1 -0.3 9.2 -289.6 9.5 6.8 0.9
IPC_|FHWA| 95MM [ 45.0 0.0 1.00 366 34.0 1.5 2.9 -25.8 5.8 7.2 2.0
IPC_|FHWA| 95MM [ 45.0 0.0 95.80 141 29.4 -0.8 5.9 131.0 5.7 9.4 2.4
IPC_|FHWA| 95MM [ 45.0 0.0 10.00 873 41.5 -0.3 9.3 -265.2 9.5 9.6 0.8
IPC_|FHWA| 95MM [ 45.0 0.0 1.00 274 36.9 1.6 4.0 23.4 6.5 13.9 0.9
IPC_|FHWA| 95MM [ 45.0 0.0 95.80 107 29.5 0.9 6.7 353.3 4.8 17.1 0.2
IPC_|FHWA| 95MM [ 45.0 138.0 10.00 1340 30.9 -0.2 4.3 -75.5 4.8 75 0.3
IPC_|FHWA| 95MM [ 45.0 138.0 1.00 804 21.6 0.0 1.1 -22.0 2.3 8.4 0.1
IPC_|FHWA| 95MM [ 45.0 138.0 0.10 595 14.3 -0.5 2.4 -10.7 3.1 9.0 0.1
IPC_|FHWA| 95MM [ 45.0 138.0 10.00 1519 28.9 -0.2 4.1 -92.7 4.6 5.7 0.6
IPC [FHWA| 95MM 45.0 138.0 1.00 946 20.5 -1.1 1.1 -31.4 2.5 2.6 0.8
IPC_|FHWA| 95MM [ 45.0 138.0 0.10 739 13.8 0.3 1.9 -33.3 3.3 2.7 0.3
IPC_|FHWA| 95MM [ 45.0 138.0 10.00 1312 32.1 -0.2 5.0 -124.1 5.9 15.1 1.0
IPC_|FHWA| 95MM [ 45.0 138.0 1.00 626 26.9 -0.8 1.6 -21.3 34 21.9 0.9
IPC_|FHWA| 95MM [ 45.0 138.0 0.10 308 22,5 -0.8 3.4 -16.1 4.7 22.7 1.5
IPC_[FHWA| 95MM 45.0 138.0 10.00 1717 30.3 0.1 3.9 -145.7 5.4 15.3 1.4
IPC_|FHWA| 95MM [ 45.0 138.0 1.00 1025 22.1 -0.2 1.0 -45.6 2.6 18.7 1.2
IPC_|FHWA| 95MM [ 45.0 138.0 0.10 756 15.1 0.9 1.7 -21.7 2.9 18.4 0.7
IPC_|FHWA| 95MM [ 45.0 138.0 10.00 1267 30.4 0.0 4.2 -159.7 6.4 8.1 0.6
IPC_|FHWA| 95MM [ 45.0 138.0 1.00 808 21.0 1.2 1.2 -59.8 2.6 7.8 0.9
IPC_|FHWA| 95MM [ 45.0 138.0 0.10 641 13.6 1.1 2.1 -41.3 3.3 6.0 0.6
IPC_|FHWA| 95MM [ 45.0 138.0 10.00 1346 335 -0.3 4.2 -132.2 5.9 5.4 0.5
IPC_|FHWA| 95MM [ 45.0 138.0 1.00 571 29.6 0.4 1.4 -10.3 34 5.0 0.5
IPC_|FHWA| 95MM [ 45.0 138.0 0.10 295 24.4 0.4 3.7 1.9 4.7 4.3 0.6
IPC |FHWA| 95MM 45.0 138.0 10.00 1453 32.0 -0.3 4.2 -146.1 5.8 3.4 2.0
IPC_|FHWA| 95MM [ 45.0 138.0 1.00 686 27.2 1.1 1.5 -10.5 3.7 1.8 2.0
IPC_|FHWA| 95MM [ 45.0 138.0 0.10 360 24.0 0.6 4.2 -139.8 22.3 5.2 1.9

C-7

uoirenjeas pue juawdojanaq sjoily-1sii4 :ubisag I\ aAediadng 1o Js1sa] souewWIONad a|dwIS


http://www.nap.edu/21954

‘panIasal S)ybul [ "Sa2uaIds Jo Awapeay [euoneN 1ybuAdod

TABLE C-1 Modulusand phase angle data and values for associated quality indices (continued)

Nominal Load Deformation

Mix |Nominal| Confining Phase Standard | Deformation | Standard | Deformation | Phase

Device| Lab | Type | Temp. | Pressure | Freq. |Modulus| Angle |Load Drift Error Drift Error Uniformity [Uniformity
°C KPa Hz MPa Deg. % % % % % Deg.
IPC_|FHWA| 95MM [ 45.0 138.0 10.00 1296 31.9 0.2 5.3 -159.9 6.0 10.3 1.6
IPC_|FHWA| 95MM [ 45.0 138.0 1.00 778 22.7 0.2 1.3 -64.1 2.9 134 1.5
IPC_|FHWA| 95MM [ 45.0 138.0 0.10 590 15.7 0.4 1.9 -61.8 3.7 25.6 0.9
IPC_|FHWA| 19MM [ 25.0 0.0 10.00 7976 245 0.1 2.2 -257.6 5.6 9.9 0.3
IPC_|FHWA| 19MM [ 25.0 0.0 1.00 4178 29.4 0.0 0.6 -243.0 4.3 10.0 0.5
IPC_|FHWA| 19MM [ 25.0 0.0 0.10 1902 30.7 0.1 1.1 -139.9 3.2 10.8 0.8
IPC_|FHWA| 19MM [ 25.0 0.0 10.00 8639 24.8 0.0 2.2 -274.5 5.7 8.4 1.0
IPC_|FHWA| 19MM [ 25.0 0.0 1.00 4494 29.9 0.0 0.5 -257.8 4.0 5.8 1.4
IPC_|FHWA| 19MM [ 25.0 0.0 0.10 1989 31.1 -0.4 0.9 -150.0 2.9 6.6 1.5
IPC_|FHWA| 19MM [ 25.0 0.0 10.00 7637 255 0.1 2.2 -298.8 5.9 11.8 0.3
IPC_|FHWA| 19MM [ 25.0 0.0 1.00 3880 31.1 0.4 0.6 -301.0 3.9 12.0 0.8
IPC_|FHWA| 19MM [ 25.0 0.0 0.10 1668 32.8 -0.1 1.0 -200.6 3.5 11.6 1.5
IPC_|FHWA| 19MM [ 25.0 0.0 10.00 7945 25.2 0.0 2.0 -294.8 5.8 22.1 1.0
IPC [FHWA| 19MM 25.0 0.0 1.00 4083 30.2 0.4 0.6 -275.5 4.1 19.7 1.5
IPC_|FHWA| 19MM [ 25.0 0.0 0.10 1785 31.1 0.2 0.8 -188.4 6.2 174 1.8
IPC_|FHWA| 19MM [ 25.0 0.0 10.00 8427 234 -0.1 2.3 -261.6 5.5 6.2 0.8
IPC_|FHWA| 19MM [ 25.0 0.0 1.00 4539 29.1 0.1 0.6 -280.6 3.9 6.2 1.1
IPC_|FHWA| 19MM [ 25.0 0.0 0.10 2104 31.2 -0.3 1.1 -209.6 3.7 4.5 1.2
IPC_|FHWA| 19MM [ 25.0 0.0 10.00 8629 23.7 0.0 2.9 -220.6 5.5 6.4 0.2
IPC_|FHWA| 19MM [ 25.0 0.0 1.00 4551 28.8 0.2 0.5 -184.8 3.2 6.0 0.3
IPC_|FHWA| 19MM [ 25.0 0.0 0.10 1992 31.3 -0.1 1.0 -110.5 2.9 5.1 0.9
IPC_|FHWA| 19MM [ 25.0 0.0 10.00 7857 24.9 -0.1 2.3 -264.4 5.6 19.2 0.4
IPC_|FHWA| 19MM [ 25.0 0.0 1.00 4054 30.4 0.2 0.6 -273.8 4.0 17.6 0.6
IPC_|FHWA| 19MM [ 25.0 0.0 0.10 1803 32.2 0.1 1.1 -186.9 3.1 14.5 1.2
IPC_|FHWA| 19MM [ 25.0 0.0 10.00 5934 27.8 0.0 2.8 -286.1 6.6 14.6 0.3
IPC_|FHWA| 19MM [ 25.0 0.0 1.00 2804 32.3 0.3 0.6 -203.0 3.3 13.9 0.2
IPC_|FHWA| 19MM [ 25.0 0.0 0.10 1178 32.6 0.3 1.3 -86.8 3.3 10.7 0.3
IPC_|FHWA| 19MM [ 45.0 0.0 10.00 2010 335 0.1 4.8 -216.8 7.5 10.8 0.5
IPC_|FHWA| 19MM [ 45.0 0.0 1.00 769 31.8 1.7 1.7 -32.7 4.6 10.5 0.7
IPC_|FHWA| 19MM [ 45.0 0.0 0.10 339 27.4 -0.6 4.4 39.3 4.9 9.4 1.2
IPC_[FHWA| 19MM 45.0 0.0 10.00 1978 32.8 2.8 4.1 -271.4 7.6 5.3 0.8
IPC_|FHWA| 19MM [ 45.0 0.0 1.00 650 324 -0.8 1.6 -21.5 4.2 12.7 0.8
IPC_|FHWA| 19MM [ 45.0 0.0 0.10 313 26.5 1.1 3.5 1.3 4.7 18.6 0.7
IPC [FHWA| 19MM 45.0 0.0 10.00 1548 36.1 -0.1 5.7 -260.9 8.0 6.8 1.0
IPC_|FHWA| 19MM [ 45.0 0.0 1.00 542 33.7 0.7 1.7 -45.4 5.0 6.5 0.0
IPC_|FHWA]| 19MM [ 45.0 0.0 0.10 223 29.0 0.1 4.7 25.2 5.2 11.1 1.7
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TABLE C-1 Modulusand phase angle data and values for associated quality indices (continued)

Nominal Load Deformation

Mix |Nominal | Confining Phase Standard | Deformation | Standard | Deformation | Phase

Device| Lab | Type | Temp. | Pressure | Freq. |Modulus| Angle |Load Drift Error Drift Error Uniformity [Uniformity
°C KPa Hz MPa Deg. % % % % % Deg.
IPC_|FHWA{ 19MM 45.0 0.0 10.00 1821 33.7 0.1 4.8 -183.3 6.8 22.8 0.9
IPC_[FHWA| 19MM | 45.0 0.0 1.00 677 30.8 0.9 1.4 -32.5 4.8 24.2 0.2
IPC_[FHWA| 19MM | 45.0 0.0 0.10 288 26.1 -0.3 3.8 6.5 5.4 255 1.0
IPC_[FHWA| 19MM | 45.0 0.0 10.00 2050 34.3 -0.3 5.1 -255.5 7.9 9.1 0.7
IPC |FHWA{ 19MM 45.0 0.0 1.00 797 31.3 0.1 1.4 -53.4 5.0 9.2 1.1
IPC_[FHWA| 19MM | 45.0 0.0 0.10 366 26.3 0.2 3.5 -13.4 5.8 8.9 1.1
IPC_|FHWA{ 19MM 45.0 0.0 10.00 2054 35.0 -0.1 5.1 -255.1 8.1 17.0 1.3
IPC_[FHWA| 19MM | 45.0 0.0 1.00 740 33.5 0.6 1.2 -54.9 4.6 16.9 1.6
IPC_[FHWA| 19MM | 45.0 0.0 0.10 300 29.8 0.5 4.3 -24.3 5.9 15.9 1.5
IPC |FHWA| 19MM 45.0 0.0 10.00 1719 35.1 0.5 5.1 -254.5 7.6 9.9 1.4
IPC |FHWA{ 19MM 45.0 0.0 1.00 645 32.3 0.0 1.5 -47.4 5.1 8.6 2.2
IPC_[FHWA| 19MM | 45.0 0.0 0.10 265 28.3 0.2 3.6 25.0 5.1 14.3 2.0
IPC_[FHWA| 19MM | 45.0 0.0 10.00 1590 35.8 -0.2 5.2 -259.1 8.2 16.8 0.5
IPC_[FHWA| 19MM | 45.0 0.0 1.00 582 32.9 0.2 1.5 -53.7 4.9 19.0 0.9
IPC_[FHWA| 19MM | 45.0 0.0 0.10 241 28.4 2.0 4.1 5.9 4.9 25.3 0.8
IPC |FHWA{ 19MM 45.0 138.0 10.00 2854 29.2 0.0 3.3 -157.5 5.3 9.1 1.2
IPC_[FHWA| 19MM | 45.0 138.0 1.00 1591 24.6 -0.5 0.8 -56.3 2.8 7.3 1.2
IPC_[FHWA| 19MM | 45.0 138.0 0.10 1084 19.0 0.0 1.3 -45.5 3.0 3.3 0.9
IPC_[FHWA| 19MM | 45.0 138.0 10.00 2657 35.0 -0.1 4.0 -138.0 6.8 12.9 7.0
IPC_[FHWA| 19MM | 45.0 138.0 1.00 1509 30.9 0.6 0.9 -46.5 4.8 21.2 8.9
IPC_[FHWA| 19MM | 45.0 138.0 0.10 1024 23.9 -0.1 1.4 -33.6 4.1 235 7.4
IPC_[FHWA| 19MM | 45.0 138.0 10.00 2371 29.0 0.0 3.5 -94.6 4.4 26.9 1.0
IPC_[FHWA| 19MM | 45.0 138.0 1.00 1354 23.1 -0.5 0.8 -31.8 2.4 28.1 1.0
IPC_[FHWA| 19MM | 45.0 138.0 0.10 995 16.7 0.6 1.2 -41.2 2.9 26.3 0.6
IPC_[FHWA| 19MM | 45.0 138.0 10.00 2448 28.2 0.0 35 -109.6 4.9 124 0.5
IPC_[FHWA| 19MM | 45.0 138.0 1.00 1400 22.6 -0.3 0.8 -50.1 2.8 17.4 0.3
IPC_[FHWA| 19MM | 45.0 138.0 0.10 993 17.0 0.9 1.4 -45.1 3.8 19.6 0.4
IPC_[FHWA| 19MM | 45.0 138.0 10.00 2702 29.5 0.0 3.8 -124.1 5.0 6.6 0.5
IPC_[FHWA| 19MM | 45.0 138.0 1.00 1385 25.9 -0.3 1.2 -40.6 5.5 12.5 0.2
IPC_[FHWA| 19MM | 45.0 138.0 0.10 765 22.1 0.1 2.0 -27.6 3.9 26.8 0.7
IPC_[FHWA| 19MM | 45.0 138.0 10.00 2828 29.7 -0.2 3.3 -155.8 5.3 4.4 1.0
IPC_[FHWA| 19MM | 45.0 138.0 1.00 1551 24.5 0.0 1.3 -61.0 3.0 7.3 1.4
IPC_[FHWA| 19MM | 45.0 138.0 0.10 1064 17.8 0.2 1.9 -55.5 4.0 10.3 1.6
IPC |FHWA| 19MM 45.0 138.0 10.00 2165 29.0 0.4 4.6 -110.5 5.4 9.4 0.4
IPC_[FHWA| 19MM | 45.0 138.0 1.00 1271 22.3 -0.7 1.1 -41.5 2.8 10.5 0.4
IPC_[FHWA| 19MM | 45.0 138.0 0.10 932 15.9 -0.2 1.9 -34.9 3.3 124 0.5
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TABLE C-1 Modulusand phase angle data and values for associated quality indices (continued)

Nominal Load Deformation
Mix |Nominal| Confining Phase Standard | Deformation [ Standard | Deformation | Phase
Device| Lab | Type | Temp. | Pressure Freq. [Modulus| Angle [Load Drift Error Drift Error Uniformity [Uniformity

°C KPa Hz MPa Deg. % % % % % Deg.
IPC_|FHWA| 19MM 45.0 138.0 10.00 2243 313 -0.2 3.6 -154.3 5.6 11.7 0.7
IPC_|[FHWA| 19MM | 45.0 138.0 1.00 1262 25.1 0.6 0.9 -69.2 2.8 11.6 1.0
IPC_|[FHWA| 19MM | 45.0 138.0 0.10 897 18.7 0.4 2.1 -60.7 3.3 13.5 0.8
ITC | AAT |95MM | 25.0 0.0 10.00 6579 31.1 0.7 4.0 407.2 16.3 4.2 0.6
ITC | AAT [95MM | 25.0 0.0 1.00 2937 34.0 0.1 1.1 308.8 10.6 5.0 0.3
ITC | AAT | 95MM | 25.0 0.0 0.10 1234 29.9 -1.0 134.7 1.9 0.9
ITC | AAT [95MM | 25.0 0.0 10.00 4656 29.3 0.6 4.5 335.0 14.7 9.3 0.6
ITC | AAT |95MM | 25.0 0.0 1.00 1974 31.0 0.0 1.4 168.6 9.4 10.9 0.5
ITC | AAT |95MM | 25.0 0.0 0.10 810 27.3 -0.8 85.2 11.0 0.8
ITC | AAT [95MM | 25.0 0.0 10.00 6153 30.5 0.9 3.9 422.2 15.4 17.1 0.4
ITC AAT | 95MM 25.0 0.0 1.00 2817 33.5 0.1 11 357.1 10.9 19.7 0.8
ITC | AAT |95MM | 25.0 0.0 0.10 1193 29.7 -0.2 176.7 19.3 1.6
ITC | AAT |95MM | 25.0 0.0 10.00 5337 31.8 0.6 3.9 431.4 15.5 14.1 0.4
ITC | AAT [95MM | 25.0 0.0 1.00 2349 33.8 0.1 1.3 292.5 10.5 14.3 0.4
ITC | AAT |95MM | 25.0 0.0 0.10 975 29.3 -0.5 130.8 14.3 0.6
ITC | AAT [95MM | 25.0 0.0 10.00 5082 25.0 0.0 7.3 216.5 14.4 23.0 1.1
ITC | AAT |95MM | 25.0 0.0 1.00 2810 32.3 0.0 0.7 392.5 10.3 21.8 1.2
ITC | AAT |95MM | 25.0 0.0 0.10 1124 304 -0.8 -.- 150.1 18.0 2.5
ITC | AAT |95MM | 25.0 0.0 10.00 6340 27.0 0.6 3.9 338.9 13.8 25.4 0.5
ITC | AAT [95MM | 25.0 0.0 1.00 3050 31.0 0.0 0.8 309.1 10.0 23.8 0.8
ITC | AAT |95MM | 25.0 0.0 0.10 1260 29.6 -0.1 161.8 18.5 1.7
ITC | AAT |95MM | 25.0 0.0 10.00 6219 29.4 0.8 4.0 363.9 14.9 4.5 1.2
ITC | AAT |95MM | 25.0 0.0 1.00 2876 32.9 0.1 1.4 304.0 9.5 4.2 1.0
ITC | AAT |95MM | 25.0 0.0 0.10 1166 30.0 -0.7 119.6 5.0 1.4
ITC AAT | 95MM 25.0 0.0 10.00 5515 27.6 0.5 4.2 345.5 13.6 4.0 2.3
ITC | AAT | 95MM | 25.0 0.0 1.00 2568 31.3 0.2 1.6 289.2 10.0 8.1 1.7
ITC | AAT |95MM | 25.0 0.0 0.10 1080 28.8 -0.5 152.0 9.2 1.0
ITC | AAT |95MM | 45.0 0.0 10.00 923 35.5 -0.7 9.2 230.9 15.9 1.4 0.8
ITC | AAT |95MM | 45.0 0.0 1.00 402 28.5 0.2 4.0 79.2 7.5 9.7 1.8
ITC | AAT | 95MM | 45.0 0.0 0.10 237 20.2 -1.6 -.- 15.1 14.8 1.4
ITC | AAT [95MM | 45.0 0.0 10.00 756 36.8 -1.0 9.1 241.0 17.1 2.7 0.2
ITC | AAT |95MM | 45.0 0.0 1.00 319 29.1 0.0 4.8 66.0 8.2 0.4 0.7
ITC | AAT |95MM | 45.0 0.0 0.10 181 19.9 12.5 -.- 99.0 8.3 1.2
ITC | AAT [95MM | 45.0 0.0 10.00 836 37.6 -1.9 9.2 246.4 17.6 5.6 0.2
ITC | AAT |95MM | 45.0 0.0 1.00 343 30.7 0.3 5.6 72.6 9.0 6.3 0.4
ITC | AAT | 95MM | 45.0 0.0 0.10 186 22.2 11.0 -.- 69.7 -.- 9.1 0.1
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TABLE C-1 Modulusand phase angle data and values for associated quality indices (continued)

Nominal Load Deformation
Mix |Nominal | Confining Phase Standard | Deformation [ Standard | Deformation | Phase
Device| Lab | Type [ Temp. | Pressure | Freq. |Modulus| Angle [Load Drift Error Drift Error Uniformity [Uniformity

°C KPa Hz MPa Deg. % % % % % Deg.
ITC [ AAT [ 95MM | 45.0 0.0 10.00 797 37.6 -0.4 9.3 220.0 16.1 9.4 1.4
ITC | AAT | 95MM [ 45.0 0.0 1.00 334 29.6 0.6 5.2 63.1 8.1 16.1 1.4
ITC | AAT | 95MM [ 45.0 0.0 0.10 203 20.7 5.8 -.- 0.2 18.3 1.6
ITC | AAT [95MM | 45.0 0.0 10.00 810 36.3 0.7 8.5 228.6 18.2 12.3 1.4
ITC [ AAT [95MM | 45.0 0.0 1.00 343 29.0 0.0 2.6 82.4 8.5 10.5 0.3
ITC AAT | 95MM 45.0 0.0 0.10 195 21.7 1.8 - 81.6 10.2 0.0
ITC [ AAT [ 95MM | 45.0 0.0 10.00 850 38.1 -0.3 8.8 229.7 16.2 7.1 0.5
ITC | AAT | 95MM [ 45.0 0.0 1.00 337 30.4 0.3 5.3 76.8 8.4 9.7 0.5
ITC | AAT [95MM | 45.0 0.0 0.10 180 23.0 6.4 68.0 10.8 0.6
ITC [ AAT [95MM | 45.0 0.0 10.00 872 384 -0.4 8.5 265.5 16.4 1.6 1.5
ITC [ AAT [95MM | 45.0 0.0 1.00 355 31.3 0.3 7.0 76.7 8.4 1.0 1.8
ITC AAT | 95MM 45.0 0.0 0.10 183 23.9 2.2 - 18.1 1.6 1.7
ITC | AAT [95MM | 45.0 0.0 10.00 838 37.3 -1.0 8.4 2134 16.1 1.6 0.1
ITC | AAT [95MM | 45.0 0.0 1.00 356 29.9 0.3 4.4 56.5 7.4 4.5 0.1
ITC | AAT [95MM | 45.0 0.0 0.10 190 23.0 4.3 37.0 8.9 0.7
ITC [ AAT [ 95MM | 45.0 138.0 10.00 1267 26.7 0.2 9.5 84.0 11.0 11.9 3.7
ITC | AAT | 95MM [ 45.0 138.0 1.00 780 19.8 0.1 1.5 26.8 6.7 16.3 1.9
ITC [ AAT [95MM | 45.0 138.0 0.10 610 13.7 0.7 -.- 5.7 -.- 16.3 1.5
ITC | AAT [95MM | 45.0 138.0 10.00 1670 27.5 0.3 6.9 58.7 6.9 3.2 0.8
ITC | AAT [95MM | 45.0 138.0 1.00 1021 19.6 -0.1 1.7 22.3 4.2 4.9 1.6
ITC [ AAT [ 95MM | 45.0 138.0 0.10 805 12.5 -0.3 8.7 7.1 1.0
ITC | AAT [95MM | 45.0 138.0 10.00 1545 27.6 0.3 6.7 99.7 8.5 8.2 2.1
ITC | AAT | 95MM [ 45.0 138.0 1.00 906 20.3 0.1 2.2 314 4.3 4.8 0.8
ITC | AAT [95MM | 45.0 138.0 0.10 702 13.8 0.4 10.8 3.0 0.1
ITC [ AAT [95MM | 45.0 138.0 10.00 1431 28.4 0.3 6.6 115.0 7.8 11.0 0.9
ITC | AAT | 95MM [ 45.0 138.0 1.00 861 21.3 0.1 2.1 36.4 4.7 8.9 0.9
ITC [ AAT [ 95MM | 45.0 138.0 0.10 654 15.2 -0.6 0.5 7.2 0.9
ITC [ AAT [95MM | 45.0 138.0 10.00 1696 26.4 0.2 6.9 95.6 9.8 27.5 0.4
ITC | AAT [95MM | 45.0 138.0 1.00 1045 19.4 0.2 1.2 40.0 5.0 26.9 0.4
ITC | AAT [95MM | 45.0 138.0 0.10 825 12.1 0.7 25.8 -.- 26.7 0.6
ITC [ AAT [95MM | 45.0 138.0 10.00 1619 26.6 0.2 6.5 94.5 9.0 26.9 2.7
ITC AAT | 95MM 45.0 138.0 1.00 992 19.6 -0.1 2.1 36.1 5.2 15.2 1.5
ITC | AAT [95MM | 45.0 138.0 0.10 794 12.3 0.3 -.- 17.2 10.3 0.9
ITC [ AAT [95MM | 45.0 138.0 10.00 1553 27.3 0.0 114 42.4 12.0 18.6 0.6
ITC | AAT [95MM | 45.0 138.0 1.00 773 23.3 -0.1 2.7 28.4 4.8 16.3 0.4
ITC | AAT [95MM | 45.0 138.0 0.10 532 16.5 1.1 -.- 5.8 -.- 18.9 1.4
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TABLE C-1 Modulusand phase angle data and values for associated quality indices (continued)

Nominal Load Deformation
Mix |Nominal| Confining Phase Standard | Deformation [ Standard | Deformation | Phase
Device| Lab | Type | Temp. | Pressure | Freq. |Modulus| Angle |Load Drift Error Drift Error Uniformity [Uniformity

°C KPa Hz MPa Deg. % % % % % Deg.
ITC AAT | 95MM 45.0 138.0 10.00 1535 26.8 0.4 6.9 128.0 8.3 30.0 2.4
ITC AAT | 95MM 45.0 138.0 1.00 888 22.0 0.0 1.7 62.6 5.7 15.3 0.2
ITC AAT | 95MM 45.0 138.0 0.10 757 13.9 0.8 - 33.7 -- 14.0 0.0
ITC AAT | 19MM 25.0 0.0 10.00 10820 31.3 0.9 3.3 402.8 16.7 30.8 5.4
ITC AAT | 19MM 25.0 0.0 1.00 4983 33.8 0.0 0.7 332.4 12.0 33.3 2.2
ITC AAT | 19MM 25.0 0.0 0.10 2105 314 -0.1 -.- 189.3 -.- 33.2 1.3
ITC AAT | 19MM 25.0 0.0 10.00 8212 24.8 0.7 3.3 249.3 15.1 42.6 0.6
ITC AAT | 19MM 25.0 0.0 1.00 3962 29.5 0.1 0.8 162.2 10.3 34.1 0.5
ITC AAT | 19MM 25.0 0.0 0.10 1757 28.0 0.4 - 78.0 - 27.0 0.5
ITC AAT | 19MM 25.0 0.0 10.00 9543 27.2 0.6 3.1 245.4 15.1 1.3 0.2
ITC AAT | 19MM 25.0 0.0 1.00 4587 314 0.1 0.6 136.5 9.4 1.0 14
ITC AAT | 19MM 25.0 0.0 0.10 2013 28.6 0.2 -.- 63.1 -.- 1.3 1.6
ITC AAT | 19MM 25.0 0.0 10.00 6210 27.2 0.8 3.8 344.4 12.9 6.4 3.0
ITC AAT | 19MM 25.0 0.0 1.00 3097 31.2 -0.1 1.0 3314 11.2 10.0 1.6
ITC AAT | 19MM 25.0 0.0 0.10 1433 31.7 -0.9 - 211.1 - 13.3 0.4
ITC AAT | 19MM 25.0 0.0 10.00 7797 26.0 0.6 3.5 298.9 12.3 12.4 3.1
ITC AAT | 19MM 25.0 0.0 1.00 4098 30.1 0.0 0.9 3215 10.5 34 0.6
ITC AAT | 19MM 25.0 0.0 0.10 1946 30.1 0.1 -.- 249.0 - 2.0 15
ITC AAT | 19MM 25.0 0.0 10.00 7989 23.7 0.6 3.5 290.5 12.2 18.8 1.0
ITC AAT | 19MM 25.0 0.0 1.00 3963 28.0 0.0 0.8 217.7 10.3 20.8 2.1
ITC | AAT | 19MM [ 25.0 0.0 0.10 1970 26.9 -0.2 167.0 16.8 15
ITC AAT | 19MM 25.0 0.0 10.00 6156 23.8 0.6 3.8 292.6 12.0 4.6 3.0
ITC AAT | 19MM 25.0 0.0 1.00 3433 28.6 -0.2 0.9 295.7 9.8 1.6 1.8
ITC AAT | 19MM 25.0 0.0 0.10 1624 28.6 0.2 - 195.9 - 0.3 0.4
ITC AAT | 19MM 25.0 0.0 10.00 7471 25.2 0.6 3.6 306.7 13.5 11.3 1.6
ITC AAT | 19MM 25.0 0.0 1.00 4132 30.7 0.0 0.8 319.6 111 16.7 1.0
ITC | AAT | 19MM [ 25.0 0.0 0.10 1824 30.2 0.9 177.8 20.0 0.2
ITC AAT | 19MM 45.0 0.0 10.00 1471 38.9 0.3 11.3 261.4 19.8 4.0 2.1
ITC AAT | 19MM 45.0 0.0 1.00 584 33.0 0.2 3.1 85.2 9.5 5.1 4.7
ITC AAT | 19MM 45.0 0.0 0.10 277 26.0 4.7 - 14.5 - 2.5 2.4
ITC AAT | 19MM 45.0 0.0 10.00 1221 36.8 -0.8 11.2 311.9 20.3 21.6 0.2
ITC AAT | 19MM 45.0 0.0 1.00 479 33.1 0.4 4.2 125.7 11.2 22.1 1.9
ITC AAT | 19MM 45.0 0.0 0.10 211 28.4 0.3 - 48.8 - 255 2.4
ITC AAT | 19MM 45.0 0.0 10.00 1085 41.0 -0.4 10.7 346.3 23.8 8.6 3.4
ITC AAT | 19MM 45.0 0.0 1.00 402 35.7 0.2 6.3 85.9 9.5 0.1 2.0
ITC AAT | 19MM 45.0 0.0 0.10 184 27.2 5.7 - 7.3 - 11.2 1.0
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TABLE C-1 Modulusand phase angle data and values for associated quality indices (continued)

Nominal Load Deformation
Mix |Nominal | Confining Phase Standard | Deformation [ Standard | Deformation | Phase
Device| Lab | Type [ Temp. | Pressure | Freq. |Modulus| Angle [Load Drift Error Drift Error Uniformity [Uniformity

°C KPa Hz MPa Deg. % % % % % Deg.
ITC [ AAT [ 19MM | 45.0 0.0 10.00 1364 34.0 -0.2 10.8 252.6 17.9 14.4 0.7
ITC AAT | 19MM 45.0 0.0 1.00 596 31.9 -0.3 4.7 76.4 9.5 15.0 1.1
ITC | AAT | 1I9MM [ 45.0 0.0 0.10 278 26.6 -0.9 -.- 1.1 18.8 0.9
ITC | AAT [19MM | 45.0 0.0 10.00 1367 38.6 -0.1 8.1 279.3 17.4 18.5 1.8
ITC [ AAT [19MM | 45.0 0.0 1.00 524 32.6 -0.1 3.8 98.3 8.9 18.8 0.1
ITC AAT | 19MM 45.0 0.0 0.10 251 24.6 6.6 - 58.5 23.7 0.6
ITC [ AAT [ 19MM | 45.0 0.0 10.00 1746 32.7 0.1 7.1 241.1 13.8 9.5 0.9
ITC | AAT | 1I9MM [ 45.0 0.0 1.00 791 26.2 0.0 25 118.1 8.3 104 0.0
ITC | AAT [19MM | 45.0 0.0 0.10 452 18.6 0.3 83.2 13.8 0.1
ITC [ AAT [19MM | 45.0 0.0 10.00 1816 31.7 0.5 7.4 206.2 14.6 19.6 0.6
ITC | AAT [19MM | 45.0 0.0 1.00 798 26.9 0.0 3.2 75.6 8.7 25.2 0.6
ITC | AAT | 19MM [ 45.0 0.0 0.10 389 22.7 1.8 36.8 354 1.1
ITC [ AAT [ 19MM | 45.0 0.0 10.00 1555 35.7 -0.2 8.5 309.4 19.1 3.7 0.2
ITC [ AAT [19MM | 45.0 0.0 1.00 611 31.1 0.7 3.7 113.6 9.2 8.4 1.5
ITC | AAT [19MM | 45.0 0.0 0.10 293 25.8 -1.5 23.6 134 1.1
ITC [ AAT [19MM | 45.0 138.0 10.00 2738 29.6 0.4 5.8 124.2 9.6 2.4 1.8
ITC | AAT | 1I9MM [ 45.0 138.0 1.00 1456 235 0.0 1.5 49.2 6.2 4.3 0.2
ITC [ AAT [19MM | 45.0 138.0 0.10 956 17.8 0.2 -.- 16.4 -.- 5.8 0.1
ITC [ AAT [19MM | 45.0 138.0 10.00 2247 28.4 0.4 5.1 112.3 7.4 13.5 0.8
ITC [ AAT [19MM | 45.0 138.0 1.00 1280 20.8 0.1 1.2 50.7 5.1 17.0 0.8
ITC [ AAT [ 19MM | 45.0 138.0 0.10 916 14.6 0.2 16.7 20.6 0.5
ITC | AAT [ 19MM | 45.0 138.0 10.00 2217 31.8 0.4 5.8 106.3 11.2 41.8 0.3
ITC | AAT | 19MM [ 45.0 138.0 1.00 1287 22.3 0.2 1.4 41.6 4.9 26.0 1.1
ITC [ AAT [19MM | 45.0 138.0 0.10 953 15.3 0.3 27.2 20.7 0.4
ITC [ AAT [19MM | 45.0 138.0 10.00 2498 29.4 0.3 5.0 129.6 9.3 36.7 2.2
ITC AAT | 19MM 45.0 138.0 1.00 1321 234 -0.1 1.4 60.0 5.7 39.5 1.4
ITC [ AAT [ 19MM | 45.0 138.0 0.10 869 18.0 0.5 33.3 36.3 0.2
ITC | AAT [ 19MM | 45.0 138.0 10.00 2242 30.8 0.3 6.4 124.4 9.6 4.7 2.7
ITC | AAT [19MM | 45.0 138.0 1.00 1212 24.2 0.0 1.5 56.5 5.7 2.4 1.7
ITC [ AAT [19MM | 45.0 138.0 0.10 799 18.4 -0.3 25.7 5.0 0.4
ITC [ AAT [ 19MM | 45.0 138.0 10.00 2823 32.1 0.7 6.2 161.6 11.1 28.0 3.6
ITC | AAT | 1I9MM [ 45.0 138.0 1.00 1486 24.4 0.2 1.3 56.0 6.0 20.7 2.9
ITC | AAT [ 19MM | 45.0 138.0 0.10 1016 17.5 -0.2 -.- 274 -.- 14.9 2.0
ITC [ AAT [19MM | 45.0 138.0 10.00 2386 30.6 0.3 6.5 131.0 8.7 2.2 1.7
ITC | AAT [19MM | 45.0 138.0 1.00 1311 23.1 0.1 1.3 67.2 5.7 3.9 2.5
ITC | AAT [19MM | 45.0 138.0 0.10 895 16.6 0.6 -.- 33.8 -.- 7.6 2.4
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TABLE C-1 Modulusand phase angle data and values for associated quality indices (continued)

Nominal Load Deformation
Mix |Nominal| Confining Phase Standard | Deformation [ Standard | Deformation | Phase
Device| Lab | Type | Temp. | Pressure | Freq. |Modulus| Angle |Load Drift Error Drift Error Uniformity [Uniformity

°C KPa Hz MPa Deg. % % % % % Deg.
ITC AAT | 19MM 45.0 138.0 10.00 2303 30.2 0.2 6.4 124.4 10.0 5.3 0.4
ITC AAT | 19MM 45.0 138.0 1.00 1239 23.4 0.2 1.4 56.4 5.6 0.4 0.6
ITC AAT | 19MM 45.0 138.0 0.10 838 17.1 -0.5 -.- 29.7 -.- 0.6 0.2
ITC [FHWA| 95MM 25.0 0.0 10.00 6836 30.9 0.9 3.7 389.6 15.4 2.2 1.2
ITC [FHWA| 95MM 25.0 0.0 1.00 3080 33.5 0.2 1.2 303.7 10.4 0.3 0.4
ITC |[FHWA| 95MM 25.0 0.0 0.10 1202 29.7 0.6 -.- 121.0 -.- 0.2 0.7
ITC [FHWA| 95MM 25.0 0.0 10.00 5948 30.5 0.7 3.9 428.7 15.4 5.9 0.3
ITC [FHWA| 95MM 25.0 0.0 1.00 2594 33.0 0.1 1.5 349.3 8.9 4.6 0.0
ITC [FHWA| 95MM 25.0 0.0 0.10 1048 29.0 -0.1 - 140.7 - 4.3 0.0
ITC [FHWA| 95MM 25.0 0.0 10.00 5612 30.6 0.6 3.8 410.0 15.7 14.4 2.3
ITC [FHWA| 95MM 25.0 0.0 1.00 2377 32.9 0.1 1.0 289.5 10.6 4.5 1.9
ITC [FHWA| 95MM 25.0 0.0 0.10 936 28.7 -0.1 - 159.7 - 0.7 0.7
ITC [FHWA| 95MM 25.0 0.0 10.00 6473 32.0 0.8 3.7 395.9 17.2 25.3 2.0
ITC [FHWA| 95MM 25.0 0.0 1.00 2761 34.1 0.0 14 272.0 9.3 21.6 1.9
ITC [FHWA| 95MM 25.0 0.0 0.10 1104 314 -0.5 - 127.3 - 22.9 1.4
ITC [FHWA| 95MM 25.0 0.0 10.00 4926 27.8 0.5 4.1 340.2 13.9 1.5 3.8
ITC [FHWA| 95MM 25.0 0.0 1.00 2274 30.7 -0.1 0.9 265.5 9.6 4.9 1.5
ITC [FHWA| 95MM 25.0 0.0 0.10 974 28.8 -0.1 - 161.2 - 0.0 0.2
ITC [FHWA| 95MM 25.0 0.0 10.00 5378 31.6 0.4 3.7 419.8 16.2 3.2 1.9
ITC [FHWA| 95MM 25.0 0.0 1.00 2369 33.3 0.1 0.9 295.1 9.5 1.6 0.9
ITC [FHWA[ 95MM 25.0 0.0 0.10 1000 28.6 -0.2 - 145.5 - 1.2 1.1
ITC [FHWA| 95MM 25.0 0.0 10.00 5117 32.2 0.6 3.8 422.0 16.0 0.8 2.4
ITC [FHWA| 95MM 25.0 0.0 1.00 2167 33.8 -0.1 1.4 288.3 10.5 4.2 0.3
ITC [FHWA| 95MM 25.0 0.0 0.10 886 29.4 0.7 - 151.8 - 8.3 1.1
ITC [FHWA| 95MM 25.0 0.0 10.00 4536 28.0 0.5 4.0 227.1 13.6 8.7 2.2
ITC [FHWA| 95MM 25.0 0.0 1.00 2078 29.6 0.2 1.3 95.2 7.9 9.4 1.3
ITC [FHWA[ 95MM 25.0 0.0 0.10 915 25.4 1.2 - 31.9 - 10.4 0.4
ITC [FHWA| 95MM 45.0 0.0 10.00 782 34.2 -0.6 9.2 195.7 13.8 11.8 0.6
ITC [FHWA| 95MM 45.0 0.0 1.00 353 26.4 0.3 3.2 75.7 7.9 9.5 0.6
ITC [FHWA| 95MM 45.0 0.0 0.10 213 18.0 5.3 - 115.0 - 8.5 1.2
ITC [FHWA| 95MM 45.0 0.0 10.00 720 34.9 -0.8 7.8 157.6 12.8 14.5 0.4
ITC [FHWA| 95MM 45.0 0.0 1.00 329 25.9 0.0 2.9 64.1 7.9 23.0 0.3
ITC [FHWA| 95MM 45.0 0.0 0.10 198 19.0 3.1 - 8.6 - 27.4 0.4
ITC [FHWA| 95MM 45.0 0.0 10.00 773 37.2 -0.5 7.9 189.2 14.8 11.5 1.0
ITC [FHWA| 95MM 45.0 0.0 1.00 331 28.9 0.1 2.0 71.2 7.8 15.2 0.4
ITC [FHWA| 95MM 45.0 0.0 0.10 187 21.3 0.8 - 40.9 - 13.6 0.4
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TABLE C-1 Modulusand phase angle data and values for associated quality indices (continued)

Nominal Load Deformation

Mix |Nominal | Confining Phase Standard | Deformation [ Standard | Deformation | Phase

Device| Lab | Type [ Temp. | Pressure | Freq. |Modulus| Angle [Load Drift Error Drift Error Uniformity [Uniformity
°C KPa Hz MPa Deg. % % % % % Deg.
ITC [FHWA|[ 95MM | 45.0 0.0 10.00 735 35.7 -0.1 7.7 133.0 13.5 1.6 0.8
ITC |FHWA| 95MM [ 45.0 0.0 1.00 330 27.2 0.0 5.3 47.2 8.2 0.2 0.7
ITC [FHWA| 95MM 45.0 0.0 0.10 195 18.3 9.8 -- 66.5 == 2.3 0.2
ITC [FHWA|[ 95MM | 45.0 0.0 10.00 879 36.4 -0.4 8.6 224.9 16.2 10.5 0.5
ITC [FHWA|[ 95MM | 45.0 0.0 1.00 373 29.5 0.3 3.1 85.1 8.7 9.8 0.7
ITC [FHWA| 95MM 45.0 0.0 0.10 202 215 5.9 - 82.7 - 9.5 1.2
ITC [FHWA|[ 95MM | 45.0 0.0 10.00 920 35.9 -1.0 9.4 486.0 9.2 6.0 1.3
ITC [FHWA| 95MM 45.0 0.0 1.00 408 26.4 0.2 4.6 54.9 8.8 4.4 0.6
ITC [FHWA|[ 95MM | 45.0 0.0 0.10 0.0 0.0 0.0 0.0
ITC [FHWA|[ 95MM | 45.0 0.0 10.00 730 35.8 0.7 9.5 219.2 23.6 8.5 0.6
ITC [FHWA|[ 95MM | 45.0 0.0 1.00 294 28.8 0.5 3.9 28.0 7.5 9.8 0.4
ITC |FHWA| 95MM [ 45.0 0.0 0.10 158 21.9 2.0 2.8 5.5 0.6
ITC [FHWA|[ 95MM | 45.0 0.0 10.00 896 335 0.4 8.7 282.9 15.5 11.3 0.1
ITC [FHWA|[ 95MM | 45.0 0.0 1.00 348 26.9 0.1 3.2 66.1 7.8 10.8 0.4
ITC [FHWA|[ 95MM | 45.0 0.0 0.10 217 19.5 4.1 56.1 114 0.4
ITC [FHWA|[ 95MM | 45.0 138.0 10.00 1664 28.9 0.4 8.2 90.6 8.8 9.0 1.7
ITC [FHWA| 95MM 45.0 138.0 1.00 997 20.7 0.0 1.9 38.8 5.1 12.6 1.7
ITC [FHWA|[ 95MM | 45.0 138.0 0.10 767 13.3 0.2 -.- 10.9 -.- 14.2 1.6
ITC [FHWA[ 95MM | 45.0 138.0 10.00 1500 26.7 0.5 6.8 93.0 7.7 4.3 2.3
ITC [FHWA|[ 95MM | 45.0 138.0 1.00 932 19.1 0.1 1.3 43.3 4.9 6.8 1.9
ITC [FHWA|[ 95MM | 45.0 138.0 0.10 715 12.4 0.7 15.8 8.5 1.3
ITC [FHWA|[ 95MM | 45.0 138.0 10.00 1352 30.2 0.7 5.5 123.4 9.1 19.8 1.9
ITC [FHWA| 95MM 45.0 138.0 1.00 656 24.6 0.1 1.0 44.9 5.0 21.0 0.0
ITC [FHWA|[ 95MM | 45.0 138.0 0.10 587 14.7 -0.4 24.6 254 0.6
ITC [FHWA|[ 95MM | 45.0 138.0 10.00 1580 26.5 0.6 7.1 101.8 9.8 14.2 0.4
ITC [FHWA| 95MM 45.0 138.0 1.00 969 18.7 0.1 1.7 40.8 4.3 13.0 0.6
ITC [FHWA|[ 95MM | 45.0 138.0 0.10 766 11.9 -0.3 29.9 12.4 0.3
ITC [FHWA|[ 95MM | 45.0 138.0 10.00 1414 26.5 0.3 8.6 55.4 7.6 12.7 0.3
ITC [FHWA|[ 95MM | 45.0 138.0 1.00 918 18.7 0.1 2.1 25.2 5.1 12.0 0.4
ITC [FHWA|[ 95MM | 45.0 138.0 0.10 755 11.2 0.1 8.7 11.6 0.9
ITC [FHWA|[ 95MM | 45.0 138.0 10.00 1486 29.1 0.5 6.6 127.5 8.4 4.8 0.2
ITC |FHWA| 95MM [ 45.0 138.0 1.00 886 20.7 0.0 2.1 39.9 4.8 8.4 0.4
ITC [FHWA|[ 95MM | 45.0 138.0 0.10 655 13.9 0.0 -.- 9.6 -.- 13.8 0.0
ITC [FHWA|[ 95MM | 45.0 138.0 10.00 1275 30.6 -0.1 7.2 66.3 8.1 10.7 1.4
ITC [FHWA|[ 95MM | 45.0 138.0 1.00 843 20.4 0.0 2.1 20.9 4.3 7.9 0.3
ITC [FHWA|[ 95MM | 45.0 138.0 0.10 731 12.6 0.1 -.- 14.0 -.- 7.1 0.1
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TABLE C-1 Modulusand phase angle data and values for associated quality indices (continued)

Nominal Load Deformation
Mix |Nominal| Confining Phase Standard | Deformation [ Standard | Deformation | Phase
Device| Lab | Type | Temp. | Pressure | Freq. |Modulus| Angle |Load Drift Error Drift Error Uniformity [Uniformity

°C KPa Hz MPa Deg. % % % % % Deg.
ITC [FHWA| 95MM 45.0 138.0 10.00 1528 27.7 0.2 6.2 96.5 8.4 0.5 1.4
ITC [FHWA| 95MM 45.0 138.0 1.00 960 19.7 0.0 2.0 36.9 5.0 5.1 1.8
ITC [FHWA| 95MM 45.0 138.0 0.10 852 12.1 0.1 22.4 - 1.8 0.2
ITC [FHWA| 19MM 25.0 0.0 10.00 11131 29.2 0.4 3.2 358.2 17.1 18.4 0.9
ITC [FHWA| 19MM 25.0 0.0 1.00 5446 32.3 0.1 0.4 314.4 11.1 13.8 0.9
ITC [FHWA| 19MM 25.0 0.0 0.10 2298 30.7 -0.2 185.7 - 18.5 1.4
ITC [FHWA| 19MM 25.0 0.0 10.00 12580 32.2 0.6 3.3 421.8 20.8 27.9 7.3
ITC [FHWA| 19MM 25.0 0.0 1.00 4684 30.5 0.0 0.7 317.1 10.6 30.4 7.0
ITC [FHWA| 19MM 25.0 0.0 0.10 1925 27.7 0.3 183.2 - 28.6 4.2
ITC [FHWA| 19MM 25.0 0.0 10.00 8442 27.4 0.7 3.4 255.2 13.9 20.5 6.6
ITC [FHWA| 19MM 25.0 0.0 1.00 4284 29.2 0.0 0.8 182.9 10.8 2.3 3.6
ITC [FHWA| 19MM 25.0 0.0 0.10 1733 27.8 0.6 -.- 61.9 -.- 5.8 1.7
ITC [FHWA| 19MM 25.0 0.0 10.00 9156 26.8 0.7 3.4 238.8 14.6 9.1 5.9
ITC [FHWA| 19MM 25.0 0.0 1.00 4431 29.2 0.0 0.8 167.3 8.3 3.9 3.1
ITC [FHWA| 19MM 25.0 0.0 0.10 1812 27.2 0.1 - 106.9 - 7.2 1.3
ITC [FHWA| 19MM 25.0 0.0 10.00 9136 30.0 0.7 3.5 319.9 15.2 30.5 6.2
ITC [FHWA| 19MM 25.0 0.0 1.00 4340 32.1 0.1 0.9 240.7 8.9 20.8 3.3
ITC [FHWA| 19MM 25.0 0.0 0.10 1792 30.6 -0.1 45.8 -.- 14.3 1.2
ITC [FHWA| 19MM 25.0 0.0 10.00 7832 24.9 0.5 3.5 280.1 12.1 9.6 2.3
ITC [FHWA| 19MM 25.0 0.0 1.00 4114 29.2 0.2 0.8 318.3 9.7 10.2 0.9
ITC_|[FHWA| 19MM [ 25.0 0.0 0.10 1980 29.3 -0.2 2424 7.0 1.0
ITC [FHWA| 19MM 25.0 0.0 10.00 7936 26.5 0.6 3.3 296.8 11.4 21.8 4.0
ITC [FHWA| 19MM 25.0 0.0 1.00 4087 29.8 0.1 0.8 296.4 10.1 18.5 2.7
ITC [FHWA| 19MM 25.0 0.0 0.10 1867 30.1 -0.5 149.3 - 13.4 15
ITC [FHWA| 19MM 25.0 0.0 10.00 7918 26.7 0.9 3.8 306.4 15.0 12.4 2.9
ITC [FHWA| 19MM 25.0 0.0 1.00 4073 29.9 0.0 0.8 303.0 12.9 10.9 0.0
ITC_|[FHWA| 19MM [ 25.0 0.0 0.10 1780 29.5 0.5 -- 129.3 18.9 2.1
ITC [FHWA| 19MM 45.0 0.0 10.00 1637 36.4 0.9 8.5 306.1 20.4 18.1 1.7
ITC [FHWA| 19MM 45.0 0.0 1.00 638 32.7 0.3 3.6 102.4 10.0 24.4 15
ITC [FHWA| 19MM 45.0 0.0 0.10 314 26.2 5.8 49.3 - 16.8 0.7
ITC [FHWA| 19MM 45.0 0.0 10.00 1729 33.1 0.0 7.7 202.2 12.6 4.6 1.3
ITC [FHWA| 19MM 45.0 0.0 1.00 798 26.4 0.1 2.6 105.6 8.6 5.0 0.5
ITC [FHWA| 19MM 45.0 0.0 0.10 462 18.9 -1.3 75.9 - 2.3 0.8
ITC [FHWA| 19MM 45.0 0.0 10.00 1418 33.6 -0.7 9.8 215.7 16.8 8.1 2.1
ITC [FHWA| 19MM 45.0 0.0 1.00 615 28.7 0.0 4.2 67.4 9.1 6.4 1.3
ITC [FHWA| 19MM 45.0 0.0 0.10 330 22.0 -1.9 - 18.6 - 1.9 1.2
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TABLE C-1 Modulusand phase angle data and values for associated quality indices (continued)

Nominal Load Deformation

Mix |Nominal | Confining Phase Standard | Deformation [ Standard | Deformation | Phase

Device| Lab | Type [ Temp. | Pressure | Freq. |Modulus| Angle [Load Drift Error Drift Error Uniformity [Uniformity
°C KPa Hz MPa Deg. % % % % % Deg.
ITC [FHWA[ 19MM | 45.0 0.0 10.00 1683 33.8 0.3 5.2 91.2 10.0 5.9 1.3
ITC |FHWA| 19MM [ 45.0 0.0 1.00 756 25.3 0.2 2.6 23.6 5.9 4.1 0.1
ITC |FHWA| 19MM [ 45.0 0.0 0.10 490 17.3 -0.3 -.- -20.9 1.7 0.2
ITC [FHWA[ 19MM | 45.0 0.0 10.00 1683 31.8 1.2 9.1 299.2 13.7 14.5 2.9
ITC [FHWA[ 19MM | 45.0 0.0 1.00 740 26.9 0.2 1.6 48.6 6.8 6.2 0.4
ITC [FHWA| 19MM 45.0 0.0 0.10 377 22.0 0.5 - 8.8 - 26.9 0.9
ITC [FHWA|[ 19MM | 45.0 0.0 10.00 1727 30.8 -0.1 8.6 202.0 13.5 19.6 0.7
ITC |FHWA| 19MM [ 45.0 0.0 1.00 759 28.5 0.0 3.1 92.0 8.4 23.8 1.3
ITC [FHWA[ 19MM | 45.0 0.0 0.10 358 235 1.8 54.2 26.6 0.3
ITC [FHWA[ 19MM | 45.0 0.0 10.00 1387 37.9 -0.3 8.2 175.2 17.4 3.7 3.3
ITC [FHWA|[ 19MM | 45.0 0.0 1.00 566 30.7 0.1 2.5 38.2 7.9 2.3 0.2
ITC |FHWA| 19MM [ 45.0 0.0 0.10 303 23.3 -1.7 -1.9 2.0 0.3
ITC [FHWA[ 19MM | 45.0 0.0 10.00 1775 36.5 0.2 7.9 231.8 16.4 11.0 2.2
ITC [FHWA[ 19MM | 45.0 0.0 1.00 754 28.9 0.1 2.2 104.3 9.3 19.4 1.1
ITC [FHWA|[ 19MM | 45.0 0.0 0.10 384 22.6 -0.9 47.8 245 0.1
ITC [FHWA[ 19MM | 45.0 138.0 10.00 2612 29.7 0.6 4.6 134.3 9.4 23.2 1.0
ITC [FHWA| 19MM 45.0 138.0 1.00 1417 23.4 0.0 1.1 52.8 5.9 215 2.1
ITC [FHWA[ 19MM | 45.0 138.0 0.10 985 17.4 0.0 -.- 11.0 19.3 2.2
ITC [FHWA[ 19MM | 45.0 138.0 10.00 3025 31.1 0.9 7.5 160.0 12.9 214 0.2
ITC [FHWA|[ 19MM | 45.0 138.0 1.00 1555 25.1 0.1 1.5 66.1 6.5 27.6 2.3
ITC [FHWA[ 19MM | 45.0 138.0 0.10 953 19.6 -0.1 22.6 28.3 2.6
ITC [FHWA[ 19MM | 45.0 138.0 10.00 2549 30.6 0.8 7.1 166.2 12.6 3.1 1.6
ITC [FHWA| 19MM 45.0 138.0 1.00 1303 23.6 0.1 1.7 67.2 7.8 4.4 1.7
ITC [FHWA[ 19MM | 45.0 138.0 0.10 815 17.3 -0.7 27.2 6.9 1.9
ITC [FHWA[ 19MM | 45.0 138.0 10.00 2391 29.1 0.1 6.4 90.1 10.9 13.1 3.8
ITC |FHWA| 19MM [ 45.0 138.0 1.00 1399 20.8 0.0 1.5 37.8 4.9 21.8 25
ITC [FHWA[ 19MM | 45.0 138.0 0.10 1038 14.9 0.0 12.5 26.7 1.4
ITC [FHWA[ 19MM | 45.0 138.0 10.00 2602 28.9 0.5 5.6 135.6 9.3 3.2 1.4
ITC [FHWA|[ 19MM | 45.0 138.0 1.00 1435 22.8 0.1 1.1 51.7 6.6 2.2 2.1
ITC [FHWA|[ 19MM | 45.0 138.0 0.10 982 17.0 0.5 11.7 7.3 1.7
ITC [FHWA[ 19MM | 45.0 138.0 10.00 2693 30.0 0.2 6.8 117.7 10.1 26.6 1.8
ITC [FHWA| 19MM 45.0 138.0 1.00 1501 24.0 0.1 1.4 59.0 6.1 28.6 3.3
ITC [FHWA[ 19MM | 45.0 138.0 0.10 1076 174 -0.6 -.- 28.2 26.3 2.9
ITC [FHWA[ 19MM | 45.0 138.0 10.00 2741 31.6 0.4 7.9 129.8 11.6 5.7 34
ITC [FHWA|[ 19MM | 45.0 138.0 1.00 1333 245 0.3 1.7 49.4 7.3 8.7 3.8
ITC [FHWA|[ 19MM | 45.0 138.0 0.10 862 17.9 0.0 -.- 17.1 -.- 9.9 2.3
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TABLE C-1 Modulusand phase angle data and values for associated quality indices (continued)

Nominal Load Deformation
Mix |Nominal| Confining Phase Standard | Deformation [ Standard | Deformation | Phase
Device| Lab | Type | Temp. | Pressure | Freq. |Modulus| Angle |Load Drift Error Drift Error Uniformity [Uniformity
°C KPa Hz MPa Deg. % % % % % Deg.
ITC [FHWA| 19MM 45.0 138.0 10.00 2317 31.2 0.2 8.0 123.8 10.5 6.0 0.1
ITC [FHWA| 19MM 45.0 138.0 1.00 1303 23.5 -0.1 1.8 59.8 5.6 13.7 2.1
ITC [FHWA| 19MM 45.0 138.0 0.10 922 175 -0.3 -.- 43.9 -.- 18.0 1.9
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TABLE C-2 Flow number and strain at flow data

Flow Strain at Flow Strain at
Number, Flow, Number, Flow,
Device Lab |Mix Type|Unconfined [Unconfined| Confined Confined
% %
IPC AAT 9.5MM 511 1.92 1331 2.59
IPC AAT 9.5MM 451 1.78 991 2.80
IPC AAT 9.5MM 451 1.33 1171 3.08
IPC AAT 9.5MM 451 1.70 1251 2.56
IPC AAT 9.5MM 390 1.61 1111 2.47
IPC AAT 9.5MM 431 1.68 1671 3.04
IPC AAT 9.5MM 471 1.67 1151 2.80
IPC AAT 9.5MM 751 2.09 1811 2.38
IPC AAT 19MM 2111 0.99 4571 1.23
IPC AAT 19MM 1491 1.02 3751 1.54
IPC AAT 19MM 1311 0.80 2591 1.46
IPC AAT 19MM 931 0.98 4911 1.89
IPC AAT 19MM 1511 1.04 2831 1.26
IPC AAT 19MM 1131 0.94 6531 1.23
IPC AAT 19MM 1811 0.86 2711 1.38
IPC AAT 19MM 1571 1.07 2751 1.30
IPC FHWA | 9.5MM 897 1.81 1811 3.46
IPC FHWA | 9.5MM 631 1.96 1411 2.53
IPC FHWA | 9.5MM 711 2.14 1471 3.31
IPC FHWA | 9.5MM 951 2.08 1271 2.87
IPC FHWA | 9.5MM 691 2.16 1551 3.00
IPC FHWA | 9.5MM 631 1.70 1431 3.36
IPC FHWA | 9.5MM 791 1.97 1791 3.08
IPC FHWA | 9.5MM 2.26 1431 242
IPC FHWA 19MM 2751 0.75 2191 2.01
IPC FHWA | 19MM 1071 1.33 3051 1.55
IPC FHWA 19MM 1051 1.11 4971 1.79
IPC FHWA | 19MM 2111 0.80 1931 1.58
IPC FHWA | 19MM 1191 1.36 1431 1.75
IPC FHWA | 19MM 1451 1.05 2471 1.60
IPC FHWA 19MM 951 1.07 1691 1.54
IPC FHWA | 19MM 1151 1.10 3451 1.77
ITC AAT 9.5MM 677 1.95 2300 3.70
ITC AAT 9.5MM 876 1.95 1613 2.88
ITC AAT 9.5MM 522 1.90 1700 3.60
ITC AAT 9.5MM 611 1.96 2604 3.48
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TABLE C-2 Flow number and strain at flow data (continued)

Flow Strain at Flow Strain at
Number, Flow, Number, Flow,
Device Lab |Mix Type|Unconfined [Unconfined| Confined Confined
% %
ITC AAT 9.5MM 634 2.04 1733 3.80
ITC AAT 9.5MM 533 1.88 2627 3.80
ITC AAT 9.5MM 564 2.03 2440 4.00
ITC AAT 9.5MM 773 2.07 2490 4.06
ITC AAT 19MM 934 1.05 1629 1.18
ITC AAT 19MM 1662 0.76 3434 2.23
ITC AAT 19MM 1103 1.00 4352 2.02
ITC AAT 19MM 596 1.10 2087 2.28
ITC AAT 19MM 1022 1.25 5743 1.90
ITC AAT 19MM 819 1.11 6448 1.70
ITC AAT 19MM 1390 1.30 856 1.10
ITC AAT 19MM 693 1.30 4427 2.45
ITC FHWA | 9.5MM 629 2.05 2821 4.40
ITC FHWA | 9.5MM 372 1.82 2148 3.40
ITC FHWA | 9.5MM 452 1.58 2836 3.96
ITC FHWA | 9.5MM 701 2.14 2210 4.22
ITC FHWA | 9.5MM 479 1.62 2469 4.00
ITC FHWA | 9.5MM 458 1.94 1837 3.71
ITC FHWA | 9.5MM 621 1.92 2474 3.91
ITC FHWA | 9.5MM 505 1.94 2364 3.81
ITC FHWA | 19MM 1557 0.87 4730 1.42
ITC FHWA 19MM 1446 0.96 2204 1.34
ITC FHWA | 19MM 943 0.98 4672 1.89
ITC FHWA | 19MM 1587 0.99 >10000 0.00
ITC FHWA | 19MM 1722 1.24 3066 1.79
ITC FHWA | 19MM 847 0.99 2591 1.48
ITC FHWA | 19MM 831 0.94 5360 1.38
ITC FHWA | 19MM 912 0.93 5778 2.45
C-20
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1.0

11

12

13

14

Summary

This specification describes the requirements for atesting system to conduct the
following National Cooperative Highway Research Program (NCHRP) Project 9-19
simple performance tests:

Test Method For Static Creep/Flow Time of Asphalt Concrete Mixturesin
Compression

Test Method for Repeated Load Testing of Asphalt Concrete Mixturesin Uniaxial
Compression

Test Method for Dynamic Modulus of Asphalt Concrete Mixtures for Permanent
Deformation

Test Method for Dynamic Modulus of Asphalt Concrete Mixtures for Fatigue
Cracking

Test Methods for each of these tests using the equipment described in this
specification are presented in Appendix A, B, and C of this equipment specification.

Note: This equipment specification represents a revision of the equipment
requirements contained in the Project 9-19 Test Protocols. The requirements of
this specification supersede those contained in Project 9-19 Test Protocols.

The testing system shall be capable of performing three compressive tests on nominal
100 mm (4 in) diameter, 150 mm (6 in) high cylindrical specimens. Thetestsare
briefly described below.

Flow Time Test. Inthistest, the specimen is subjected to a constant axial
compressive load at a specific test temperature. The test may be conducted with or
without confining pressure. The resulting axia strain is measured as a function of
time and numerically differentiated to calculate the flow time. The flow timeis
defined as the time corresponding to the minimum rate of change of axial strain. This
is shown schematically in Figure 1.

Flow Number Test. In thistest, the specimen, at a specific test temperature, is
subjected to arepeated haversine axial compressive load pulse of 0.1 sec every 1.0
sec. The test may be conducted with or without confining pressure. The resulting
permanent axial strains are measured as a function of time and numerically
differentiated to calculate the flow number. The flow number is defined as the
number of load cycles corresponding to the minimum rate of change of permanent
axial strain. Thisis shown schematically in Figure 2.
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Figurel. Schematic of Flow Time Test Data.
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’:c} 0.025 - 15 Dynamic Modulus Test. Inthistest, the specimen, at a specific test temperature, is
= subjected to controlled sinusoidal (haversine) compressive stress of various
3 0.020 '3 frequencies. The applied stresses and resulting axial strains are measured as a
& e / function of time and used to calculate the dynamic modulus and phase angle. The
g g 0015 dynamic modulus and phase angle are defined by Equations 1 and 2. Figure 3
3 € presents a schematic of the data generated during atypical dynamic modulus test.
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Figure2. Schematic of Flow Number Test Data.
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Figure 3. Schematic of Dynamic Modulus Test Data.
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Definitions

Flow Time. Time corresponding to the minimum rate of change of axial strain during
acreep test.

Flow Number. The number of load cycles corresponding to the minimum rate of
change of permanent axial strain during a repeated load test.

Dynamic Modulus. Ratio of the stress amplitude to the strain amplitude for asphalt
concrete subjected to sinusoidal loading (Equation 1).

Phase Angle. Anglein degrees between a sinusoidally applied stress and the resulting
strain in acontrolled stress test (Equation 2).

Resolution. The smallest change of a measurement that can be displ ayed or recorded
by the measuring system. When noise produces a fluctuation in the display or
measured value, the resolution shall be one-half of the range of the fluctuati on.

Accuracy. The permissible variation from the correct or true value.

Error. Thevalue obtained by subtracting the value indicated by atraceable
calibration device from the value indicated by the measuring system.

Confining Pressure. Stress applied to all surfacesin aconfined test.

Deviator Sress. Difference between the total axial stress and the confining pressure
in aconfined test.

Dynamic Sress. Sinusoidal deviator stress applied during the Dynamic Modulus
Test.

Dynamic Strain. Sinusoidal axial strain measured during the Dynamic Modulus Test.

Test Specimens

Test specimens for the Simple Performance Test System will be cylindrical meeting
the following requirements.

Item Specification Remarks

Average Diameter 100 mm to 104 mm

Standard Deviation of Diameter 1.0 mm See note 1
Height 147.5 mm to 152.5 mm

End Flatness 0.3mm Seenote 2
End Parallelism 1 degree See note 3
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44

4.5

Notes:

1

Measure the diameter at the center and third points of the test specimen along axes that are 90 degrees
apart. Record each of the six measurements to the nearest 1 mm. Calculate the average and the
standard deviation of the six measurements. The standard deviation shall be lessthan 1.0 mm. The
average diameter, reported to the nearest 1 mm, shall be used in all material property calculations.

Check this requirement using a straight edge and feeler gauges.

Check this requirement using a machinists square and feeler gauges.

Note: Test specimenswill be fabricated using separate equipment. This
information is provided for design of the Simple Performance Test system.

Simple Perfor mance Test System

The Simple Performance Test System shall be a complete, fully integrated testing
system meeting the requirements of these specifications and having the capability to
perform the Flow Time, Flow Number, and Dynamic Modulus simple performance
tests described in Appendix A, B, and C, respectively.

Appendix D summarizes the methods that will be used to verify that the Simple
Performance Test System complies with the requirements of this specification.

The Simple Performance Test System shall include the following components:
Compression loading machine.

Loading platens.

Load measuring system.

Deflection measuring system.

Specimen deformation measuring system.

Confining pressure system.

Environmental chamber.

Computer control and data acquisition system.

ONOUAWNE

The load frame, environmental chamber, and computer control system for the Simple
Performance Test System shall occupy afoot-print no greater than 1.5 m (5 ft) by 1.5
m (5 ft) with a maximum height of 1.8 m (6 ft). A suitable frame, bench or cart shall
be provided so that the bottom of the test specimen, and the computer keyboard and
display are approximately 90 cm (36 in) above the floor.

The load frame, environmental chamber and computer control system for the Simple

Performance Test System shall operate on single phase 115 or 230 VAC 60 Hz
electrical power.

D-9
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If ahydraulic power supply isrequired, it shall be air-cooled occupying a foot-print
no larger than 1 m (3 ft) by 1.5 m (5 ft). Thenoiselevel 2 m (6.5 ft) from the
hydraulic power supply shall not exceed 70 dB. The hydraulic power supply shall
operate on single phase 115 of 230 VAC 60 Hz electrical power.

When disassembled, the width of any single component shall not exceed 76 cm (30
in).

Air supply requirements shall not exceed 0.005 m%s (10.6 ft/min) at 850 kPa (125
psi).

The Simple Performance Test System shall include appropriate limit and overload
protection.

An emergency stop shall be mounted at an easily accessible point on the system.

Compression Loading Machine

The machine shall have closed-loop load control with the capability of applying
constant, ramp, sinusoidal, and pulseloads. The requirements for each of the simple
performance tests are listed below.

Test Typeof Loading Capacity Rate

Flow Time Ramp, constant 10 kN (2.25kips) | 0.5 sec ramp

Flow Number Ramp, constant, pulse | 8 kN (1.80 kips) | 10 Hz pulse with
0.9 sec dwell

Dynamic Modulus | Ramp, constant,
sinusoidal

6 kN (1.35kips) | 0.1to 25 Hz

For ramp and constant loads, the load shall be maintained within +/- 2 percent of the
desired load.

For sinusoidal loads, the standard error of the applied load shall be lessthan 5
percent. The standard error of the applied load is a measure of the difference between
the measured |load data, and the best fit sinusoid. The standard error of theload is
defined in Equation 3.

©)
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Where:
se(P) = Standard error of the applied load
X; = Measured load at point i
X, = Predicted load at point i from the best fit sinusoid, See Equation 16
%, = Amplitude of the best fit sinusoid
n = Total number of data points collected during test.

For pulse loads, the peak of the load pulse shall be within +/- 2 percent of the
specified value and the standard error of the applied load during the sinusoidal pulse
shall be less than 10 percent.

For the Flow Time and Flow Number Tests, the loading platens shall remain parallel
during loading. For the Dynamic Modulus Test, the load shall be applied to the
specimen through a ball or swivel joint.

L oading Platens

The loading platens shall be fabricated from aluminum and have a Brinell Hardness
Number HBS 10/500 of 95 or greater.

Theloading platens shall be at least 25 mm (1 in) thick. The diameter of the loading
platens shall not be less than 105 mm (4.125 in) nor greater than 108 mm (4.25 in).

Theloading platens shall not depart from a plane by more than 0.0125 mm (0.0005
in) across any diameter.

L oad Measuring System

The Simple Performance Test System shall include an electronic |load measuring
system with full scale range equal to or greater than the stall force for the actuator of
the compression loading machine.

The load measuring system shall have an error equal to or lessthan +/- 1 percent for
loads ranging from 0.12 kN (25 Ib) to 10 kN (2.25 kips) when verified in accordance
with ASTM E4.

The resolution of the load measuring system shall comply with the requirements of
ASTM E4.

D-11

uonenjeas pue juswdoljanaq sjoily-Isii4 :ubisaq i\ anediadns 1oy 181Sa] souewlouad ajdwis


http://www.nap.edu/21954

‘paniasal Sybu | "S22uaIds Jo Awapeay [euonen 1ybuAdod

NCHRP 9-29 Equipment Specification for the Simple Performance Test System
Version 1.1
August 30, 2003

8.0  Deflection Measuring System

81 The Simple Performance Test System shall include a electronic deflection measuring
system that measures the movement of the loading actuator for use in the Flow Time
and Flow Number Tests

8.2 The deflection measuring system shall have arange of at least 12 mm (0.5 in).

8.3 The deflection measuring system shall have aresolution equal to or better than 0.0025
mm (0.0001 in).

8.4 The deflection measuring system shall have an error equal to or less than 0.03 mm
(0.001 in) over the 12 mm range when verified in accordance with ASTM D 6027.

85 The deflection measuring system shall be designed to minimize errors due to
compliance and/or bending of the loading mechanism. These errors shall be less than
0.25mm (0.01in) at 8 kN (1.8 kips) load.

9.0 Specimen Deformation Measuring System

9.1 The Simple Performance Test System shall include a glued gauge point system for
measuring deformations on the specimen over a gauge length of 70 mm (2.76in) £ 1
mm (0.04 in) at the middle of the specimen. This system will be used in the Dynamic
Modulus Test, and shall include at |east two transducers spaced equally around the
circumference of the specimen.

9.2 Figure 4 shows a schematic of the standard specimen deformation measuring system
with critical dimensions. Other properties of the deformation measuring system are
listed below.

Property Value
Gauge point contact area 80 mm + 10 mm
Mass of mounting system and transducer 80 g max
Transducer spring force 1N max

9.3 The transducers shall have arange of at least 1 mm (0.04 in).

9.4 The transducers shall have aresolution equal to or better than 0.0002 mm (7.8 micro
inch).

9.5 The transducers shall have an error equal to or less than 0.0025 mm (0.0001 in) over

the 1 mm range when verified in accordance with ASTM D 6027.
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9.6 The axia deformation measuring system shall be designed for rapid specimen
installation and subsequent testing. Specimen instrumentation, installation,
application of confining pressure, and temperature equilibration shall take no longer
than 3 minutes over the complete range of temperatures.

9.7 Alternatives to the standard system described in this section will be considered
provided the components meet the range, accuracy, and resol ution requirements.
Submit data showing the aternative system produces the same modulus and phase
angles as the standard system on asphalt concrete specimens tested over the stiffness
range of 150 to 10,000 M Pa (20,000 to 1,500,000 psi). Annex E describes the
minimum testing and analysis required for a non-standard system.

G

10 mm(max)

GLUED GAGE POINT
SEE 9.2 FOR AREA

T

70 [m +/-1 mm

SPECIMEN

Figure4. Schematic of Standard Specimen Mounted Defor mation Measuring System.

10.0 Confining Pressure System

10.1 The confining pressure system shall be capable of providing a constant confining
pressure up to 210 kPa (30 psi) to the test specimen. The system shall include a
pressure cell with appropriate pressure regulation and control, aflexible specimen
membrane, a device or method for detecting leaks in the membrane, a pressure
transducer, and a temperature sensing device that is mounted internal to the cell.
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The confining pressure cell shall be designed to allow the operator to view the
specimen, the specimen mounted deformation measuring system, and the specimen
end platens during testing.

Confining pressure shall be controlled by the computer control and data acquisition
system. The confining pressure control system shall have the capability to maintain a
constant confining pressure throughout the test within +/- 2 percent of the desired
pressure.

The specimen shall be enclosed in an impermeable flexible membrane sealed against
the loading platens.

The pressure inside the specimen membrane shall be maintained at atmospheric
pressure through ventsin the loading platens. The system shall include a device or
method for detecting membrane leaks.

The confining pressure system shall include a pressure transducer for recording
confining pressure during the test. The pressure transducer shall have arange of at
least 210 kPa, (30 psi) and aresolution of 0.5 kPa (0.07 psi). The pressure transducer
shall have an error equal to or less than +1 percent of the indicated value over the
range of 35 kPa (5 psi) to 210 kPa (30 psi) when verified in accordance with ASTM
D5720.

A suitable temperature sensor shall be mounted at the mid-height of the specimenin
the pressure cell between the specimen and the cell wall. This temperature sensor
shall have arange of 20 to 60 °C (68 to 140 °F), and be readable and accurate to the
nearest 0.25 °C. (0.5°F). For confined tests this sensor shall be used to control the
temperature in the chamber, and provide a continuous reading of temperature that will
be sampled by the data acquisition system during the test.

The confining pressure system shall be designed for rapid installation of the test
specimen in the confining cell and subsequent equilibration of the chamber
temperature to the target test temperature. Specimen instrumentation, installation,
application of confining pressure, and temperature equilibration shall take no longer
than 3 minutes over the complete range of temperatures.

Environmental Chamber

The environmental chamber shall be capable of controlling temperatures inside the
chamber over the range from 20 to 60 °C (68 to 140 °F) within +/- 0.5°C (1 °F), when
room temperature is between 15 and 27 °C (60 and 80 °F).

The environmental chamber need only be large enough to accommodate the test
specimen. It isenvisioned that specimens will be preconditioned in a separate
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chamber that is large enough to hold the number of specimens needed for a particular
project along with one or more dummy specimens with internally mounted
temperature sensors.

The environmental chamber shall be designed to allow the operator to view the
specimen, the specimen mounted deformation measuring system, and the specimen
end platens during testing.

The environmental chamber shall be designed for rapid installation of the test
specimen and subsequent equilibration of the environmental chamber temperature to
the target test temperature. Specimen instrumentation, installation, application of
confining pressure, and temperature equilibration shall take no longer than 3 minutes
over the complete range of temperatures.

A suitable temperature sensor shall be mounted in the environmental chamber within
25 mm (1 in) of the specimen at the mid-height of the specimen. This temperature
sensor shall have arange of 20 to 60 °C (68 to 140 °F), and be readable and accurate
to the nearest 0.25 °C (0.5°F). This sensor shall be used to control the temperaturein
the chamber, and provide a continuous reading of temperature that will be sampled by
the data acquisition system during the test.

Computer Control and Data Acquisition

The Simple Performance Test System shall be controlled from a Personal Computer
operating software specifically designed to conduct the Flow Time, Flow Number,
and Dynamic Modulus Tests described in Appendix A, B, and C, and to analyze data
in accordance with Section 13.

The Simple Performance Test System Software shall provide the option for user
selection of S| or US Customary units.

Flow Time Test Control and Data Acquisition

1231 The control system shall control the deviator stress, and the confining pressure

within the tolerances specified in Sections 5 and 10.2

12.3.2 The control system shall ramp the deviator stress from the contact stress

condition to the creep stress condition in 0.5 sec.

12.3.3 Zero time for data acquisition and zero strain shall be defined as the start of

the ramp from contact stress to creep stress. Using thistime as areference,
the system shall provide arecord of deviator stress, confining pressure, axial
strain, and temperature at zero time and a user specified samplinginterval, t,
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12.34

12.35

12.36

between (0.5 and 10 sec). The axia strains shall be based on the user
provided specimen length and the difference in deflection at any time and the
deflection at zero time.

The control system shall terminate the test and return the deviator stress and
confining pressure to zero when the axial strain exceeds 5 percent or the
maximum user specified test duration time is exceeded.

Note: in Project 9-19, flow time criteria will be developed for mixturesasa

function of climate, and traffic level. These criteria will be used by the user
to determine the maximum duration of the test.

Figure 5 presents a schematic of the specified loading and data acquisition.

CONTACT DEVIATOR STRESS +/- 2%

/ CREEP DEVIATOR STRESS +/- 2%

STRESS, kPa

0 t 2t 3t

TIME, SEC t = sampling interval

Figure5. Schematic of Loading and Data Acquisition.

The Flow Time Test Software shall include a screen to input test and file
information including:

1. Project Name

2. Operating Technician

3. Specimen Identification

4. FileName

5. Specimen Diameter

6. Specimen Height

7. Target Test Temperature

8. Target Confining Stress

9. Target Contact Deviator Stress

10. Target Creep Deviator Stress
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12.3.7

12.3.8

12.3.9

12.3.10

11. Specimen Conditioning Time
12. Sampling Interval

13. Test Duration

14. Remarks

The Flow Time Test Software shall prompt the operator through the Flow
Time Test.

Test and file information screen.

Insert specimen.

Apply confining pressure and contact stress.

Wait for temperature equilibrium, check for confining system leaks.
Ramp to creep stress and collect and store data.

Post test remarks.

Remove tested specimen.

NogrwNE

During the creep loading portion of the test, the Flow Time Test Software
shall provide area-time display of the time history of the deviator stress, the
axial strain, and the rate of change of axial strain. Therate of change of axial
strain shall be computed in accordance with the al gorithm presented in
Section 13.

If at any time during the creep loading portion of the test, the deviator stress,
confining pressure, or temperature exceed the tol erances listed below, the
Flow Time Test Software shall display awarning and indicate the parameter
that exceeded the control tolerance. The test shall continue and the software
shall include this warning in the data file and the hard copy output.

Response Tolerance

Deviator stress +/- 2 percent of target
Confining pressure  +/- 2 percent of target
Temperature +/- 0.5°C of target

Datafiles shall include the following information:

Test information supplied by the user in Section 12.3.6.

Date and time stamp.

Computed flow time.

Axid strain at the flow time.

Average temperature during the test.

Average confining stress during the test.

Time and corresponding measured deviator stress, measured confining
pressure, measured temperature, measured axial strain, and computed
rate of change of strain.

Warnings

Post test remarks.

NogpwhE

© ©
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12.3.12

The Flow Time Test Software shall provide the capability of retrieving data
files and exporting them to an ASCIl comma delimited file for further
analysis.

The Flow Time Test Software shall provide a one page hard copy output with
the following:

Test information supplied by the user in Section 12.3.6.
Date and time stamp.
Computed flow time.
Axid strain at the flow time.
Average temperature during the test.
Average confining stress during the test.
Warnings
Post test remarks
Plot of axial strain versustime.
. Plot of rate of change of axia strain versus time with the flow time
indicated.

BOooNoOA~AWNE

o

124 Flow Number Test Control and Data Acquisition

1241

12.4.2

12.4.3

1244

1245

The control system shall control the deviator stress, and the confining pressure
within the tolerances specified in Sections 5 and 10.2

The control system shall be capable of applying an initial contact stress, then
testing the specimen with the user specified cyclic deviator stress.

The data acquisition and control system shall provide the user the ability to
select the sampling interval as awhole number of load cycles.

Zero deflection shall be defined asthat at the start of thefirst load pulse. At
the user specified sampling interval, the control system shall provide arecord
of peak deviator stress, standard error of the applied load (See Section 5.3),
contact stress, confining pressure, permanent axial strain at the end of the load
cycle, and temperature. The axial strains shall be based on the user provided
specimen length and the difference in deflection the end of any load cycle and
the zero deflection.

The control system shall terminate the test and return the deviator stress and
confining pressure to zero when the axial strain exceeds 5 percent or the user
specified test duration is reached.

Note: in Project 9-19, flow number criteria will be developed for mixturesasa
function of climate, and traffic level. These criteria will be used by the user to
determine the maximum duration of the test.
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Figure 6 presents a schematic of the specified loading and data acquisition.

CYCLE1 CYCLE 2

/; T 50 )

CONTACT DEVIATOR STRESS +/- 2%

DEFLECTION, mm

REPEATED [DEVIATOR STRESS +/-|2%
CONFINING PRESSURE [+/- 2%

N S 2..

STRESS, kPa

0.1 0.9

TIME, SEC

Figure 6. Schematic of L oading and Data Acquisition for Flow Time Test.

The Flow Number Test Software shall include a screen to input test and file
information including:

Project Name

Operating Technician

Specimen Identification

File Name

Specimen Diameter

Specimen Height

Target Test Temperature

Target Confining Stress

. Target Contact Deviator Stress
10. Target Repeated Deviator Stress
11. Specimen Conditioning Time
12. Sampling Interval

13. Maximum Number of Load Cycles
14. Remarks

©CONOOAWNE
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The Flow Number Test Software shall prompt the operator through the Flow
Number Test.

Test and file information screen.

Insert specimen.

Apply confining pressure and contact stress.

Wait for temperature equilibrium, check for confining system leaks.
Test specimen, collect and store data.

Post test remarks.

Remove tested specimen.

Noo,rwNE

During the test, the Flow Number Test Software shall provide the user the
ability to select the following displays and the ability to change between
displays:

1. Digita oscilloscope showing stress and strain as a function of time.

2. A display of the history of the peak deviator stress, permanent axial
strain, and the rate of change of permanent axial strain as a function of
the number of load cycles. The rate of change of permanent axial
strain shall be computed in accordance with the al gorithm presented in
Section 13.

If at any time during the test, the peak deviator stress, standard error of the
applied load, confining pressure, or temperature exceed the tolerances listed
below, the Flow Number Test Software shall display awarning and indicate
the parameter that exceeded the control tolerance. Thetest shall continue and
the software shall include this warning in the data file and the hard copy
output.

Response Tolerance

Peak deviator stress  +/- 2 percent of target
Load standard error 10 percent
Confining pressure  +/- 2 percent of target
Temperature +/- 0.5°C of target

Data files shall include the following information:

Test information supplied by the user in Section 12.4.7.
Date and time stamp.

Computed flow number.

Axial strain at the flow number.

Average temperature during the test.

Average confining stress during the test.

Average peak deviator stress.

Average contact stress.

N AWNPE
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9. Maximum standard error of the applied load.

10. Cycle and corresponding measured peak deviator stress, computed
load standard error, measured contact stress, measured confining
pressure, measured temperature, measured permanent axial strain, and
computed rate of change of permanent strain.

11. Warnings

12. Post test remarks.

12412  The Flow Number Test Software shall provide the capability of retrieving data
files and exporting them to an ASCIl comma delimited file for further
analysis.

12.4.13  The Flow Number Test Software shall provide a one page hard copy output
with the following:

1. Testinformation supplied by the user in Section 12.4.7.
2. Date and time stamp.
3. Computed flow number.
4. Axid strain at the flow number.
5. Average temperature during the test.
6. Average confining stress during the test.
7. Average peak deviator stress.
8. Average contact stress.
9. Maximum load standard error.
10. Warnings.
11. Post test remarks.
12. Plot of permanent axial strain versus load cycles.
13. Plot of rate of change of axial strain versusload cycles with the flow
number indicated.
125 Dynamic Modulus Test Control and Data Acquisition

1251 The control system shall control the axial stress and the confining pressure.
The confining pressure shall be controlled within the tolerances specified in
Section 10.2.

125.2 The control system shall be capable of applying confining stress, an initial
contact deviator stress, then conditioning and testing the specimen with a
haversine loading at a minimum of 5 user selected frequencies.

1253 Conditioning and testing shall proceed from the highest to lowest loading

frequency. Ten conditioning and ten testing cycles shall be applied for each
frequency.
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1254

1255

12.5.6

12.5.7

1258

1259

The contral system shall have the capability to adjust the dynamic stress and
contact stress during the test to keep the average dynamic strain within the
range of 75 to 125 pstrain. Adjustment of the dynamic stress shall be
performed during the ten conditioning cycles at each loading frequency.

A contact stress equal to 5 percent of the dynamic stress shall be maintained
during conditioning and testing.

During the 10 testing cycles, record and store the load, specimen deformations
from the individual transducers, confining pressure, and temperature as a
function of time. The data acquisition rate shall be set to obtain 50 data points
per loading cycle.

The Dynamic Modulus Test Software shall include a screen to input test and
file information including:

Project Name

Operating Technician
Specimen |dentification
File Name

Specimen Diameter
Specimen Height

Target Test Temperature
Target Confining Stress

. Loading Rates

10. Specimen Conditioning Time
11. Remarks

OCONOTA~WNPE

The Dynamic Modulus Test Software shall prompt the operator through the
Dynamic Modulus Test.

Test and file information screen.

Insert specimen and attach strain instrumentation.

Apply confining pressure and contact stress.

Wait for temperature equilibrium, check for confining system leaks.
Condition and test specimen.

Review dynamic modulus, phase angle, temperature, confining
pressure, and data quality statistics (See Section 13) for each
frequency tested.

Post test remarks.

Remove tested specimen.

Ok wWNE

© N

During the conditioning and testing, the Dynamic Modulus Test Software
shall provide area-time display of the axial stress, and the axia strain
measured individually by the transducers.
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12.5.10

12511

12512

If at any time during the conditioning and loading portion of the test,
confining pressure, temperature, or average accumulated permanent strain
exceed the tolerances listed below, the Dynamic Modulus Test Software shall
display awarning and indicate the parameter that exceeded the control
tolerance. Thetest shall continue and the software shall include this warning
in the data file and the hard copy output.

Response Tolerance

Confining pressure +/- 2 percent of target
Temperature +/- 0.5°C of target
Permanent Axial Strain  0.0050 mm/mm

At the end of the user selected sweep of frequencies, the Dynamic Modulus
Test software shall display a summary listing the following data for each
frequency tested:
Dynamic modulus.
Phase angle.
Average temperature during the test.
Average confining pressure.
Data quality measures (See Section 13)
* Thedrift for the applied load, AY,, %
» Thestandard error for the applied load, se(P), %
» Theaverage drift for the deformations, AY o, %
» Theaverage standard error for the deformations, se(Y), %
» Theuniformity coefficient for the deformations, Ua %
» Theuniformity coefficient for the deformation phase angles,
Ug, degrees.
The user should be provided options to save write this data to data file and/or
produce a hard copy output.

agpwNE

For each loading frequency, a separate data file shall be produced. Thisfile
shall include he test information supplied by the user in Section 12.5.7, adate
and time stamp, and the following information:

Dynamic modulus.

Phase angle.

Average temperature during the test.

Average confining pressure.

Data quality measures (See Section 13)

* Thedrift for the applied load, AY,, %

» Thestandard error for the applied load, se(P), %

» Theaverage drift for the deformations, AY o, %

* Theaverage standard error for the deformations, se(Y), %

agpwNE
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» Theuniformity coefficient for the deformations, Ua % DYNAMIC MODULUS STANDARD REPORT Duageneredon: A Dynamic Modulus.ksiz pogt
+ Theuniformity coefficient for the deformation phase angles, Sample D: - FHWA DO ‘
Ue, degrees Test Frequenc;c(lsi); 0.50 Number Of Movers 2 RMS Cmd. Error, %: 7.9
6. Timeand corresponding measured axial stress, individual measured e e, s Number Of Channels " [ rpaipod m”
axial strai ns, measured Confmmg pressure, and measured ternpera[l_]re7 Specimen Cross-Sec. Area (in."2): 1257 Points Acquired 500 Disp. Uniformity, % 34
7. Warnings TertempeeS 00 Time Between Scans oA Torm o byt
8. Post test remarks. 200 _|NORMALIZED LOAD AND DISPLACEMENT: I 200 —m
- I
|
12513  The Dynamic Modulus Test Software shall provide the capability of retrieving o . i
data files and exporting them to an ASCII comma delimited file for further g : 100 |
analysis. 3% | ” i ||
. 0 4
|
125.14  For each loading frequency, the Dynamic Modulus Test Software shall T % : ~ 0 ! E‘Spi e
provide a one page hard copy output with the following. Figure 7 presents an S o0 pt ot 100 o
example one page output. -150 Disp2 Disp2 Fi -150 Disp2 Fit [—]
1. Test information supplied by the user in Section 12.5.7. 200 | | 200 L.l
2. Date and tlme Stamp -180 -90 0 90 180 -200 -150 -100 -50 0 50 100 150 200
3 Dynamic modulus. '—Anglle‘degrees Normalized Displacement
4. Phase angl e 30 . DATA TRA&;: . ~ . ~ 300
5. Average temperature during the test. i i: : :‘[\ R A 5‘!\ Lis [\ A ‘fA f\ A f'\ A ;‘d Rl
6. Average confining pressure during the test. ; oot 2 e ] fg - iy S e i £34 100 g
7. Dataquality measures (See Section 13) Sol% J; N N A W VA R Y T g
* Thedrift for the applied load, AY,, % 2t %4 W W kY (W % W (%) W W1
» Thestandard error for the applied load, se(P), % -3 200
. . 7 * Load Displ Disp2
» Theaverage drift for the deformations, AY o, % g ’
* Theaverage standard error for the deformations, se(Y), % Fi 7 E leD ic Modulus Outout
* The uniformity coefficient for the deformations, Ua % lgure /. Example Dynamic Modulus Dutput.
» Theuniformity coefficient for the deformation phase angles,
U, degrees.
9. Warnings :
13. m ion
10. Post test remarks 30 Computations
11. Plot showing centered stress and centered strains as a function of time "
. ) ; . 131 Flow TimeT
12. Plot showing normalized stress and strains as a function of phase 3 ow Time Test
angle. This plot shall include both the measured and fit data. 1311  TheFlow Timeis defined as the time corresponding to the minimum rate of
13. Plot showing normalized stress as a function of normalized strain. change of axial strain during a creep test. To ensure that different |aboratories
This plot shall include both the measured and fit data. produce comparable results for this test method, the procedure described in

this section shall be followed in determining the flow time. The procedure
consists of three steps: (1) numerical calculation of the creep rate ; (2)
smoothing of the creep rate data; and (3) identification of the point at which
the minimum creep rate occurs as the flow time.

13.1.2 Thefirst step in determining the flow timeisto estimate the rate of change
(derivative) of the axial strain € with respect to timet using afinite-difference
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13.1.3

1314

formula. The rate of change of the strain with respect to timeis estimated
using the following equation:

di D gum —Sl,m (4)
dt 24t
Where:
dei/dt = rate of change of strain with respect to time or creep rate at i sec, 1/s
€.a = strainati-Atsec
€t = Strainat i+At sec
At = samplinginterval

The derivatives calculated in Section 13.1.2 shall then be smoothed by
calculating the running average at each point, by adding to the derivative at
that point the two values before and two values after that point, and dividing
the sum by five:

de,’ :1[dei-2A. e, de de, de] -
d 5\ dt dt dt dt dt

Where:

de’i/dt = smoothed creep rateat i sec, /s

deioaddt = creep rate at i-2At sec, U/s

dei.n/dt = creeprateati-At sec, Us

dei /dt = creeprateati sec, U/s

dei.afdt = creeprateat i+At sec, Us
deiond/dt = creep rate at i+2At sec, /s

The flow time is reported as the time at which the minimum value of the
smoothed creep rate occurs, and shall be reported to nearest At seconds. |If
there is no minimum, then the flow time is reported as being greater than or
equal to the length of the test. If more than one point share the minimum
creep rate, the first such minimum shall be reported as the flow time.
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13.2

Flow Number Test

13.2.1 The Flow Number is defined as the number of load cycles corresponding to
the minimum rate of change of permanent axial strain during a repeated |oad
test. To ensure that different laboratories produce comparable results for this
test method, the procedure described in this section shall be followed in
determining the Flow Number. The procedure consists of three steps: (1)
numerical calculation of the creep rate; (2) smoothing of the creep rate data;
and (3) identification of the point at which the minimum creep rate occurs as
the Flow Number.

13.2.2 Thefirst step in determining the Flow Number is to estimate the rate of
change (derivative) of the permanent axial strain, €p, with respect to the
number of load cycles, N, using afinite-difference formula. The rate of
change of the permanent strain with respect to the number of cyclesis
estimated using the following equation:

d(gp) (SP)HAN _(Ep)ifAN

dN . 2AN ©)
Where:
d(ep)/dN = rate of change of permanent axial strain with respect to cycles or
creep rate at cyclei, 1/cycle
(€p)ian = permanent strain at i-AN cycles
(p)isan = permanent strain at i+AN cycles
AN = sampling interval

13.2.3 The derivatives calculated in Section 12.2.3 shall then be smoothed by
calculating the running average at each point, by adding to the derivative at
that point the two values before and two values after that point, and dividing
the sum by five:

d(g,)i’ _1(dEp)iam , (Ey)an , AES) IEp) i, ACE,) @
dN 5 dN dN dN dN dN
Where:
d(ep)'i/dN smoothed creep rate at i sec, 1/cycle

d(&p)i-2an/dN
d(Ep)i.AN/dN

creep rate at i-2AN cycles, 1/cycle
creep rate at i-AN cycles, 1/cycle

d(ep)i/dN creep rate at i cycles, 1/cycle
d(ep)i+an/dN creep rate at i+AN cycles, 1/cycle
d(gp)i+2an/dN creep rate at i+2AN cycles, Lcycle
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1324 The Flow Number is reported as the cycle at which the minimum value of the
smoothed creep rate occurs. If thereis no minimum, then the Flow Number is
reported as being greater than or equal to the length of thetest. If more than
one point share the minimum creep rate, the first such minimum shall be
reported as the Flow Number.

133 Dynamic Modulus Test

1331 The data produced from the dynamic modulus test at frequency a, will bein
the form of several arrays, one for time[t], onefor each of thej =1, 2, 3,...m
transducers used [y;]. In the typical arrangement, there will bem=3
transducers: the first transducer will be aload cell, and transducers 2 and 3
will be specimen deformation transducers. However, this approach is general
and can be adapted to any number of specimen deformation transducers. The
number of i =1, 2, 3...n pointsin each array will be equal to 500 based on the
number of cycles and acquisition rate specified in Section 12.5.6. It has been
assumed in this procedure that the load will be given in Newtons (N), and the
deformations in millimeters (mm). The analysis has been devised to provide
complex modulus in units of Pascals (1 Pa= 1 N/m?) and phase angle in units
of degrees. The general approach used hereis based upon the least squares fit
of asinusoid, as described by Chapra and Canale in Numerical Methods for
Engineers (McGraw-Hill, 1985, pp. 404-407). However, the approach used
here is more rigorous, and also includes provisions for estimating drift of the
sinusoid over time by including ancther variable in the regression function.
Regression is used, rather than the Fast Fourier transform (FFT), becauseit is
asimpler and more direct approach, which should be easier for most engineers
and techniciansin the paving industry to understand and apply effectively.
The regression approach aso lends itself to calculating standard errors and
other indicators of data quality. This approach should however produce
results essentially identical to those produced using FFT analysis.

13.3.2 The calculation proceeds as follows. First, the data for each transducer are
centered by subtracting from the measured data the average for that

transducer:
Yi'=Y Y, (8
Where:
Yii' = Centered data for transducer j at point i in dataarray
Yi = Raw datafor transducer j at point i in data array
Y, = Average for transducer j
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1333 In the second step in the procedure, the [ X' X] matrix is constructed as follows:

N >t > coslat) > sinwy,)
>t >t > t coslas,) > tsin(@y,)
[va] - i=1 i=1 i=1 i=1 9

S coslwt) Ttcoswt)  Ycof(wt) 3 coslwg )sin(wy)

i=1

ainar) Ttsin) Teoo wlnat)  Zan(a)

i=1

Where N isthe total number of data points, a is the frequency of the data, tis
the time from the start of the data array, and the summation is carried out over
all pointsin the data array.

1334  Theinverse of this matrix, [X X] %, isthen calculated. Then, for each
transducer, the [X'Yj] array is constructed:

xv]=|, = (10)
> Y, "cos{wot)

i Yii ‘sin(wot)

Li=1

Where Y; represents the output from one of the three transducers (j=1 for the
load cell, j=2 and 3 for the two deformation transducers). Again, the
summation is carried out for all pointsin the data arrays.

1335 The array representing the regression coefficients for each transducer is then
calculated by multiplying the [X' X]™ matrix by the [X'Y;] matrix:

A,
A= e x]xe] (11)
Aj2
sz
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13.3.6

Where the regression coefficients can be used to calculate predicted values for
each of thej transducers using the regression function:

Y = Ao+ Aty + AJZCOS(thi)+ szsin(woti)*'gﬂ (12)

ji

Where Y, isthe predicted value for thei™ point of data for the " transducer,

and & represents the error term in the regression function.

From the regression coefficients, several other functions are then calculated as
follows:

B.
6, =arctan (— —’2] (13)
j2
Vi = A2 + B, (1)
_ Auly
AY. =N x100% (15)
L

100%
Y.)= 16
() = | — [MJ as)
Where:
6 = Phaseanglefor transducer j, degrees
[Y*| = Amplitudefor transducer j, N for load or mm for displacement

AY, = Drift for transducer j, as percent of amplitude.

tn = Total time covered by data

Yii'"” = Predicted centered response for transducer j at point i, N or mm
s&(Yj) = Standard error for transducer j, %

n = number of data points = 500

The calcul ations represented by Equations 13 through 16 are carried out for
each transducer—typically the load cell, and two deformation transducers.
This produces values for the phase angle, and standard errors for each
transducer output. The phase angles given by Equation 13 represent absolute
phase angles, that is, 8 is an arbitrary value indicating the angle at which data
collection started.
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13.3.7

13.3.8

13.3.9

13.3.10

The phase angle of the deformation (response) relative to the load (excitation)
istheimportant mechanical property. To calculate this phase angle, the
average phase angle for the deformations must first be calcul ated:

30
6. =1=__ 17
= €%

Where 8, isthe average absolute phase angle for the deformation

transducers, and 6 isthe phase angle for each of thej =2, 3, ..., m
deformation transducers. For the typical case, there are one load cell and two
deformation transducers, so m = 3, and Equation 17 simply involves summing
the phase angle for the two deformation transducers and dividing by two.

Therelative phase angle at frequency w between the deformation and the load,
6(w), isthen calculated asfollows:

6(w)=6, -6, (18)
Where 6 is the absolute phase angle calculated for the load.

A similar set of calculations is needed to cal culate the overall modulus for the
material. First, the average amplitude for the deformations must be

calculated:
> v
Vo r|=2 (19

m-1

Where |\7D *

represents the average amplitude of the deformations (mm).

Then, the dynamic modulus |E*| at frequency wis calculated using the
following equation:

* - |YP *lLQ
=kl (20)

Where |E*(w)| isin Pa, Lgisthe average gage length for the deformation
traznsduoers (mm), and A is the loaded cross-sectional areafor the specimen,
m-.
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13.3.11 Thefinal part of the analysisinvolves calculation of several factorsindicative
of data quality, including the average drift for the deformations, the average
standard error for the deformations, and uniformity coefficients for
deformation amplitude and phase:

_ Z AjltN
AYp =12 x100% (2D
A
j=2

> sfy,)
sefY, )= 12— (22)

m-1

(23)
(24)
Where:
AYb = Average deformation drift, as percent of average deformation
amplitude
se(Yp) = Average standard error for all deformation transducers, %
Ua = Uniformity coefficient for deformation amplitude, %
Ug = Uniformity coefficient for deformation phase, degrees
14.0 Calibration and Verification of Dynamic Performance
141 Prior to shipment, the complete Simple Performance Test System shall be assembled

at the manufacturer’sfacility and calibrated. Thiscalibration shall include calibration
of the computer control and data acquisition electronics/software, static calibration of
the load, deflection, specimen deformation, confining pressure and temperature
measuring systems; and verification of the dynamic performance of the load and
specimen deformation measuring systems.

14.2 The results of these calibrations shall be documented, certified by the manufacturer,
and provided with the system documentation.
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14.3 Static calibration of the load, deflection, specimen deformation, and confining
pressure systems shall be performed in accordance with the following standards:

System ASTM Standard
Load ASTM E4
Deflection ASTM D 6027
Specimen Deformation ASTM D 6027
Confining Pressure ASTM D 5720

14.4 The calibration of the temperature measuring system shall be verified over therange
that the testing system will be used. A NIST traceable reference thermal detector
with resolution equal to or better than the temperature sensor shall be used.

145 Verification of the dynamic performance of the force and specimen deformation
measuring systems shall be performed by loading a proving ring or similar
verification device with the specimen deformation measuring system attached. The
manufacturer shall be responsible for fabricating the verification device and shall
supply it with the Simple Performance Test System.

14.6 The verification device shall have a static deflection of 0.007 mm + 0.0005 mm
(0.00028 in + 0.00002 in) at aload of 1.2 kN (0.27 kips).

14.7 The verification shall include loads of 0.6, 1.2, 3.0, and 4.8 kN (0.13, 0.27, 0.67, and
1.08 kips) at frequencies of 0.1, 1, and 25 Hz. The verification shall include
measurement of load, and displacement of the verification device using the specimen
deformation measuring system. All of the resulting load versus deformation data
shall be within 2 percent of that determined by static loading of the verification
device. The phase difference between load and displacement measurements shall be
less than 1 degree.

14.8 The Simple Performance System shall include a calibration mode for subsequent
annual calibration in accordance with the standards listed in Section 14.3 and the
method described in 14.4. It shall also include a dynamic verification mode to
perform the verification test described in Section 14.5. Access points for calibration
work shall be clearly shown in the system reference manual .

15.0 Verification of Normal Operation

15.1 The manufacturer shall develop and document procedures for verification of normal
operation for each of the systemslisted in Section 14.3, and the dynamic
performance verification discussed in Section 14.5. It is anticipated that these
verification procedures will be performed by the operating technician on a frequent
basis. Equipment used in the verification process shall be provided as part of the
Simple Performance Test System.
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16.0 Documentation

16.1 The Simple Performance Test System shall include an on-line help and
documentation.

16.2 A reference manual completely documenting the Simple Performance Test System
shall be provided. This manual shall include the following Chapters:

System Introduction.

Installation.

Loading System.

Confining Pressure System.
Environmental Chamber.

Control and Data Acquisition System.
Flow Time Test.

Flow Number Test.

. Dynamic Modulus Test.

10. Calibration.

11. Verification of Dynamic Performance.
12. Verification of Normal Operation.

13. Preventative Maintenance.

14. Spare Parts List

15. Drawings.

©ONDUTAWNE

17.0 Warranty

17.1 The Simple Performance Test System shall carry a one year on-site warranty.
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Annex A
Simple Performance Test System Flow Time Test

Adapted From
Test Method for Static Creep/Flow Time of Asphalt Concrete Mixturesin Compression

NCHRP Report 465, 2002
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1

Scope

1.1 This test method covers testing and measurement of the resistance to tertiary flow of
cylindrical asphalt concrete specimens in a triaxial state of compressive loading using
the Simple Performance Test System.

1.2 Inthistest, a cylindrica sample of bituminous paving mixture is subjected to a static
axial load. Axia strains are recorded throughout the test.

1.3 The test is conducted at a single temperature using specific deviatoric and confining
stresses.

1.4 This standard is applicable to laboratory prepared specimens 100 mm in diameter and
150 mm in height for mixtures with nominad maximum size aggregate less than or
equal to 37.5 mm (1.5 in) tested in the Simple Performance Test System.

15 This standard may involve hazardous material, operations, and equipment. This
standard does not purport to address all safety problems associated with its use. It is
the responsibility of the user of this procedure to establish appropriate safety and
health practices and to determine the applicability of regulatory limitations prior to
use.

Referenced Documents

2.1 AASHTO Standards

PPXX Standard Practice for Permanent Deformation and Fatigue Evaluation of
HMA Using the Simple Performance Test System (To be devel oped).

PPYY Standard Practice for Fabrication of Performance Test Specimens Using
the Superpave Gyratory Compactor (To be devel oped).

2.2 Other
NCHRP 9-29 Equipment Specification for the Simple Performance Test System

Definitions

3.1 Flow Time— Time corresponding to the minimum rate of change of axial strain during a
creep test.

Summary of Method
4.1 A cylindrical sample of bituminous paving mixture is subjected to a static axia load.

The test can be performed with or without confinement. The applied stress and the
resulting axial deformation of the specimen is measured with the Simple Performance
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5

Test System and used to calculate the flow time. The flow time is the time
corresponding to the minimum rate of change of axial strain during a creep test.

Significance and Use

5.1 Theflow time can be used with the criteriain AASHTO PPXX to judge the
acceptability of amixture to resist permanent deformation.

5.2 Theflow time can also be used to compare or rank the permanent deformation
resistance of various bituminous paving mixtures.

Apparatus

6.1 An approved Simple Performance Test System meeting the requirements of NCHRP 9-
29 Equipment Specification for the Simple Performance Test System

6.2 An environmental chamber for conditioning the test specimens to the desired testing
temperature.  The environmental chamber shall be capable of controlling the
temperature of the specimen over a temperature range from 30 to 60 °C (85 to 140 °F)
to an accuracy of + 0.5 °C (1 °F). The chamber shall be large enough to accommodate
three test specimens and a dummy specimen with temperature sensor mounted at the
center for temperature verification.

6.3 Teflon sheeting, 0.25 mm thick to reduce friction between the specimen and the loading
platens.

Test Specimens
7.1 Testing shal be performed on 100 mm (4 in) diameter by 150 mm (6 in) high test
specimens fabricated in accordance with AASHTO PP YY Standard Practice for
Fabrication of Performance Test Specimens Using the Superpave Gyratory Compactor.
7.2 Flow time shall be the average result obtained from three test specimens.
Procedure
8.1 Unconfined Tests
8.1.1 Assemble each specimen to be tested with platens in the following order from
bottom to top. Bottom loading platen, bottom Teflon friction reducer, specimen,
top Teflon friction, and top loading platen.
8.1.2 Place the specimen and platen assembly in the environmental chamber with the

dummy specimen, and monitor the temperature of the dummy specimen to
determine when testing can begin.
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8.2

8.13

8.14

8.1.5

8.1.6

8.1.7

8.1.8

8.1.9

Turn on the Simple Performance Test System, set the temperature control to the
desired testing temperature and alow the testing chamber to equilibrate at the
testing temperature for at least one hour.

When the dummy specimen and the testing chamber reach the target temperature,
open the testing chamber, remove a test specimen and platen assembly, and
quickly placeit in the testing chamber.

Close the testing chamber and alow the chamber temperature to return to testing
temperature.

Steps 8.1.4 and 8.1.5 including return of the test chamber to the target temperature
shall be completed in 3 minutes.

Enter the required identification and control information into the Flow Time
Software.

Follow the software prompts to begin the test. The Simple Performance Test
System will automatically unload when the test is complete.

Upon completion of the test, open the test chamber, and remove the tested
specimen.

8.1.10 Repeat steps 8.1.4 through 8.1.9 for the remaining test specimens.

Confined Tests

811

8.12

8.1.3

8.14

Assemble each specimen to be tested with platens and membrane as follows.
Place the bottom friction reducer and the specimen on the bottom platen. Stretch
the membrane over the specimen and bottom loading platen. Install the lower o-
ring seal. Place the top friction reducer and top platen on top of the specimen, and
stretch the membrane over the top platen. Install the upper o-ring seal.

Encase the dummy specimen in amembrane.

Place the specimen and platen assembly in the environmental chamber with the
dummy specimen, and monitor the temperature of the dummy specimen to
determine when testing can begin.

Turn on the Simple Performance Test System, set the temperature control to the

desired testing temperature and alow the testing chamber to equilibrate at the
testing temperature for at least one hour.
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8.15

8.1.6

8.17

8.1.8

8.1.9

When the dummy specimen and the testing chamber reach the target temperature,
open the testing chamber, remove a test specimen and platen assembly, and
quickly placeit in the testing chamber.

Close the testing chamber and allow the chamber temperature to return to testing
temperature.

Steps 8.2.5 and 8.2.6 including return of the test chamber to the target temperature
shall be completed in 3 minutes.

Enter the required identification and control information into the Flow Time
Software.

Follow the software prompts to begin the test. The Simple Performance Test
System will automatically unload when the test is complete.

8.1.10 Upon completion of the test, open the test chamber, and remove the tested

specimen.

8.1.11 Repeat steps 8.1.5 through 8.1.10 for the remaining test specimens.

9  Calculations

9.1 The caculation of the flow time for individual specimens is performed automatically
by the Simple Performance Test System software.

9.2 Compute the average and standard deviation of the flow times for the three specimens
tested.

10 Report

10.1 Test temperature.

10.2 Deviatoric and confining stress levels.

10.3 Average and standard deviation of flow time for three specimens.

10.4 Attach Simple Performance Test System standard reports for individual specimens.
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Annex B
Simple Performance Test System Flow Number Test

Adapted From
Test Method for Repeated L oad Testing of Asphalt Concrete Mixturesin Uniaxial
Compression

NCHRP Report 465, 2002

NCHRP 9-29 Equipment Specification for the Simple Performance Test System
Version 1.1
August 30, 2003

1.

Scope

11 This test method covers testing and measurement of the resistance to tertiary flow of
cylindrical asphalt concrete specimens in a triaxial state of compressive loading using
the Simple Performance Test System.

1.2 This test uses a loading cycle of 1.0 second in duration, consisting of applying 0.1-
second haversine load followed by 0.9-second rest period. Permanent axia
deformations are recorded throughout the test.

1.3 Thetestisconducted at asingle using specific deviatoric and confining stresses.

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

15 This standard may involve hazardous material, operations, and equipment. This
standard does not purport to address all safety problems associated with its use. It is
the responsibility of the user of this procedure to establish appropriate safety and
health practices and to determine the applicability of regulatory limitations prior to
use.

Referenced Documents

21 AASHTO Standards

PPXX Standard Practice for Permanent Deformation and Fatigue Evaluation of
HMA Using the Simple Performance Test System (To be devel oped).

PPYY Standard Practice for Fabrication of Performance Test Specimens Using
the Superpave Gyratory Compactor (To be devel oped).

2.2 Other
NCHRP 9-29 Equipment Specification for the Simple Performance Test System

Definitions
3.1 Permanent Deformation — Non-recovered deformation in arepeated load test.

3.2 Flow Number - The number of load cycles corresponding to the minimum rate of
change of permanent axial strain during arepeated load test.
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4.

5.

Summary of Method

4.1

A cylindrical sample of bituminous paving mixture is subjected to a haversine axia
load. The load is applied for duration of 0.1-second with a rest period of 0.9-second.
The rest period has a load equivalent to the seating load. The test can be performed
either with or without confinement. Cumulative permanent axial deformations are
measured with the Simple Performance Test System and used to calculate the flow
number. The flow number is the number of repetitions corresponding to the minimum
rate of change of permanent deformation under repeated |oading conditions.

Significance and Use

51

5.2

The flow number can be used with the criteriain AASHTO PPXX to judge the
acceptability of amixture to resist permanent deformation.

The flow number can also be used to compare or rank the permanent deformation
resistance of various bituminous paving mixtures.

Apparatus

6.1

6.2

6.3

An approved Simple Performance Test System meeting the requirements of
NCHRP 9-29 Equipment Specification for the Simple Performance Test System

An environmental chamber for conditioning the test specimens to the desired testing
temperature.  The environmental chamber shall be capable of controlling the
temperature of the specimen over a temperature range from 30 to 60 °C (85 to 140 °F )
to an accuracy of £ 0.5 °C (1 °F). The chamber shall be large enough to accommodate
three test specimens and a dummy specimen with temperature sensor mounted at the
center for temperature verification.

Teflon sheeting, 0.25 mm thick to reduce friction between the specimen and the loading
platens.

Test Specimens

7.1

7.2

Testing shall be performed on 100 mm (4 in) diameter by 150 mm (6 in) high test
specimens fabricated in accordance with AASHTO PP YY Standard Practice for
Fabrication of Performance Test Specimens Using the Superpave Gyratory Compactor.

The flow number shall be the average result obtained from three test specimens.
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8.

Procedure

8.1 Unconfined Tests

8.1.1 Assemble each specimen to be tested with platens in the following order from
bottom to top. Bottom loading platen, bottom Teflon friction reducer, specimen,
top Teflon friction, and top loading platen.

8.1.2 Place the specimen and platen assembly in the environmental chamber with the
dummy specimen, and monitor the temperature of the dummy specimen to
determine when testing can begin.

8.1.3 Turn on the Simple Performance Test System, set the temperature control to the
desired testing temperature and allow the testing chamber to equilibrate at the
testing temperature for at least one hour.

8.1.4 When the dummy specimen and the testing chamber reach the target temperature,
open the testing chamber, remove a test specimen and platen assembly, and
quickly placeit in the testing chamber.

8.1.5 Close the testing chamber and allow the chamber temperature to return to testing
temperature.

8.1.6 Steps8.1.4 and 8.1.5 including return of the test chamber to the target temperature
shall be completed in 3 minutes.

8.1.7 Enter the required identification and control information into the Flow Number
Software.

8.1.8 Follow the software prompts to begin the test. The Simple Performance Test
System will automatically unload when the test is complete.

8.1.9 Upon completion of the test, open the test chamber, and remove the tested
specimen.

8.1.10 Repesat steps 8.1.4 through 8.1.9 for the remaining test specimens.

9.1 Confined Tests

821 Assemble each specimen to be tested with platens and membrane as follows.
Place the bottom friction reducer and the specimen on the bottom platen. Stretch
the membrane over the specimen and bottom loading platen. Install the lower o-
ring seal. Place the top friction reducer and top platen on top of the specimen, and
stretch the membrane over the top platen. Install the upper o-ring seal.
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8.2.2

8.2.3

824

825

8.2.6

8.2.7

8.2.8

8.29

8.2.10

8211

Encase the dummy specimen in a membrane.

Place the specimen and platen assembly in the environmental chamber with the
dummy specimen, and monitor the temperature of the dummy specimen to
determine when testing can begin.

Turn on the Simple Performance Test System, set the temperature control to the
desired testing temperature and allow the testing chamber to equilibrate at the
testing temperature for at least one hour.

When the dummy specimen and the testing chamber reach the target temperature,
open the testing chamber, remove a test specimen and platen assembly, and
quickly placeit in the testing chamber.

Close the testing chamber and allow the chamber temperature to return to testing
temperature.

Steps 8.2.5 and 8.2.6 including return of the test chamber to the target temperature
shall be completed in 3 minutes.

Enter the required identification and control information into the Flow Time
Software.

Follow the software prompts to begin the test. The Simple Performance Test
System will automatically unload when the test is complete.

Upon completion of the test, open the test chamber, and remove the tested
specimen.

Repeat steps 8.1.5 through 8.1.10 for the remaining test specimens.

9. Calculations

9.1 Thecalculation of the flow number for individual specimens is performed automatically
by the Simple Performance Test System software.

9.2 Compute the average and standard deviation of the flow numbers for the three
specimens tested.

NCHRP 9-29 Equipment Specification for the Simple Performance Test System
Version 1.1
August 30, 2003
10. Report
10.1 Test temperature.

10.2 Deviatoric and confining stress levels.

10.3 Average and standard deviation of flow number for three specimens.

10.4 Attach Simple Performance Test System standard reports for individual specimens.
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Annex C
Simple Performance Test System Dynamic Modulus Test

Adapted From
Test Method for Dynamic M odulus of Asphalt Concrete Mixturesfor Permanent
Deformation
and

Test Method for Dynamic M odulus of Asphalt Concrete Mixturesfor Fatigue Cracking

NCHRP Report 465, 2002
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1.

Scope

1.1 Thistest method covers testing of asphalt concrete mixtures to determine the dynamic
modulus and phase angle.

1.2 In the test dynamic modulus and phase angle data are collected at a specified test
temperature using various frequencies of loading.

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

14 This standard may involve hazardous material, operations, and equipment. This
standard does not purport to address all safety problems associated with its use. It is
the responsibility of the user of this procedure to establish appropriate safety and
health practices and to determine the applicability of regulatory limitations prior to
use.

Referenced Documents

21 AASHTO Standards

PPXX Standard Practice for Permanent Deformation and Fatigue Evaluation of
HMA Using the Simple Performance Test System (To be devel oped).

PPYY Standard Practice for Fabrication of Performance Test Specimens Using
the Superpave Gyratory Compactor (To be devel oped).

2.2 Other
NCHRP 9-29 Equipment Specification for the Simple Performance Test System

Definitions
3.1 Dynamic Modulus— [E’|, the absolute value of the complex modulus calculated by
dividing the peak-to-peak stress by the peak-to-peak strain for a material subjected to a
sinusoidal loading.

3.2 Phase angle — 9, the angle in degrees between a sinusoidally applied stress and the
resulting strain in a controlled-stress test.

Summary of Method
4.1 A sinusoidal (haversine) axial compressive stress is applied to a cylindrical specimen

of asphalt concrete at a given temperature using a sweep of frequencies. The applied
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5.

stress and the resulting axia strain response of the specimen at each frequency is
measured and used to calculate the dynamic modulus and phase angle for each
frequency. The test can be performed either with or without confinement.

Significance and Use

51

52

The dynamic modulus can be used with the criteriain AASHTO PPXX to judge the
acceptability of amixture to resist permanent deformation and fatigue cracking.

The dynamic modulus can also be used to compare or rank the permanent deformation
and fatigue resistance of various bituminous paving mixes.

Apparatus

6.1

6.2

6.3

An approved Simple Performance Test System meeting the requirements of
NCHRP 9-29 Equipment Specification for the Simple Performance Test System

An environmental chamber for conditioning the test specimens to the desired testing
temperature.  The environmental chamber shall be capable of controlling the
temperature of the specimen over a temperature range from 20 to 60 °C (68 to 140 °F)
to an accuracy of +0.5 °C (1 °F). The chamber shall be large enough to accommodate
three test specimens and a dummy specimen with temperature sensor mounted at the
center for temperature verification.

Teflon sheeting, 0.25 mm thick to reduce friction between the specimen and the loading
platens.

Test Specimens

71

72

Testing shall be performed on 100 mm (4 in) diameter by 150 mm (6 in) high test
specimens fabricated in accordance with AASHTO PP YY Standard Practice for
Fabrication of Performance Test Specimens Using the Superpave Gyratory Compactor.

The dynamic modulus shall be the average result obtained from three test specimens.

Test Specimen I nstrumentation (Standard Glued Gage Point System)

8.1

8.2

If the Simple Performance Test System uses the standard glued gage point system,
atach the gage points to the specimen in accordance with the manufacturers
instructions.

Confirm that the gage length is 70 mm +1 mm measured center to center of the gage
points.

NCHRP 9-29 Equipment Specification for the Simple Performance Test System
Version 1.1
August 30, 2003

9.

Procedure

9.1 Unconfined Tests

9.1.1 Assemble each specimen to be tested with platens in the following order from
bottom to top. Bottom loading platen, bottom Teflon friction reducer, specimen,
top Teflon friction, and top loading platen.

9.1.2 Place the specimen and platen assembly in the environmental chamber with the
dummy specimen, and monitor the temperature of the dummy specimen to
determine when testing can begin.

9.1.3 Turn on the Simple Performance Test System, set the temperature control to the
desired testing temperature and allow the testing chamber to equilibrate at the
testing temperature for at least one hour.

9.1.4 When the dummy specimen and the testing chamber reach the target temperature,
open the testing chamber, remove a test specimen and platen assembly, and
quickly placeit in the testing chamber.

9.15 Close the testing chamber and allow the chamber temperature to return to testing
temperature.

9.1.6 Steps9.1.4 and 9.1.5 including return of the test chamber to the target temperature
shall be completed in 3 minutes.

9.1.7 Enter the required identification and control information into the Dynamic
Modulus Software.

9.1.8 Follow the software prompts to begin the test. The Simple Performance Test
System will automatically unload when the test is complete and display test data
and data quality indicators.

9.1.9 Review the data quality indicators as discussed in Section 10 of this test method.
Retest specimens with data quality indicators above the values specified in
Section 10.

9.1.10 Once acceptable data have been collected, open the test chamber, and remove the
tested specimen.

9.1.11 Repeat steps 9.1.4 through 9.1.10 for the remaining test specimens.
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9.2 Confined Tests

921

9.2.2

9.2.3

9.24

9.25

9.2.6

9.2.7

9.2.8

9.2.9

9.2.10

9211

9.2.12

Assemble each specimen to be tested with platens and membrane as follows.
Place the bottom friction reducer and the specimen on the bottom platen. Stretch
the membrane over the specimen and bottom loading platen. Install the lower o-
ring seal. Place the top friction reducer and top platen on top of the specimen, and
stretch the membrane over the top platen. Install the upper o-ring seal.

Encase the dummy specimen in amembrane.

Place the specimen and platen assembly in the environmental chamber with the
dummy specimen, and monitor the temperature of the dummy specimen to
determine when testing can begin.

Turn on the Simple Performance Test System, set the temperature control to the
desired testing temperature and alow the testing chamber to equilibrate at the
testing temperature for at least one hour.

When the dummy specimen and the testing chamber reach the target temperature,
open the testing chamber, remove a test specimen and platen assembly, and
quickly placeit in the testing chamber.

Close the testing chamber and alow the chamber temperature to return to testing
temperature.

Steps 9.2.5 and 9.2.6 including return of the test chamber to the target temperature
shall be completed in 3 minutes.

Enter the required identification and control information into the Dynamic
Modulus Software.

Follow the software prompts to begin the test. The Simple Performance Test
System will automatically unload when the test is complete and display test data
and data quality indicators.

Review the data quality indicators as discussed in Section 10 of this test method.
Retest specimens with data quality indicators above the vaues specified in
Section 10.

Once acceptable data have been collected, open the test chamber, and remove the
tested specimen.

Repeat steps 9.2.5 through 9.2.11 for the remaining test specimens.
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10. Data Quality Indicatorsand Calculations

10.1 The calculation of dynamic modulus, phase angle, and the data quality indicators is
performed automatically by the Simple Performance Test System software.

10.2 Review the data quality indicators for each test frequency and compare them to the
recommended maximum values listed below.

Data Quality Indicator Allowable Maximum Value
L oad Standard Error 10 percent

Deformation Standard Error 10 percent

Load Drift 3 percent

Deformation Drift 400 percent

Deformation Uniformity 20 percent

Phase Uniformity 3 degrees

10.3 Review the detailed modulus test report for those frequencies where the data quality
indicators exceed the maximum allowable values. Repeat testing of specimens with
data quality indicators exceeding the values listed in 10.2.
10.4 Compute the average and standard deviation of the modulus and flow numbers for the
three specimens tested.
11. Report
11.1 Test temperature.

11.2 Confining stress level.

11.3 Average and standard deviation of dynamic modulus and phase angle for three
specimens.

11.4 Attach Simple Performance Test System standard dynamic modulus summary report.

D-51

uonenjeas pue juswdoljanaq sjoily-Isii4 :ubisaq i\ anediadns 1oy 181Sa] souewlouad ajdwis


http://www.nap.edu/21954

‘paniasal Sybu | "S22uaIds Jo Awapeay [euonen 1ybuAdod

NCHRP 9-29 Equipment Specification for the Simple Performance Test System
Version 1.1
August 30, 2003

Annex D
Specification Compliance Test M ethods for the Simple Performance Test System

D-52
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TableD1. Summary of Specification Compliance Tests.

Item Section Method
Assembled Size 4.4 and Measure
4.6
Specimen and Display Height | 4.4 Measure
Component Size 4.7 Measure
Electrica Requirements 4.5and Documentation and trial
4.6
Air Supply Reguirements 4.8 Documentation and trial
Limit Protection 4.9 Documentation and trial
Emergency Stop 4.10 Documentation, visua inspection, trial
Loading Machine Capacity 5.1 Independent force verification (See verification
procedures below)
Load Control Capability 52 Trial tests on asphalt specimens and manufacturer
through provided dynamic verification device.
54
Platen Configuration 55 Visual
Platen Hardness 6.1 Test ASTM E10
Platen Dimensions 6.2 Measure
Platen Smoothness 6.3 Measure
Load Cell Range 7.1 Load cell data plate
Load Accuracy 7.2 Independent force verification (See verification
procedures below)
Load Resolution 7.3 Independent force verification (See verification
procedures below)
Configuration of Deflection 81 Visual
Measuring System
Transducer Range 8.2 Independent deflection verification (See
verification procedures bel ow)
Transducer Resolution 8.3 Independent deflection verification (See
verification procedures bel ow)
Transducer Accuracy 84 Independent deflection verification (See
verification procedures bel ow)
Load Mechanism Compliance | 8.5 Measure on steel specimens with various degrees
and Bending of lack of parallelism
Configuration of Specimen 9.1 Visual
Deformation Measuring
System
Gauge Length of Specimen 9.1 Measure
Deformation Measuring
System
Transducer Range 9.2 Independent deflection verification (See

verification procedures bel ow)
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TableD1. Summary of Specification Compliance Tests (Continued).

Item Section Method

Transducer Resolution 9.3 Independent deflection verification (See
verification procedures bel ow)

Transducer Accuracy 9.4 Independent deflection verification (See
verification procedures below)

Specimen Deformation 9.5 Tria

System Complexity

Confining Pressure Range 10.1and | Independent pressure verification (See verification

10.5 procedures below)

Confining Pressure Control 10.2 Trial tests on asphalt specimens

Confining Pressure System 10.3and | Visua

Configuration 10.4

Confining Pressure Resolution | 10.5 Independent pressure verification (See verification

and Accuracy procedures below)

Temperature Sensor 10.6 and | Independent temperature verification (See

11.4 verification procedures below)

Specimen Installation and 9.5,10.7 | Tria

Equilibration Time and 11.3

Environmental Chamber 111 Independent temperature verification (See

Range and Control verification procedures bel ow)

Control System and Software | 12 Trial

Data Analysis 13 Independent computations on trial test

Initial Calibration and 14 Certification and independent verification

Dynamic Performance

Verification

Calibration Mode 14.6 Tria

Verification of Normal 15 Review

Operation Procedures and

Equipment

On-line Documentation 16.1 Trial

Reference Manual 16.2 Review
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INDEPENDENT VERIFICATION PROCEDURES FOR SIMPLE PERFORMANCE
TESTING MACHINE

1.0

11

12

2.0

21

2.2

2.3

24

25

2.6

3.0

31

32

General
The testing machine shall be verified as a system with the load, deflection, specimen
deformation, confining pressure, and temperature measuring systemsin place and
operating asin actual use.

System verification isinvalid if the devices are removed and checked independently of
the testing machine.

Load Measuring System Static Verification

Perform load measuring system verification in accordance with ASTM E-4.

All calibration load cells used for the load calibration shall be certified to ASTM E-74
and shall not be used below their Class A loading limits.

When performing the load verification, apply at least two verification runs of at
least 5 loads throughout the range selected.

If theinitial verification loads are within +/- 1% of reading, these can be applied
asthe“Asfound” values and the second set of verification forces can be used as
thefinal values. Record return to zero values for each set of verification loads.

If theinitial verification loads are found out of tolerance, calibration adjustments
shall be made according to manufacturers specifications until the values are
established within the ASTM E-4 recommendations. Two applications of
verification loads shall then be applied to determine the acceptance criteria for
repeatability according to ASTM E-4.
At no time will correction factors be utilized to corrected values that do not
meet the accuracy requirements of ASTM E-4.

Deflection and Specimen Deformation M easuring System Static Verification

Perform verification of the deflection and specimen deformation measuring systemsin
accordance with ASTM D 6027 Test Method B.

The micrometer used shall conform to the requirements of ASTM E-83.
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33

34

35

3.6

4.0

4.1

4.2

4.3

4.4

45

4.6

5.0

51

52

When performing verification of the deflection and strain measuring system, each
transducer and associated electronics must be verified individually throughout it's
intended range of use.

Mount the appropriate transducer in the micrometer stand and align it to prevent errors
caused by angular application of measurements.

Apply at least 5 verification measurements to the transducer throughout
it'srange. Re-zero and repeat the verification measurements to determine repeatability.

If the readings of the first verification do not meet the specified error tolerance, perform
calibration adjustments according to manufacturers specifications and repeat the
applications of measurement to satisfy the error tolerances.

Confining Pressure Measuring System Verification

Perform verification of the confining pressure measuring system in accordance with
ASTM D-5720.

All calibrated pressure standards shall meet the requirements of ASTM D-5720.
Attach the pressure transducer to the pressure standardizing device.

Apply at least 5 verification pressures to the device throughout it’ s range recording each
value. Determineif the verification readings fall within +/- 1 % of the value applied.

If the readings are within tolerance, apply a second set of readings to determine
repeatability. Record the return to zero values for each set of verifi cation pressures.

If readings are beyond tolerance, adjust the device according to manufacturers
specifications and repeat the dual applications of pressure as described above to complete
verification.

Temperature Measuring System Verification

Verification of the temperature measuring system will be performed using ausing aNIST
traceable reference thermal detector that is readable and accurate to 0.1 °C.

A rubber band or O-ring will be used to fasten the reference thermal detector to the
system temperature sensor.

D-56

NCHRP 9-29 Equipment Specification for the Simple Performance Test System
Version 1.1
August 30, 2003

53

54

55

6.0

6.1

6.2

6.3

6.4

6.5

Comparisons of the temperature from the reference thermal detector and the system
temperature will be made at 6 temperatures over the operating range of the environmental
chamber.

Once equilibrium is obtained at each temperature setting, record the temperature of the
reference thermal detector and the system temperature sensor.

Also check stability of the environmental chamber by noting the maximum and minimum
temperatures during cycling at the set temperature.

Dynamic Perfor mance Verification

The verification of the dynamic performance of the equipment will be performed after
static verification of the system.

The dynamic performance verification will be performed using the verification device
provided with the system by the manufacturer.

First, the verification device will be loaded statically to obtain the static relationship
between force and displacement. This relationship will be compared to that provided by
the manufacturer in the system documentation.

The verification device will then be used to simulate dynamic modulus test conditions.
Load and displacement datawill be collected on the verification device using loads of
0.6, 1.2, 3.0, and 4.8 kN at frequencies of 0.1, 1, and 25 Hz. The peak load and
displacements will be determined and plotted along with the static data. The data shall
plot within +/- 2 percent of the static force displacement relationship.

The verification device will aso be used to check the phase difference between the load

and specimen deformation measuring system. The phase difference shall belessthan 1
degree.
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Annex E

Minimum Testing Program For Comparison of a Non-Standard Specimen Defor mation
Measuring System to the Standard Specimen Defor mation M easuring System
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1.0 Summary

1.1 This Annex describes the minimum testing, analysis, and reporting required to
demonstrate that a nonstandard specimen deformation measuring system produces
the same dynamic modulus and phase angle results as the standard glued gauge point
system specified in Section 9.0 of the these specifications.

1.2 The basic approach isto collect dynamic modulus and phase angle dataon asingle
mixture using the simple performance test system with the standard glued gauge
point system and the proposed alternative. Standard statistical hypothesis tests are
then performed on the resulting data to verify that there is no difference in the mean
and variance of the dynamic modulus and phase angles measured with the two
systems.

1.3 To provide data over awide range of modulus and phase angles, the testing will be
performed for the conditions listed in Table E-1.

Table E-1. Testing Conditions.

Temperature, °C (°F) | Confinement, kPa (psi) | Frequencies, Hz
25 (77) Unconfined 10,1, and 0.1
45 (113) Unconfined 10,1, and 0.1
45 (113) 140 (20 psi) 10,1, and 0.1

1.4 Tests on twelve independent specimens will be performed with each specimen
deformation measuring system. Thus atotal of 24 specimens will be fabricated and
tested.

2.0 Test Specimens

2.1 Thetesting shall be performed on simple performance test specimens meeting the
dimensional tolerances of Section 3.0 of these specifications.

2.2 Use acoarse-graded 19.0 mm nominal maximum aggregate size mixture with a PG
64-22 binder. The mixture shall meet the requirements of AASHTO MP2 for a
surface course with adesign traffic level of 10 to 30 million ESALs. The percent
passing the 2.36 mm sieve shall be less than 35 percent. Prepare test specimens at
the optimum asphalt content determined in accordance with AASHTO PP28 for a
traffic level of 3 to <30 million ESALs. Mixtures shall be short term oven aged for 2
hours at the compaction temperature in accordance with AASHTO R30.

2.3 Prepare 24 test specimens within the air void content range of 3.5 to 4.5 percent.
Rank the test specimens based on air void content. Group the test specimensinto
two subsets such that the average and standard deviation of the air void contents are
approximately equal.
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3.0 Dynamic Modulus Testing
3.1 Perform the dynamic modulus testing with the Simple Performance Test Systemin
accordance with Annex C of these specifications. Repest tests as needed to ensure
that the data quality indicators are within their allowable ranges.

3.2 Perform the testing in blocks of three specimensin the order listed in Table E-2.
Plan the testing such that all testing in ablock will be completed on the same day.

Table E-2. Block Order Testing.

Block | Temperature, | Confinement, | Specimen
°C (°F) kPa (psi) Deformation System
1 25(77) 0 Standard
Proposed
2 25 (77) 0 Standard
Proposed
3 25 (77) 0 Standard
Proposed
4 25 (77) 0 Standard
Proposed
5 45 (113) 140 (20) Standard
Proposed
6 45 (113) 140 (20) Standard
Proposed
7 45 (113) 140 (20) Standard
Proposed
8 45 (113) 140 (20) Standard
Proposed
9 45 (113) 0 Standard
Proposed
10 45 (113) 0 Standard
Proposed
11 45 (113) 0 Standard
Proposed
12 45 (113) 0 Standard
Proposed
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4.0 Data Analysis

4.1 For each combination of device, temperature, confining pressure, and frequency,
prepare summary tables listing the measured dynamic modulus and phase angles, and
the data quality indicators. A total of 18 summary tables, 9 for each measuring
system will be prepared. Each of these summary tables will represent a specific
combination of temperature, confining pressure, and frequency of loading.

4.2 For each summary table, compute the mean and variance of the dynamic modulus
and phase angle measurements using Equations E-1 and E-2.

12
2
= ED

12 )
2 -9
=z T (E-2)
where:

y = sample mean
& = sample variance
yi = measured values

5.0 Statistical Hypothesis Testing

5.1 For each combination of temperature, confining pressure, and frequency of loading
test the equality of variances between the standard specimen deformation system and
the proposed specimen deformation measuring system using the F-test described
below. In the description below, the subscript s refers to the standard system and the
subscript p refers to the proposed system.

Null Hypothesis:
Variance of proposed system equals that of standard system, o ,* =0,

Alternative Hypothesis:
Variance of proposed system is greater than that of standard system, o ,* >0 ?

Test Statistic:
s 2
F :Lz
SS
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where
spz = computed sample variance for the proposed system
s = computed sample variance for the standard system

Region of Rejection:
For the sample sizes specified, the test statistic must be less than 2.82 to conclude
that the variances are equal.

5.2 Summarize the resulting test statistics for dynamic modulus and phase angle.

5.3 If the results conclude the variance is greater for the proposed measuring for any of
the combinations of temperature, confinement, and loading frequency tested, then the
proposed measuring system is unacceptable.

5.4 For combinations of temperature, confinement, and loading frequency where equality
of variancesis confirmed by the hypothesis test in Item 5.1, test the equality of
means between the standard specimen deformation system and the proposed
specimen deformation measuring system using the t-test described below. In the
description below, the subscript s refers to the standard system and the subscript p
refers to the proposed system.

Null Hypothesis:
Mean from the proposed system equals that from the standard system, upz = U

2

Alternative Hypothesis:
Mean from the proposed system is not equal to that from the standard system,

y # u
Test Statistic:
t= (yp B 75)
n
J6
where:

2 2
o= fsp +s,
2

¥, = computed sample mean from the proposed system

¥, = computed sample mean from the standard system
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.2 = computed sample variance for the proposed system
sZ = computed sample variance for the standard system

Region of Rejection:
For the sample sizes specified, the absolute value of the test statistic must be less
than 2.07 to conclude that the means are equal.

5.5 Summarize the resulting test statistics for dynamic modulus and phase angle.

5.6 If the results conclude the means are not equal for any of the combinations of
temperature, confinement, and loading frequency tested, then the proposed
measuring system is unacceptable.

6.0 Report
6.1 Design datafor the mixture used in the evaluation.

6.2 Air void contents for individual specimens and the average and standard deviations
of the air void contents for the two subsets.

6.3 Tabular chronological summary of the block testing showing starting date and time
and completion date and time for each block.

6.4 Summary tables of dynamic modulus, phase angle, and data quality indicators for
each combination of temperature, confining pressure, and loading frequency for the
two measuring systems.

6.5 Summary tables of the mean and variance of the dynamic modulus and phase angle
for each combination of temperature, confining pressure, and loading frequency for
the two measuring systems.

6.6 Summary tables of the hypothesis tests for the variance and mean of the dynamic
modulus and phase angle for each combination of temperature, confining pressure,
and loading frequency.

6.7 Conclusions concerning the acceptability of the proposed measuring system.
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AASHO
AASHTO
APTA
ASCE
ASME
ASTM
ATA
CTAA
CTBSSP
FAA
FHWA
FMCSA
FRA
FTA
IEEE
ITE
NCHRP
NCTRP
NHTSA
NTSB
SAE
TCRP
TRB
U.S.DOT

Abbreviations used without definitions in TRB publications:

American Association of State Highway Officials
American Association of State Highway and Transportation Officials
American Public Transportation Association
American Society of Civil Engineers

American Society of Mechanical Engineers

American Society for Testing and Materials

American Trucking Associations

Community Transportation Association of America
Commercial Truck and Bus Safety Synthesis Program
Federal Aviation Administration

Federal Highway Administration

Federal Motor Carrier Safety Administration

Federal Railroad Administration

Federal Transit Administration

Institute of Electrical and Electronics Engineers
Institute of Transportation Engineers

National Cooperative Highway Research Program
National Cooperative Transit Research and Development Program
National Highway Traffic Safety Administration
National Transportation Safety Board

Society of Automotive Engineers

Transit Cooperative Research Program
Transportation Research Board

United States Department of Transportation
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