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FOREWORD

By Staff
Transportation Research
Board

Thisreport presentsaplan, in theform of adraft AASHTO standard practice, for qual-
ity control (QC) and quality acceptance (QA) of field production, placement, and com-
paction of hot mix asphalt (HMA) prepared in conformance with Superpave material s spec-
ifications and mix designs. It will be of particular interest to materials engineers in state
highway agencies and to those agency and contractor personnel responsible for control and
acceptance of HMA paving projects. The report also contains the detailed research results
supporting the devel opment of the QC/QA plan, including experimental data obtained dur-
ing the construction of pavement projects using Superpave mix designs across the United
States.

A principal product of the Strategic Highway Research Program (SHRP) is the Super-
pave performance-based mix design and analysis method. This method incorporates new,
performance-based material specifications, test methods, and design and analysis proce-
dures for HMA. Interest in the Superpave method has grown rapidly since the conclusion
of SHRP in 1993. The Superpave Lead State Team of the AASHTO Task Force on the
Implementation of SHRP reported that in 1996, 28 states incorporated both binder and mix
specifications in awarding 95 Superpave projects. Nationally, these projects represented
approximately 1 percent of total projectsand 2 percent of total tonnage. For 1997, projected
figuresindicated that the number of states using Superpave would increase to greater than
40, while planned projects totaled in excess of 300. However, to realize the maximum ben-
efit of improved performance possible through the Superpave method, state highway agen-
cies must ensure that the production, placement, and compaction of HMA in field projects
are controlled to maintain compliance with the Superpave specifications and mix design.

Under NCHRP Project 9-7 “Field Procedures and Equipment to Implement SHRP
Asphalt Specifications’” Brent Rauhut Engineering Inc. was assigned the tasks of (1) estab-
lishing comprehensive procedures and, if required, developing equipment for QC/QA of
field production, placement, and compaction to ensure that as-placed HMA conforms with
the Superpave mix design and (2) preparing a training program for qualifying technicians
to accomplish these QC/QA procedures.

Theresearch team reviewed rel evant domestic and foreign literature on established and
innovative process control methods in the HMA industry aswell as the wider manufactur-
ing sector; carried out field QC/QA operations and conducted extensive laboratory testing
on field- and laboratory-compacted specimens from 15 pavement projects constructed in
1994, 1995, and 1996; evaluated avariety of test methods and equipment for contractor con-
trol of field operations with Superpave-designed HMA; and developed a prototype field
shear test (FST) device to measure key HMA performance properties during pavement
construction.

This NCHRP report presents several products expected to facilitate the wider imple-
mentation of the Superpave mix design method: a QC/QA plan, including tolerances for
key materials and volumetric mix properties, for field production and lay down of HMA



produced in accordance with Superpave material specifications and mix designs method
(Chapter 2); guidelines for adjustment of production and placement of HMA to maintain
conformance with Superpave specifications and mix designs (Chapter 3); a training pro-
gram (available in the form of a Microsoft Powerpoint presentation) for qualifying techni-
ciansto usethe procedures set forth in the QC/QA plan (Chapter 4); and equipment require-
ments, test procedures, and data analysis techniques for use of the Superpave gyratory
compactor asthe principal tool in QC/QA operations, and for the FST device and the rapid
triaxial test that with further development may complement the gyratory compactor in such
operations (Chapter 5).

The QC/QA plan presented in Chapter 2 establishes minimum requirements and activ-
itiesfor a contractor’ s QC system related to Superpave mix design, production, placement,
and compaction. These requirementsinclude alisting of theinspections and tests necessary
to substantiate material and product conformance to the Superpave mix design. The primary
method of field QC employs the Superpave gyratory compactor and evaluation of the vol-
umetric properties of the mix.

The plan also establishes requirements for a state highway agency’s assessment and
acceptance of a project incorporating Superpave-designed HMA. This plan, coupled with
the contractor’s QC plan, provides the necessary quality assurance for control, verification,
and acceptance of the project.
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CHAPTER 1

QUALITY CONTROL AND ACCEPTANCE OF SUPERPAVE-DESIGNED

HOT MIX ASPHALT

1.1 INTRODUCTION

Interest in the Superpave performance-based mix design
and analysis system, developed through the asphalt research
program of the Strategic Highway Research Program (SHRP),
is rapidly growing throughout the nation. AASHTO member
departments are actively gearing up for Superpave imple-
mentation. The AASHTO Task Force on SHRP Implementa-
tion has targeted SHRP's asphalt products as one of its pri-
orities. Members of the AASHTO Highway Subcommittee
on Materials are evaluating more than 20 specific productsin
the asphalt area. A pooled-fund study has assisted the states
to obtain the necessary laboratory test equipment. The Fed-
eral Highway Administration (FHWA) has established five
Superpave Regional Centersnationally to assist state highway
agencies (SHAs) with Superpave implementation. Industry
must be involved, however, to fully implement SHRP's rec-
ommendations and will need the knowledge and toolsto com-
ply with the new requirements. To that end, user-producer
groups are operating on a regional basis, involving SHAS,
contractors, and materials manufacturers and suppliers. Infor-
mation presented to these groups, initially by SHRP and now
by the FHWA, has built wide-ranging support for adoption of
this new system of material specifications, test methods and
equipment, design and analysis practices, and software.

Such significant improvements in asphalt binders, test
equipment and procedures, analysis of test results, and spec-
ifications should provide a substantially greater level of per-
formance from paving mixes designed with the Superpave
system. However, to realize theseimprovements, SHAS must
ensure that the production, placement, and compaction of
paving mixesin field projects are controlled to maintain com-
pliance with the specifications.

A genera approach to field control procedures was devel-
oped under SHRP to assist field technicians in adjusting mix
design and monitoring production. The need was identified
for additional research to specifically provide SHAs and
paving contractors with appropriate quality control and qual-
ity assurance (QC/QA) procedures for the field implementa-
tion of the Superpave material specifications and mix
designs. NCHRP Project 9-7, “Field Procedures and Equip-
ment to Implement SHRP Asphalt Specifications,” wasiniti-
ated to satisfy this requirement.

NCHRP Project 9-7 had two key objectives:

« To establish comprehensive procedures and, if required,
develop equipment for QC/QA at the asphalt plant and lay
down siteto ensurethat hot mix asphalt (HMA) meetsthe
Superpave performance-based specifications and

» Todevelop aframework for atraining program for qual-
ifying technicians to accomplish these QC/QA proce-
dures.

After areview of the SHRP asphalt research program results
and discussion with the NCHRP Project 9-7 panel, adecision
was made to consider only permanent deformation as a dis-
tress factor. Permanent deformation is a short-term phenome-
non that can be evaluated by QC/QA field testing. Pavement
fatigueisalong-term phenomenon that is generally addressed
through pavement layer thickness determination during the
pavement design process. Low-temperature cracking is ad-
dressed during the Superpave mix design process by the selec-
tion of the appropriate performance grade of asphalt binder.

This report presents QC/QA procedures developed on the
basis of experimental dataobtained from 14 field paving proj-
ects during the course of the project. The report assumes a
familiarity with the Superpave mix design proceduresinclud-
ing the use of the Superpave gyratory compactor (SGC).!

Although the current focus of the SHAs is on the Super-
pave volumetric mix design method (originaly termed
Superpave level 1), Project 9-7 aso considered the original
Superpave level-2 and Superpave level-3 design procedures
(now termed abbreviated and full mix analyses) recom-
mended by SHRP. Further, in this report the QC function is
assigned specifically to the paving Contractor and the QA
function is assigned solely to the SHA.

The report is organized in two parts. Part | (Chapters 2
through 6) provides specific details of the products delivered
by the research project and is intended for the practitioner
and the user. Part | includes the following:

* A QC/QA plan for field production and lay down of
HMA produced in accordance with Superpave materia
specifications and mix design method (Chapter 2);

AASHTO TP4, Sandard Method for Preparing and Determining the Density of
HMA Specimens by Means of the SHRP Gyratory Compactor.



Guidelines for adjustment of production and placement
of Superpave-designed HMA (Chapter 3);

A training program for qualifying techniciansto usethe
procedures set forth in the QC/QA plan (Chapter 4);

A description of two field-testing devices that support
the SGC for QC practices and provisional test proce-
dures and data analysis for their use (Chapter 5); and

A summary of the research results of NCHRP Project

 Test proceduresfor the field QC devices developed dur-

ing the project (Appendices B and C);

« TheStage| research approach: Superpave mix designsfor

six experimental construction projectsconducted in 1994;
QC datafor the six projects; statistical analyses; and con-
clusionsfor the Version 1 QC/QA plan (Appendix D);

« The Stage |l research approach: Superpave mix designs

for seven experimental construction projectsin 1995; QC

9-7 and the conclusions drawn from the resultsthat form
the basis for the QC/QA practices and suggested guide-
lines for mix and placement adjustments (Chapter 6).

data for the seven projects; statistical analyses; and con-
clusionsfor the Version 2 QC/QA plan (Appendix E);

* Verification of the Version 2.0 QC/QA plan; Superpave
mix design for a project in Louisiana on which the Ver-
The appendices form Part Il of the report. They provide sion 2.0 plan was used; statistical control charts; com-

complete experimental details and results upon which the paction data, and statistical analyses (Appendix F);

products presented in Chapters 2 through 5 are based. The  Dispute resolution: Statistically based guidelines for

appendices include the following: comparison of QC and QA data adopted by AASHTO

(Appendix G);
e Additiona training information that can be used for  Shear displacement rheometer (SDR) (Appendix H);
assisting in the implementation of Superpave activities and

(Appendix A); + Gyratory sengitivity (Appendix I).




CHAPTER 2

QC/QA PLAN FOR PRODUCTION AND LAY DOWN OF SUPERPAVE HMA

This chapter presents the specific details necessary to
effectively control the production and lay down of Superpave
mixes. The need for and use of a QC function cannot be
overemphasized for the Superpave mix. Quality cannot be
tested or inspected into the Superpave mix; it must be “built
in.” Asdiscussed in the AASHTO QC/QA Specification and
I mplementation Guide, QC should be completed by the Con-
tractor. Thus, it isimperative that the Contractor have afunc-
tional, responsive QC Plan. When a Contractor’s QC Planis
initially required, minimum requirements are helpful as a
guide to the Contractor. This approach provides a uniform
basis for bidding and ensures a minimum level of QC. It is
important that a QC Plan address the actions needed, includ-
ing the frequency of testing to (a) keep the processin control,
(b) quickly determine when it goes out of control, and (c)
respond adequately to bring the process back into control.

2.1 SCOPE

This QC Plan establishes minimum requirements and
activitiesfor a Contractor’s QC system related to the Super-
pave mix design. These requirements pertain to the inspec-
tions and tests necessary to substantiate material and product
conformance to the Superpave mix design requirements and
to all related inspections and tests. The primary method of
field QC employs the use of the SGC and evaluation of the
volumetric properties of the mix.

This QC Plan shall apply to all construction projects using
a Superpave mix design when so indicated in the contract
documents. If there are inconsistencies between the contract
documents and this QC Plan, the contract documents shall
control.

2.1.1 Functions and Responsibilities
21.1a HA

The SHA will verify the Superpave volumetric mix
designs, inspect plants, and monitor control of the operations
to ensure conformity with the Superpave mix regquirements.

At no time will the SHA representative issue instructions
to the Contractor or Producer about setting dials, gauges,
scales, and meters. However, the SHA representatives will

have the responsibility to question and warn the Contractor
against the continuance of any operations or sequence of
operations that will obviously not result in satisfactory com-
pliance with Superpave mix requirements.

2.1.1.b The Contractor

The Contractor shall be responsible for development and
formulation of the Superpave mix design, which will be sub-
mitted to the SHA for verification. In addition, the Contrac-
tor shall be responsible for the process control of all materi-
als during the handling, blending, mixing, and placing
operations.

2.1.2 QC System
2.1.2.a General Requirements

The Contractor shall provide and maintain a QC system
that will provide reasonable assurance that al materials and
products submitted to the SHA for acceptance conformto the
Superpave specification requirements whether manufactured
or processed by the Contractor or procured from suppliers or
subcontractors. The Contractor shall perform or have per-
formed the inspection and tests required to substantiate prod-
uct conformance to the Superpave volumetric mix design
regquirements and shall also perform or have performed all
inspections and tests otherwise required by the SHA contract.
The Contractor’s QC procedures, inspections, and tests shall
be documented and shall be available for review by the SHA
for the life of the contract.

2.1.2.b Documentation

The Contractor shall maintain adequate records of all
inspections and tests. The records shall indicate the nature
and number of observations made, the number and type of
deficiencies found, the quantities approved and rejected, and
the nature of corrective action taken as appropriate. The Con-
tractor’s documentation procedures will be subject to the
review and approval of the SHA before the start of the work
and the compliance checks during the progress of the work.
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All charts and records documenting the Contractor’s QC
inspections and tests shall become property of the SHA upon
completion of the work.

2.1.2.c Chartsand Forms

All conforming and nonconforming inspections and test
results shall be recorded on appropriate forms and charts,
which shall be kept up to date and complete and shall be avail-
able at all timesto the SHA during performance of the work.
Test propertiesfor the various materials and mixtures shall be
charted on forms or other appropriate means, which are in
accordance with the applicable requirements of the SHA.

2.1.2.d Corrective Action

The Contractor shall take prompt action to correct condi-
tions that have resulted or could result in the submission of
materials, products, and completed instructions that do not
conform to the requirements of the SHA Superpave specifi-
cation requirements.

2.1.2.e Measuring and Testing Equipment

The Contractor shall provide and maintain measuring and
testing apparatus necessary to ensure that the materials and
products conform to the Superpave specification require-
ments. To ensure continued accuracy, the apparatus shall be
inspected and calibrated at established intervals against rele-
vant SHA standards. In addition, the Contractor’ s personnel
shall be appropriately qualified through specified accredita-
tion proceduresfor obtaining and processing samplesand for
operating such apparatus and for verifying their accuracy and
condition. Calibration results shall be available to the SHA
at al times.

2.2 SUPERPAVE PERFORMANCE-GRADED
ASPHALT BINDER (PGAB) CERTIFICATION

2.2.1 PGAB QC

The QC of the Superpave PGAB will be in accordance
with AASHTO PP26-96, “ Standard Practice For Certifying
Suppliers of Performance-Graded Asphalt Binders.”

2.2.2 AASHTO PP26-96 Standard

AASHTO PP26-96 specifies requirements and procedures
for a certification system that shall be applicable to all sup-
pliersof PGAB. Therequirementsand procedures shall apply
to materials that meet the requirements of AASHTO stan-
dard MP1 “Specifications for Performance-Graded Asphalt
Binders,” Section 5, Materials and Manufacture, and that are

manufactured at refineries, mixed at terminals, in-line
blended, or modified at the HMA plant. Sections 9 and 13 of
the AASHTO PP26-96 are of primary importance to the
HMA plant operations related to PGAB certification and QC.

2.3 SUPERPAVE MIX DESIGN
AND PRODUCTION

2.3.1 Laboratory Trial Mix Formula (LTMF)
and HMA Plant Laboratory Verification

The Contractor shall develop a Superpave LTMF for the
HMA paving courses by the Superpave mix design proce-
dure employing the volumetric mix design concept with the
gyratory compactor. The Contractor will perform a mix
analysis using the Superpave performance tests when
deemed necessary by the SHA Superpave specifications.

At least 1 month before the start of construction (or when
the construction materials are available), the Contractor shall
verify in the laboratory that the paving mixes prepared from
the asphalt binder, coarse and fine aggregate, and minera
filler, when necessary, planned for use in the pavement con-
struction yield mix composition and gyratory-compacted
(AASHTO Standard Method TP4) properties within the
LTMF toleranceslisted in Table 2-1. The Contractor shall be
responsible for setting the HMA plant to produce the hot mix
withinthe LTMF tolerances (standard deviation ) specifiedin
Table 2-1 for the mix composition and gyratory-compacted
mix properties. Annex | provides an alternative approach
using conformal indices in lieu of standard deviations. The
values in Table 2-1 were developed for individua samples
(n = 1). For larger sample sizes, the standard deviation val-
uesin Table 2-1 must be adjusted by the following equation:

x|
5a

where
ok = standard deviation of sample means of samplesizen
o = standard deviation from Table 2-1
n = samplesize

The Contractor shall report to the SHA, in writing, the
results of this laboratory verification and any actions neces-
sary in the Contractor’s judgment to bring the paving mixes
produced with the materials planned for use in the pavement
construction into conformance with the LTMF Superpave
tolerances. The Contractor shall not proceed to thefield ver-
ification (Section 2.3.2) without the approval of the SHA.

2.3.2 Field Verification and Adjustment
to the LTMF

At the beginning of the project, the contractor shall pro-
duce aminimum of 500 tons but not exceed aday’ s produc-



TABLE 2-1 Superpave LTMF tolerances based on standard deviations (mixture composition
and gyratory properties)

Mix Composition Property Extraction Nuclear Ignition Cold
fﬂ!!gg Furnace _Feed |
Asphalt Content + 0.25 +0.18 +0.13 -
Gradation Passing 4.75mm (No. 4) and
Larger Sieves +3 - - +3
Passing 2.36mm (No. 8) to 150um (No.
100) Sieve +2 -- - +2
Passing 75um (No. 200) Sieve +0.7 -- + 0.7
Maximum Theoretical Specific Gravity (G,,,) =+ 0.015
Gyratory Compacted Mix Property
Air Voids (V,) +1
Voids in Mineral Aggregate (VMA) +1
Voids Filled With Asphalt (VFA) +5
Bulk Specific Gravity (G,,,) + 0.022
Compaction Curve Slope (m) + 0.40

tion of HMA of uniform composition and shall verify that the
plant-produced HMA is within the Superpave LTMF toler-
ances shown in Table 2-1. The contractor may opt to com-
pare the performance-based test results on plant-produced
material to those developed from the performance-based test
results from the LTMF.

The Contractor and the SHA shall each randomly (Annex
I1) obtain one 200-Ib sample of cold feed aggregate and
plant-produced Superpave mix from each 100-ton sublot.
The SHA and the Contractor shall split each sampleinto two
sets of specimens to determine the arithmetic means and
standard deviations of the following propertiesfor each 100-
ton sublot and for the minimum 500-ton production:

1. The gradation of the cold-feed aggregate;

2. The asphalt content and combined aggregate gradation
(AASHTOT 165);

3. The maximum specific gravity of the HMA (AASHTO
T 209);

4. The gyratory compaction curve for Ny (AASHTO
Standard Method TP4);

5. The bulk specific gravity (AASHTO T 166, SSD
method) a Ngesgn gyrations (AASHTO Standard
Method TP4);

6. The air void content (percent V,) a Ninit, Neesgn @nd
Nmax gyrations (AASHTO Standard Method TP4);

7. Thevoidsinthe minera aggregate (percent VMA) and
the voids filled with asphalt (percent VFA) at Ngesign
gyrations (AASHTO Standard Method TP4); and

8. The slope of the gyratory compaction curve.

The Contractor and the SHA shall statistically evaluate
their independent sets of test results (e.g., with the Student’s

t-test) and compare them with those for the LTMF of the
paving mix with due consideration given to test type and
variations associated with the applicable tests. The 500-ton
lot of Superpave mix must meet an acceptable quality level
of 90 percent within the LTMF limits for each of the follow-
ing characteristics. asphalt content, aggregate gradation, and
volumetric properties identified in Table 2-1.

If deemed necessary, the Contractor shall adjust the HMA
plant operation to bring all characteristics of the Superpave
mix into compliance with the LTMF established tolerances.

The Contractor shall employ test data obtained for the
HMA produced in compliance with the LTMF to establish
initial control chartsfor the HMA production process (Annex
I11); these charts shall be used to determine whether vari-
ability has occurred because of assignable causes that must
be remedied. Control charts shall be refined with test results
obtained during the first week of routine HMA mix produc-
tion in accordance with the Superpave mix design.

2.3.3 Establishment of Compaction Rolling
Pattern (Control Strip)

During field verification production of the Superpave-
designed HMA (Section 2.3.2), the Contractor shall place
and compact at least 500 tons of HMA produced in compli-
ance with the LTMF tolerances to establish compaction pat-
ternsand verify that the equipment and the processes planned
for lay down and compaction are satisfactory.

The HMA shall be placed in atria area (control strip) at
the thickness required by the pavement cross-section design.
The Contractor shall employ anuclear density gauge or other
approved method of test to establish a compaction pattern
that meets the specification criteriafor in-place density.
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2.4 SAMPLING AND TESTING

The QC Plan recognizes that the LTMF generally is not
representative of the HMA that is produced in the field. The
target values developed from the field verification of the
plant-produced HMA and the control strip will become the
control values. The target levels for key mix properties will
be established through the field verification of HMA produc-
tion (Section 2.3.2) and the lay down of the control strip
(Section 2.3.3). These include the maximum theoretical bulk
specific gravity, gyratory compaction parameters that will
subsequently be used as QC indicators, volumetric properties
such as percent air voids, percent VMA, percent VFA, and,
if opted for by the Contractor, the performance properties.

The QC Plan is based on a concept of continuous sam
pling of Superpave HMA at the plant. Lots and sublots are
considered in the QC Plan only for in-place compaction. The
QC sampling will progress continuously aslong asthetarget
values are within the LTMF tolerances and do not change
substantially as monitored by the control chart values. The
objective of sampling and testing associated with this QC
Plan is to ensure conformance of the mean properties of the
“plant-produced”’ mix with the “target” mix and to minimize
variability in the HMA.

The Contractor’s QC Plan shall be based on random sam-
pling and testing of the HMA at its point of production to
determine compliance with the LTMF tolerances. The Con-
tractor shall measure by means approved by the SHA and
record a daily summary including the following:

e Quantities of asphalt binder, aggregate, mineral filler,
and (if required) fibers used;

 Quantities of HMA produced; and

« HMA production and compaction temperatures.

The QC Plan shall include a statistically sound, random-
ized sampling plan to provide samples representative of the
entire HMA production and to ensure that all sampling is
conducted under controlled conditions.

2.5 QC ACTIVITIES
2.5.1 Plant-Produced Superpave Mix QC

The primary method of field QC makes use of the SGC
and the volumetric properties of the HMA. If the results of
testing are within LTMF tolerances of Section 2.3.2 (field
verification and adjustmentsto the LTMF), the productionis
considered in control. Subsequent sampling and testing will
be performed with the estimated bulk specific gravities (G,
est.) at design number of gyrations (Nge) obtained from the
gyratory compactor by the following:

1. A sample is randomly obtained. A known weight is
measured into the heated mold.

2. The specimen is compacted t0 Nyaimum- Heights are
recorded at each gyration.

3. The operator performs a calculation to determine the
estimated Gmb a Nd&sign-

4. The estimated bulk specific gravity is corrected by the
laboratory correction ratio

Gy (Measured)
G, (estimated)

C=

5. The slope of the gyratory compaction curve is calcu-
lated by the method used in report SHRP-A-407, Sec-
tion 3.7.4.1, as follows: The compaction or densifica-
tion curve is characterized by three parameters. C,; is
the percent of maximum theoretical specific gravity
after Ny, gyrations; C.. iS the percent of maximum
theoretical specific gravity after Ny gyrations. The
slope of the densification curve, m, is calculated from
the best-fit line of al data points assuming that the
gyratory compaction curve is approximately linear. In
situations where density begins to approach 100 per-
cent, and the densification curve begins to bend down-
ward, the slopeis calculated from the straight line por-
tion of the curve. The slope is calculated by the
following equation:

IOgN max IOgN init

slope, m =
P Cmax - Cinit

The Contractor shall use statistical control charts for the
corrected, estimated G, and the slope of the gyratory com-
paction curveto determine whether the processtarget or vari-
ability in the HMA production is due to random or assign-
able causes. Periodicaly, the Contractor will determine a
measured G, to validate the correction factor for control
comparison.

Target values and upper and lower control limits for the
control charts are determined from the gyratory mix proper-
ties (estimated G, and compaction curve slope) measured
during the field verification process (Section 2.3.2) and the
first few days of production. The grand mean and average
range of the test data shall be used to develop x-bar (mean)
and R (range) control chartsfor each material property. Upper
and lower control limits shall be set at =2s and = 3s, defined
as warning and action control limits, respectively where sis
the sample standard deviation. These initial measurements
for routine HMA production shall agree with those of the ver-
ification samples tested in accordance with the requirements
of Section 2.3.2. If the control limits are not within the allow-
able LTMF tolerance limits, the Contractor shall modify the
HMA production process to reduce the variability and bring
the control limits within the specification limits.

Eight consecutive plotted points on either side of the tar-
get value or one point outside the warning or action limit
indicates a mix composition change. At this point, another



Gy Mmeasurement must be conducted to confirm compliance
with the target. If the resultsindicate noncompliance, adjust-
ments must be made to the asphalt content or aggregate gra-
dation to provide mixture compliance. Once adjustments
have been made, G, G, asphalt content, gradation, air
voids, VMA, and VFA determinations must be made and
compared with the LTMF alowable tolerances. The Con-
tractor may opt to conduct the field shear test to evaluate
engineering properties.

2.5.2 QC of In-Place Compaction

The Contractor shall develop and implement a plan
approved by the SHA to control the compaction of the HMA
and ensure its compliance with the project specification.

The QC Plan for compaction shall include a statistically
sound, randomized sampling and testing plan using proce-
dures to provide measurements of thein-place air voids con-
tents representative of the entire pavement course and to
ensure that all sampling or testing is conducted under con-
trolled conditions. Methods for sampling or testing the in-
place pavement shall be approved in advance by the SHA.
For purposes of QC, alot shall be defined as a pavement sec-
tion 5,000 ft long and 12 ft wide; for sampling purposes, each
lot shall be divided into a minimum of five sublots.

The Contractor shall measure and record adaily summary
of the following: the amount (truck loads and tons per truck)
of HMA delivered to the paver; the temperature (+=1°C) of
the HMA in each truck on the surface of the load; and the
temperature (+1°C) of the mat at the approximate start of the
compaction process.

The Contractor shall establish astatistical control chart for
the in-place air voids content based on the percent of maxi-
mum theoretical density. The minimum requirement is 93
percent of maximum theoretical density and the maximum is
98 percent. This property shall be determined throughin situ,
nondestructive measurement or sampling and testing of core
specimens. Four in situ, nondestructive measurements shall
be made or two pavement cores shall be taken and tested per
sublot at randomly selected pavement locations. The Con-
tractor shall use the statistical control chart to determine
whether variability in the compaction is due to assignable
causes. Corrective action shall be taken by the Contractor,
when necessary, to bring the in-place compaction process
under control.

Target values and control limits for the control chart will
be determined from compacti on data measured during estab-
lishment of the compaction (rolling) patterns (Section 2.3.3)
and the first day’s pavement construction. The grand mean
and average range of the test data shall be used to develop
x-bar (mean) and R (range) control charts for compaction.
Upper and lower control limits shall be set at £2sand *+3s,
defined as warning and action control limits, respectively,
where sis the sample standard deviation. If the control lim-
its are not within the allowable tolerance limits, namely,
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93-98 percent of maximum theoretical density, the Contrac-
tor shall modify the HMA lay down and compaction process
to reduce the variability and bring the control limits within
the specification limits.

The Contractor shall provide the SHA with copies of the
control charts. One test point outside the upper or lower
warning control limit shall be considered an indication that
the control of the lay down and compaction process may be
unsatisfactory and shall require the Contractor to confirm
that the process parameters are within acceptable bounds.
Onetest point outside the upper or lower action control limit
or eight consecutivetest pointson one side of thetarget value
shall be judged as alack of control inthelay down and com-
paction process and shall require the Contractor to stop HMA
production and lay down until the assignable cause for the
lack of control is identified and remedied. The Contractor
shall report within 24 h to the SHA (1) the assignable cause
for the stop in production and (2) the action taken to remedy
the assignable cause.

2.6 NONCONFORMING MATERIALS

The Contractor shall establish and maintain an effective
and positive system for controlling nonconforming material,
including proceduresfor itsidentification, isolation, and dis-
position. Reclaiming or reworking nonconforming materials
shall be in accordance with procedures acceptable to the
SHA. Chapter 3 provides suggested guidelines for adjusting
the components and HMA mix during the production and lay
down processes.

2.7 SHA INSPECTION AT SUBCONTRACTOR
OR SUPPLIER FACILITIES

The SHA may inspect materials not manufactured within
the Contractor’ sfacility. SHA inspection shall not constitute
acceptance nor shall it in any way replace the Contractor’s
inspection or otherwise relieve the Contractor of the respon-
sibility to furnish an acceptable material or product. When
inspection of the Subcontractor’s or Supplier’'s product is
performed by the SHA, such inspection shall not be used by
the Contractor as evidence of effective inspection of such
Subcontractor’s or Supplier’s product.

Subcontracted or purchased materials shall be inspected
by the Contractor when received, as hecessary, to ensure con-
formance to contract requirements. The Contractor shall re-
port to the SHA any nonconformance found on SHA
source-inspected material and shall require the supplier to
take necessary corrective action.

2.8 SUPERPAVE QUALITY ACCEPTANCE PLAN

Acceptance sampling and testing of a Superpave-designed
HMA is a prescribed procedure, usually involving stratified
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sampling, which is applied to a series of lots of HMA. The
acceptance sampling and testing enablethe SHA to decideon
the basis of a limited number of tests whether to accept a
given lot of plant mix or construction from the Contractor. It
must be emphasized that the objective of acceptance sam-
pling and testing isto determine a course of action (accept or
reject). It is not an attempt to “control” quality.

2.8.1 Scope

Acceptance sampling is performed in accordance with an
Acceptance Plan. The Acceptance Plan is the method of tak-
ing a sample and making measurements on the sample, for
the purpose of determining the acceptability of alot of mate-
rial or construction. Briefly, interms of acceptance sampling,
the Acceptance Plan for the Superpave-designed HMA
defines the following:

. Lot size,

Number of samples or measurements,
Sampling or measuring procedure,

. Point(s) of sampling or measurement,
Method of acceptance, and

. Numerical value of specification limits.

OUAWNE

The acceptance sampling and testing frequency islessthan
that used by the Contractor for QC purposes. Because the
Contractor tests more frequently to ascertain that the process
variation is within specification tolerances, the SHA needs
only to carry out additional work in accordance with the
specification Acceptance Plan to ensure the degree of the
HMA with the Superpave mix design specification.

2.8.2 Acceptance Plan Approach
for Superpave-Designed HMA

The Acceptance Plan consists of the evaluation of the
percent of material or construction within the specification
limits (PWL) established for the Superpave-designed HMA.
The following is the Acceptance Plan for estimating the
PWL.

1. Locate n sampling positions on the lot by use of the
table of random numbers.

2. Makeameasurement at each location or take atest por-
tion and make the measurement on the test portion.

3. Average the lot measurements to find X

n
=N X
2

4, Determine the standard deviation, s, of the lot mea-
surements.

_ e (X =%
S_\/Z n-1

1=1

5. Find the quality index, Q,, by subtracting the average,
X, of the measurements from the upper specification
limit, U, and dividing the results by s.

U-X
S

Qu=

6. Find the quality index, Q_ , by subtracting the lower
specification limit, L, from the average X and dividing
theresult by s.

_X-L

Q==

7. Estimatethe percentage of material that will fall within
the upper tolerance limit, UTL, by entering Table 2-2,
with Q,, using the column appropriate to the total num-
ber, n, of measurements.

8. Estimate the percentage of material that will fall within
the lower tolerance limit, LTL by entering Table 2-2
with Q, using the column appropriate to the total num-
ber, n, of measurements.

9. In caseswhere both UTL and LTL are concerned, find
the percent of material that will fall within tolerances
by adding the percent, P,, within the UTL to the per-
cent, P_ , within the LTL and subtract 100 from the
sum.

Total PWL = (P, +P,) —100

2.8.3 SUPERPAVE PGAB CERTIFICATION
2.8.3.a Acceptance Criteria

The acceptance of the Superpave PGAB will be in accor-
dance with AASHTO PP26-96 “Standard Practice For Cer-
tifying Suppliers of Performance-Graded Asphalt Binders.”

2.8.3.b AASHTO PP26-96 Standard

AASHTO P26-96 specifies requirements and procedures
for a certification system that shall be applicable to all sup-
pliers of PGAB. The requirements and procedures shall
apply to materials that meet the requirements of AASHTO
Standard MP1 *“Specifications for Performance-Graded
Asphalt Binders,” Section 5, Materialsand Manufacture, and
that are manufactured at refineries, mixed at terminals, in-
line blended, or modified at the HMA plant. AASHTO P26-
96. Sections 9, 10, 12, and 13 are of primary importance to



TABLE 2-2 Quality index values for estimating percent within limits

PWL n=3 n=4 n=35 n=7 n=10 n=15
99 1.16 147 1.68 1.89 2.04 214
98 k.15 144 161 1.77 1.86 193
97 1.15 141 1.55 1.67 1.74 1.80
96 1.45 1.38 1.4% 1.59 1.64 1.69
95 114 1.35 145 1.52 1.56 1.59
94 113 1.32 1.4¢ 1.46 1.49 1.51
93 1.12 129 1.36 1.40 1.43 144
92 i.11 1.26 1.31 1.35 1.37 1.38
91 [.10 123 1.27 1.3¢ 1.32 1.32
9 £.09 1.20 1.23 1.25 1.26 1.27
89 1.08 1.17 1.20 1.21 1.21 1.22
88 §.07 1.14 1.16 1.17 1.17 117
87 1.06 1.11 1.12 1.12 1.13 1.13
86 t.05 1.08 1.08 1.08 1.08 1.08
85 1.03 1.05 1.05 1.05 1.04 1.04
84 1.02 1.02 1.02 1.01 1.30 §.00
83 1.00 .99 0.98 .97 0.96 0.96
82 0.98 0.96 (.95 £.94 (.93 0.92
81 0.96 0.93 092 0.90 .89 0.89
80 0.94 (.90 (.58 .87 (.85 0.83
79 0.92 0.87 0.85 (.83 0.82 0.82
78 0.89 0.84 0.82 (.80 0.7¢ 0.78
77 0.87 081 0.79 0.77 0.76 0.75
76 0.84 0.78 0.76 0.74 0.72 0.72
75 .82 0.75 0.73 0.1 0.69 (.69
74 0.79 0.72 0.70 0.67 0.66 0.66
73 6.77 0.69 0.67 0.64 0.63 0.62
72 0.74 0.66 0.64 0.61 0.60 0.59
71 0.71 0.63 0.60 0.58 0.57 0.56
70 0.68 0.60 0.58 0.55 .54 0.54
69 0.65 0.57 0.55 0.53 .51 0.51
68 0.62 0.54 0.52 .50 048 0.48
67 0.59 0.5] 0.49 0.47 .46 045
66 0.56 048 0.46 0.44 043 0.42
65 0.53 045 043 0.41 040 0.40
64 0.4% 042 0.40 0.38 0.37 0.37
63 (.46 0.39 0.37 0.35 035 .34
62 0.43 0.36 0.34 0.33 0.32 .31
61 0.39 0.33 031 0.30 .30 0.29
60 0.36 .30 0.28 0.25 0.25 0235

Note 1: For negative values of Qy or Q, P, or P is equal to 10¢ minus the tabular Py, or P,.
Note 2: If the value of Qy or Q, does not correspond exactly to a value in the table, use the next higher value.
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the SHA related to PGAB certification and acceptance
procedures.

2.8.4 Superpave Specifications and
Mix Verifications

2.8.4.a Superpave Specifications

The mix shall be designed with the Superpave mix design
method to obtain an LTMF based on the following criteria:

» Control points and restricted zone. The Superpave
mix design resulting in the LTMF shall provide for the
selection of aggregate gradation for the paving mix by
means of control points and a restricted zone. The con-
trol points and restricted zone are graphed on the
FHWA'’s grading chart on which the percent of aggre-
gate passing a sieve size is plotted against the sieve
opening size raised to the 0.45 power. Table 2-3 identi-
fiesthe control points for gradations with nominal max-
imum sizes of 37.5, 25.0, 19.0, 12.5, and 9.5 mm.

TABLE 2-3 Superpave aggr egate gradation control points

(A) 37.5mm Nominal Maximum Size

Control Point {(Percent Passing)

Bieve Size

Minimum Maximum
T3 pm a ]
2.36mm 15 41
25.0mm - a3
Nominal maximum (37.5mm) o0 100
Maximum (50.0mm) 100 ——-
B) 25.0 Nominal Maximum Size
Control Paint (Percent Passing)
Sieve Size -
Minimum Maximum
75w 1 7
2.36mm 1% 45
19.0mm - 90
Mominal maximum {25.0mm) bt 100
Maximum {37 .5mm) 100 -
C} 19.0mm Nominal Maximum Size
LControl Point { .PEEE!! E_ag!'gg)
Sieve Si
Ve Size Minimum Mayimum
75 um 2 8
2.36mm 23 43
12.5mm - 90
Nominal maximurn {19.0mm) 80 100
Maximum {25.0mm) 100 -

D)12.5mm Nominal Maximum Size

Sieve Size Mini M
75 pum 1 10
2.36mm 28 58
9.5mm - 90
Nominal maximum (12.5mm) 90 100
Maximum (19.0mm} 100 ——

E)} 9.5mm Nominal Maximum Size

Sieve Size M Maxi
75 1m 2 10
2.36mm 32 67
4.75mm - 90
Nominal maximum (9.5mm) 90 100
Maximum {12.5mm) 100 _—
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TABLE 2-4 Superpave coar se aggr egate angularity requirements

Depth from Surface
Traffic (ESALSs)
< 100mm > 100mm
<3x10° 55/- -/-
<1x10° 65/- -/-
<3x10° 75/- 50/-
<1x10 85/80 60/-
<3x 10 95/90 80/75
<l1x10 100/100 95/90
>1x 108 100/00 100/00

Note:  "85/80" denotes that 85 percent of the coarse aggregate has one fractured face and 80 percent has two

fractured faces.

Coarse aggregate angularity. The LTMF shall be
based on design traffic level s associated with the coarse
aggregate angularity value shown in Table 2-4 being the
minimum.

Fine aggregate angularity. The LTMF shall be based
on a design traffic level associated with the fine angu-
larity value shown in Table 2-5 being the minimum.
Flat and elongated particles. The LTMF shall be based
on a maximum percent by weight of 10 percent for flat
and elongated particles. Note: a 5:1 ratio may be
changed to 3:1 based on review by FHWA mixtures
expert task group (ETG).

Clay content. The LTMF shall be based on a design
traffic level and the minimum sand equivalent value
expressed asaratio of the sand to clay readingsas aper-
cent. Table 2-6 identifies the minimum values.

Dust proportion. The dust proportion or dust-to-
effective asphalt ratio shall be between 0.6 and 1.2 for
all design traffic levels.

Air void (V,). Thedesign air voids (V,,) for the LTMF
shall be 4 percent for all traffic levels.

Voidsin the mineral aggregate (VMA). The accept-
able values for the VMA for the LTMF at 4 percent air
voids based on the nominal maximum size aggregateare
shownin Table 2-7.

Voids filled with asphalt (VFA). The acceptable range
of valuesfor the VFA forthe LTMF at 4 percent air voids
and the design traffic level isidentified in Table 2-8.
Gyratory compaction. The number of initial (N;u),
design (Nges), and maximum (N,.) gyrations shal be
based on the design traffic level and the average design
high air temperature and selected from Table 2-9. Com-
paction shall be carried out at an equiviscous tempera-
ture. Density shall be evaluated as the initial number of
gyrations (N;n), the design number of gyrations (Nges),
and the maximum number of gyrations(Na)-
Compaction requirements. The gyratory-compacted
specimens for the LTMF shall meet the density require-
ments specified in Table 2-10.

M oisture sensitivity. The compacted specimens of the
LTMF shall exhibit a minimum tensile strength ratio of
80 percent as determined by AASHTO T283.

TABLE 2-5 Superpave fine aggregate angularity requirements

Depth from Surface
Traffic (ESALs)
<100mm >100mm
<3x10° - -
<1x10° 40 -
<3x10° 40 40
<3x10’ 45 40
<1x10® 45 45
<1x10® 45 45

Note: Criteria are presented as minimum percent air voids in loosely compacted fine aggregate.

TABLE 2-6 Superpave clay content requirements

Traffic (ESALs)

Sand Equivalent

<3x10°
<3x10
>3x 107
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TABLE 2-7 Superpave VMA requirements

Nominal Maximum Size

Minimum Voids in
Mineral Aggregate (%)

9.5mm
12.5mm
19.0mm
25.0mm
37.5mm
50.0mm

15.0
14.0
13.0
12.0
11.0
10.5

TABLE 2-8 Superpave VFA requirements

Traffic Level (ESALSs)

Design VFA (%)

<3x 10°
<3x10°
<1x10®
>1x 108

70-80
65-78
65-75
65-75

2.8.5 Acceptance Criteria for
Superpave-Designed HMA

The HMA will be accepted on alot-by-lot basis by obtain-
ing stratified random samples and performing the required
acceptance tests.

2.8.5.a HMA Plant Production

The HMA shall be randomly sampled by the SHA at the
point of production either at the plant or from a hauling unit.
Sampling methods shall be in compliance with AASHTO T
168, ASTM D 979, or standard state practices.

« Plant acceptance sampling and lot size. A stratified
random sampling plan shall be followed to obtain a

minimum of five samplesper lot. Thelot shall be at least
1,000 tons or one day’ s production of HMA.
Acceptance testing. Each lot sample shall be split. One
split sample will be tested for asphalt content by the
approved SHA procedure. One split will be compacted
immediately with the SGC in accordance with AASHTO
TP4. The V, from the gyratory compaction curve shall
be determined. The SHA may opt also to determine the
VMA and the VFA.

PWL. The PWL will be determined for the asphalt con-
tent and V , in accordance with the acceptance plan iden-
tified in Section 2.8.2. The upper and lower specification
limits for determining the quality indices for asphalt
content shall bethoseidentified for the appropriate SHA
test method shown in Table 2-1. The upper and lower
specification limits for determining the quality indices
for V. shal bethose identified in Table 2-1.

TABLE 2-9 Superpave gyratory compaction effort

Design Average Design High Air Temperature
ESALSs > > S >
(millions) <39°C 39-40°C 41-42°C 43-44°C
Nini Ndes Nma Nini Ndcs Nma Nini Ndes Nma Nini Ndes Nma
<0.3 7 68 104 7 74 114| 7 78 121 ( 7 82 127
0.3-1 7 76 17| 7 8 129 7 88 138| 8 93 146
1-3 7 8 134 8 95 150| 8 100 158 8 105 167
3-10 8 9 152 8 106 169 8 113 181 | 9 119 192
10-30 8 109 174 9 121 195( 9 128 208 | 9 135 220
30-100 9 126 204 9 139 228 9 146 240 10 153 253
>100 9 143 233 10 158 262 10 165 275| 10 172 288
TABLE 2-10 General Superpave compaction requirements

Compaction Level

Required Density

N

init
des

N,

max

< 89.0% of G,y,
= 96.0% of G,y
< 98.0% of G,




The SHA may opt aso to determine the PWL for VMA
and VFA. Thelower specification limits for determining the
lower quality indicesfor VMA and VFA shall bethose estab-
lished for the LTMF.

2.8.6 Pavement Compaction

The Superpave-designed HMA shall be sampled by the
SHA after appropriate compaction.

2.8.6.a Pavement Acceptance Sampling
and Lot Sze

A stratified random sampling plan shall be followed to
obtain aminimum of five samples per lot. The lot shall be at
least 1,000 tons or one day’s production of HMA placed on
the project site.

2.8.6.b Acceptance Testing

Each lot shall be tested with a calibrated nuclear gauge or
core samples as determined by the SHA. The percent of max-
imum theoretical density will be determined for each test.

13
2.8.6.c PWL

The PWL will be determined for density in accordance
with the acceptance plan identified in Section 2.0. An upper
and lower quality index value, Q_, will be calculated for the
lot from the following formula:

0.98T - X,

Qu = " n
S

X, —0.93T
Q =-" s

PWL = (PWL ypper + PWL | ger) ~100

where
X, = average of n density measurements, |bs/ft®
T = maximum theoretical density, Ibs/ft;
s = sample standard deviation
Q. = lower quality index value
Q. = upper quality index value
PWL ypper = PWL on upper side of specification
PWL owe = PWL on lower side of specification
PWL = total PWL
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ANNEX |

CONFORMAL INDEX APPROACH

An dternative approach to the use of the standard devia-
tions from which the tolerances shown in Table 2-1 were
derived is a statistic referred to as the conformal index (CI).
This approach was originally identified by Materials
Research and Development, Inc. This statistic is a direct
measure of process capability and can be used to accurately
estimate the size and incidence of deviations (variations)
from the quality level target such as the approved target job
mix formula (JMF).

TheCl, likethe standard deviation, is a statistical measure
of variation. However, the standard deviation is the root
mean square of differences from the arithmetic average, or
central value, whereas the Cl is the root mean square of the
differences from a target such as the JIMF vaue. In other
words, the standard deviation is a measure of precision, and
the Cl isa measur e of exactness (accuracy) or degree of con-
formance with the target.

In equation form

(n-2 n

The value T in the Cl equation refers to the target value
(JMF, design thickness, design density, etc.). The relation-
ship between the standard deviation (o) and the Cl is given
by the equation

_Wn-10?% -nd?
n

Cl

where disthe average bias or offset of the average of agroup
of measurements from the target value.

The CI statistic may be used directly with both percent
within limits/percent defective and the loss function ap-
proaches. The attractiveness of this statistic isthat it focuses
on the target value and it is this target value that is defining
the quality level.

Figure -1 presents an illustration of Cl values for asphalt
content from an SHA for various contractors producing to
SHA-approved IMFs. Cl values equal to zero meet thetarget
value. The dashed vertical lines are the SHA’s tolerances
permitted about the IMF (or target) or the lower (L) and
upper (U) specification tolerances. The symbols (PWL),,
(POL),, and (POL),, refer to the total percent within limits,
percent-out-of-limits on the lower specification limit side,

and percent out of limits on the upper specification limit side,
respectively.

Because these Cl values are “ normalized” to aspecific tar-
get value, direct comparison may be made by the contractor
asto the magnitude of variation about the target for QC pur-
poses; comparisons by the SHA of the contractor’s confor-
mance to the specification for acceptance purposes; and, if
desired, comparisons of performance between contractors,
projects, etc. This procedure may be used for one-sided or
two-sided specification acceptance. This approach also pro-
videsfor the use of percent defective and percent within lim-
itsasquality indicators. Tablel-1 provides Superpave LTMF
tolerances based on Cl values. These values could be used as
previously discussed. The values in Table I-1 were devel-
oped for individual samples (n = 1). For larger samplesizes,
the CI values must be adjusted by the following equation:

Cl
Cl,=—
An
where
Cl(,) = Cl based on sample sizen
Cl = Cl from Table I-1
n = samplesize
N =530 MEAN =-0.067 STD. DEV. = 0299
RANGE=2.500 MEDIAN =078  SEKEWNESS=0.162
138
126 1. L=04 c:E-o Uroa Loiss
urt ‘ ; (PWL},=47.59 T 0141
108 1 ! {(POL), = 807 +0.132
99+ ! {POL}, = 434 10321 B
90+ ' toun g
nout ! 1 0.099 §
T4 j =+ 0.038 E
634 £ 0.677 3
s4 Fo066 £
45 4 40055 5
%4 toess E
ml 1 0033
13+ +o022
L 1 0911
Lo

g

SRR

a'ﬂ!rliﬂlnﬂ
38523883
CLASS LIMITS

Figurel-1. Example of Cl evaluation of asphalt content.



TABLE I-1 Superpave LTMF tolerances based on Cl values

(mixture composition and gyratory properties)
Mix Composition Property Extraction | Nuclear | Ignition Cold
Gauge | Furnace Feed
Asphalt Content +0.31 +0.24 +0.18 ---
Gradation Passing 4.75-mm (No. 4} and +4 - - +4
Larger Sieves
Passing 2.36-mum (No. 8)to +3 - — +3
150-pm (No. 100) Sieve
Passing 75-pm (No. 200} Sicve +0.8 --- - +0.9
Maximum Theoretical Specific Gravity +0.015
(G}
Gyratory Compaction Property
Air Voids (V) £1
Voids in Mineral Aggregate (VIMA) +1.5
Voids Filled With Asphalt (VFA) +35
Bulk Specific Gravity (G,) +0.28
Compaction Curve Slope (m) +0.50

15
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ANNEX Il

STRATIFIED RANDOM SAMPLING APPROACH

SCOPE

This method outlines the procedures for selecting sam-
pling sites in accordance with accepted random sampling
techniques. Random sampling is the selection of asamplein
such amanner that every portion of the material or construc-
tion to be sampled has an equal chance of being selected as
the sample. It isintended that all samples, regardless of size,
type, or purpose, shall be selected in an unbiased manner,
based entirely on chance.

SECURING SAMPLES

Samples shall be taken as directed by the QC representa-
tivefor QC purposes and the state highway representative for
acceptance purposes.

Sample location and sampling procedure are as important
astesting. It isessential that the sample |location be chosenin
an unbiased manner.

RANDOM NUMBER TABLE

For test results or measurements to be meaningful, it is
necessary that the sublots to be sampled or measured be
selected at random, which means using a table of random
numbers. The following table of random numbers has been
devised for this purpose. To use thetablein selecting sample
locations, proceed as follows.

Determine the lot size (continuous production for QC at
HMA plant) and stratify the lot into a number of sublots per
lot for the material being sampled.

For each lot, use consecutive two-digit random numbers
from Table 11-1. For example, if the specification specifies
five sublots per lot and the number 15 israndomly selected as
the starting point from column X (or column Y) for the first
lot, numbers 15 to 19 are the five consecutive two-digit ran-
dom numbers. For the second lot, another random starting
point, number 91 for example, is selected and the numbers 91
to 95 are used for the five consecutive two-digit random
numbers. The same procedureis used for additional lots.

For samples taken from the roadway, use the decimal val-
uesin column X and column 'Y to determine the coordinates
of the sample locations.

In situations where coordinate locations do not apply (i.e.,
plant samples, stockpile samples, etc.), use those decimal
values from column X or column Y.

DEFINITION OF TERMS

lot: Anisolated quantity of aspecified material from asin-
gle source or a measured amount of specified construction
assumed to be produced by the same process.

sublot: A portion of alot, the actual location fromwhich a
sample is taken. The size of the sublot and the number of
sublots per lot for acceptance purposes are specified in the
specifications.

THE RANDOM SAMPLE

A random table is a collection of random digits. The ran-
dom numbers that are presented in this annex are shownina
two-place decimal format. Note that there are two columns,
labeled X and Y. The numbersin either column can be used
to locate a random sample when only a single dimension is
required to locate the sample (e.g., time, tonnage, and units).
When two dimensions are required to locate the sample, the
number in the X column is used to cal culate the longitudinal
location, and the number intheY columnisused to calculate
thetransverselocation. Inthe'Y column, each number is pre-
ceded by L or R, designating that the sample increment isto
belocated transversely from theleft or right edge of the pave-
ment. Figure |1-1 illustrates the procedure.

The following examples demonstrate the use of the ran-
dom sampling technique under various conditions.

EXAMPLE 1. SAMPLING BY TIME SEQUENCE

Assume that HMA for use in paving is to be sampled to
determine the percent asphalt. It will be sampled at the place
of manufacture. Thetask isto select arandom sampling plan
to distribute the sampling over the half day or the full day,
whichever is more applicable. Assume that the lot sizeisa
day’s production and that five samples are required from
each lot. The plant is assumed to operate continuously for
9 h (beginning at 7:00 am and continuing until 4:00 pm) with
no break for lunch.

1. Lot size. Thelot size is a day’s production. The plant
starts at 7:00 am and stops at 4:00 pm. Hence, the lot
sizeis 9 h of production.

2. Sublot size. Stratify the lot into five equal sublots,
because five samples are required. To accomplish this,
select five equal time intervals during the 9 h that the
plant is operating.



TABLE I1-1 Random positionsin decimal fractions (two places)

Sequence No, X k3 " Sequence No. % o] Y
L 0.29 R 0.66 51. 0.87 L036
2. 0.74 R 049 52 0.34 Lot
3. 0.89 L 0.7% §3. 0.37 RO.33
4. 0.60 R 0.39 54, 0.97 L0.79
5. 0.38 R 031 35. 013 R 0.56
3 0.72 L 054 56, 0.85 R 0.64
7. 0.12 R 0.08 57 0.14 L 004
8. 0.0% L 094 58. 0.9 RO74
9. 062 L 0ll 59. 0.40 L 076
0. 071 R 0.59 60. 0.37 L 009
L. 0.36 L0.38 61 0.90 R 0.74
12. 6.57 R 049 62. 0.09 L G706
13, 035 R0.90 63. 0.66 L 097
14, 069 [.0.63 64, 0.89 L055
15. 0.59 R (.68 65. 0.67 L 044
16. 0.06 1. 0.03 66. 002 R 0.65
17. 0.08 L0.70 67. 0.93 RO.17
18, 067 L 0.68 68, 0.40 RO.50
19, 0383 R 097 69. 0.44 RC.15
20, 0.54 R D58 70. 0.03 La60
2L 0382 R 0.50 ., 0.19 L0.37
22, 0,66 RO.73 72 0.92 L0453
23, 0.06 L 027 73, 0.20 L08S
24, 0.03 L0o13 74. 065 R 0.56
2s. 055 L029 75, 0.46 R0.58
26. 0.64 Lo77 76, 0.43 ROSI
27. 030 R 0.57 77. 0.97 L0.55
28, 0.51 R 067 78. 0.06 R 0.51
2. 029 R 0.09 79, 0.72 L0778
30. 0.63 RO82 80. 0.95 L0.36
3l 0.53 103 41 0.16 L0s6]
32, 0.59 RO.22 82, 029 R 047
33 0.02 R0.83 831 0.48 RO.15
34. 0.61 1.0.87 84, 0.73 R 064
35, 0.76 R0.16 85, 0.05 L0.94
36. 0.87 L0.77 86. 0.43 L 005
37. 041 L0o.10 87, 0.87 R 098
38. 028 R 023 £8. 0.37 LO7I
39. 022 L0.18 89, 0.94 L0326
40. 021 L 0.94 90, 0.57 L 063
41. 027 Lo.52 91, 0.26 R 030
42, 0.39 RO 2 0.01 L079
43, 0.57 LO.0 g3, 0.83 R 0.59
44, .82 Lo.12 9, 071 L021
45. 0.14 L0.94 95. 0.65 1.063
46. 0.50 R 0.58 96, 0.65 L0487
47 0.53 LO.03 97, 0.72 R092
48 0.43 L0.29 98, 0.85 L 078
49. 0.99 L0346 99. 0.04 L 046
50, 0.61 R 0.25 100, 0.29 L 095
X Decimal fraction of total length measured along the road from starting point.
Y = Decimal fraction measured across the road from either outside edge towards center

line of the paved lane.
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SUBLOT #1

Y (TRANSVERSE)

f

| % (LONGITUDINAL)

Figurell-1. Determination of sample location using
random numbers.

Sublot timeinterval = (9 h/1ot)(60 min/h)
5sublots/lot

=108 min/sublot

3. Sublot samples. Next, choose five random numbers
from the random number table. The first block ran-
domly selected is reproduced below.

Sequence number X Y
12 0.57 R 0.46
13 0.35 R 0.60
14 0.69 L 0.63
15 0.59 R 0.68
16 0.06 L 0.03

The selected random numbers taken from the X column
are 0.57, 0.35, 0.66, 0.56, and 0.06. To randomize the sam-
pling times within each sublot, the time interval (108 min)
computed in Step 2 is used. Thistime interval is multiplied
by each of the five random numbers previously selected:

Sublot 1: 0.57 X 108 = 62 min
Sublot 2: 0.35 X 108 = 38 min
Sublot 3: 0.69 X 108 = 75 min
Sublot 4: 0.59 X 108 = 64 min
Sublot 5: 0.06 X 108 = 6 min

Thesetimes are added to the starting times for each sublot.
Thisresultsin the randomized time at which the sampleisto

be obtained. The sampling sequenceis as follows:

Sublot
Number

arwWNPEF

Sampling

Time
7:00 am + 62 min = 8:02 am
8:48 am + 38 min = 9:26 am
10:36 am + 75 min = 11:51 am
12:24 pm + 64 min = 1:28 pm
2:12pm+ 6min= 2:18 pm

SUBLOT #1 SUBLOT #2 SUBLOT A SUBLOT #4 SUBLOT #5

= =
2 2 = = £ 2
2 3 = S ¢ 3
- o = L & -+
i 1 ! L !
8:02 AM 9:26 AM 1151 AM :28PM 213 PM

LOT = DAY'S PRODLUCTION

Figurell-2. Sublot sample times based on time sequence.

The random sampling times are shown in Figure 11-2. If
production is not available at the indicated time, a sample
should be obtained at the first opportunity after the indicated
time.

Sampling on a time basis is practical only when the
process is continuous. Intermittent processes obviously pre-
sent many difficulties.

EXAMPLE 2: SAMPLING
BY MATERIAL TONNAGE

HMA for use in paving must be sampled to determine the
asphalt content. The specifications definethelot size as 5,000
tons and state that five samples must be obtained from thelot.
The sampling isto be done from the hauling units at the man-
ufacturing source. Thetotal tonnage for the project is 20,000
tons.

This solution follows the same basic pattern as the solu-
tion given for the previous example. First, identify the lot
size and then determine the number of lots, sublot size, and,
finally, the point at which samples will be obtained.

1. Lot size and number of lots. The lot size is 5,000 tons.
Because there are 20,000 tons of bituminous mix
required for the project, the total number of lotsis

20,000tons _ 4 lots

Number of lots= ——— =

5,000 tons/ ot

2. Sublot size. Stratify eachlot into five equal sublots. The
sublot sizeis

5,000 tons/lot

Sublot size=
5sublots/lot

=1,000 tons/sublot

The relationship between lot and sublot size is shown
inFigurell-3.

3. Sublot samples. The number of samples per lot isfive,
one per sublot. Five random numbers are therefore
selected from the table of random numbers. Again, the
first block of numbersfrom the random number tableis
reproduced below. Thistime, adifferent set of numbers
is selected



Sequence number X Y
67 0.93 R0.17
68 0.40 R 0.50
69 0.44 R0.15
70 0.03 L 0.60
71 0.19 L 0.37

The selected random numbersthistime are fromthe Y
column (disregard the L or R): 0.17, 0.50, 0.15, 0.60,
and 0.37. These numbers are then multiplied by each of
the five sublots as follows:

Sublot

Sublot random Sze Ton to be
number number (tons) sampled

1 0.17 1,000 170

2 0.50 1,000 500

3 0.15 1,000 150

4 0.60 1,000 600

5 0.37 1,000 370

The technician must obtain the first sample at approxi-
mately the 170th ton of the first sublot. The technician
must then wait until thefirst sublot iscompleted (1,000
tons) before selecting the second sample at the 500th
ton of the second sublot. The same sequence is fol-
lowed for obtaining the remaining three samples.

The sampling sequence for the lot (5,000 tons)
should be

Sublot 1: 170th ton

Sublot 2: 1,000 + 500 = 1,500th ton
Sublot 3: 2,000 + 150 = 2,150th ton
Sublot 4: 3,000 + 600 = 3,600th ton
Sublot 5: 4,000 + 370 = 4,370th ton

Different random numbers are selected for the other
four lots.

Sampling by production unit is a simple means of obtain-
ing a random sample. Interruptions in the process do not
affect randomization, and the relationship between the num-
ber of samples and the lot remains unchanged (Figure 11-4).

EXAMPLE 3: SAMPLING AN AREA

Suppose that HMA from the roadway is to be sampled to
determine the density for QC or acceptance purposes. The

SUBLOT # SUBLOT #2 SUBLOT#I SUBLOT #4 SUBLOT 45

1000 TON
TYPICAL)

5000 TON LOT

Figurell-3. Relationship between lot and sublots based
on tonnage.
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SUBLOT #1 SUBLOT #2 SUBLOT #3 SUBLOT#4 SUBLOT #5

SAMPLE #1 |SAMPLE #2{SAMPLE #31SAMPLE #4|SAMPLE #5
170 TONS | 1500 TONS | 2150 TONS | 3600 TONS | 4370 TONS
) | | ] | | L}

1000 2000 3600 4000 5000
TONS TONS TONS TQNS TOMS

5000 TON LOT

Figurell-4. Sublot sample based on tonnage.

specifications state that the lot size is 5,000 linear ft, and five
samples per lot are required. In addition, assume that the
paving width is 12 ft and that the project begins at Station
100+ 00 and ends at Station 300+ 00.

1. Lot size and number of lots. The specifications require
alot size of 5,000 linear ft. The distance from Station
100+ 00 to Station 300+ 00 is 20,000 ft. The number of
lotsis

20,000 ft

Number of Lots= ————— =

5,000 ft/lot

2. Qublot size. The beginning station for the first lot is
100+00. This lot ends at Station 150+00 as shown in
Figure I1-5. Thisis equa to 5,000 ft. The 5,000 ft of
paving must be stratified into five equal sublots,
because five samples per lot are required.

_ 5000ft/lot

Sublot size=————
5sublots/lot

=1,000 ft/sublot

Figure I11-5 shows how thislot is divided.

3. Sublot samples. Thelocation at which each samplewill
be obtained must be randomized in the longitudinal as
well asthe transverse direction. Thiswas illustrated in
FigureI1-1. The random number selection procedureis
the same as used for the previous examples except that
two sets (columns, rows, etc.) of random numbers are
selected: one for the transverse position, the other for
thelongitudinal position. A set of five random numbers
for the longitudinal (X) and transverse (Y) position of
the sample is chosen by using the first and second

LOT = S000 FT.

SUBLOT #1 SUBLOT#2 SUBLOT 43 SUBLOT #3 SUBLOT #5

100+04Q 110430 120+00 130+00 140+00 150400

Figurell-5. Relationship between |ot and sublots based
on area.
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blocks of random numbers from the random number
table. These are reproduced as follows:

Sequence number X Y
37 0.41 L 0.10
38 0.28 R0.23
39 0.22 L0.18
40 0.21 L 0.94
41 0.27 L 0.52

The numbers are selected from both X and Y columns.
IncludetheL or RintheY column:

Longitudinal (X):
Transverse (Y):

041 028 022 021 027
L 010 R0.23 L 0.18 L 0.94 L 0.52

These X and Y random numbers are multiplied by the
sublot length and paving width respectively, as shown
below:

Sublot 1 (starting Station 100+ 00)
Coordinate X = 0.41 X 1,000 ft = 410 ft
CoordinateY = 0.10 X 12 ft = 1.2 ft

Sublot 2 (starting Station 110+ 00)
Coordinate X = 0.28 X 1,000 ft = 280 ft
CoordinateY = 0.23 X 12 ft = 2.8ft

Sublot 3 (starting Station 120+ 00)
Coordinate X = 0.22 X 1,000 ft = 220 ft
CoordinateY = 0.18 X 12 ft = 2.2 ft

Sublot 4 (starting Station 130+ 00)
Coordinate X = 0.21 X 1,000 ft = 210 ft
CoordinateY = 0.94 X 12 ft = 11.3ft

Sublot 5 (starting Station 140+ 00)
Coordinate X = 0.27 X 1,000 ft = 270 ft
CoordinateY = 0.52 X 12 ft = 6.2 ft

The longitudinal distance (X) is added to the beginning
station of the sublot and the companion transverse distance
(Y) ismeasured from the selected edge of paving. TheL val-
uesof Y will be measured from the | eft edge of paving (look-
ing ahead) and the R values of Y will be measured from the
right edge of paving.

Sample no.

1 Station 100+00 + 410 ft = 104+10 @ 1.2 ft
from left edge

2 Station 110+00 + 280 ft = 112+80 @ 2.8 ft
from right edge

3 Station 120+00 + 220 ft = 122+20 @ 2.2 ft
from left edge

4 Station 130+00 + 210 ft = 132+10 @ 11.3 ft
from left edge

5 Station 140+00 + 270 ft = 142+70 @ 6.2 ft
from left edge

Figure 11-6 illustrates the sampling locations based on
these calculations.

LEFT EDGE QF PAVEMENT
Ny o Y
- o ™
12 £ o STATION
PAVING = 4 AHEAD
WIDTH . 1 —_—
o
o | »
160+00 110+00 120400 130400 140400 150+00
104410 112480 122420 132410 1432+70
RIGHT EDGE OF PAVEMENT

Figurell-6. Sublot sample location based on area.




ANNEX 11l

STATISTICAL CONTROL CHARTS

The process control procedure recommended is the use of
control charts, particularly statistical control charts. Control
charts provide a means of verifying that a processisin con-
trol. It is important to understand that stetistical control
charts do not get or keep a process under control. The
process must still be controlled by the plant or construction
personnel. Control charts simply provide a visual warning
mechanism to identify when the Contractor or material sup-
plier should look for possible problems with the process.

Variation of construction materials is inevitable and
unavoidable. The purpose of control charts, then, is not to
eliminate variability but to distinguish between theinherent or
chance causes of variability and a system of assignable
causes. Chance causes (someti mes known as common causes)
are a part of every process and can be reduced but generally
not eliminated. Assignable causes (sometimes known as spe-
cia causes) are factors that can be eliminated, thereby reduc-
ing variability. Chance causes are something that a Contrac-
tor or material supplier must learn to live with. They cannot
be eliminated, but it may be possible to reduce their effects.
The second cause of variation, assignable causes, can create
major problems. However, assignable causes can be elimi-
nated if they can be identified. Examples of assignable causes
might be the gradation for an aggregate blend going out of
specification because of ahole in one of the sieves or because
the cold feed conveyor setting isincorrectly adjusted.

The statistical control charts enable the Contractor to dis-
tinguish between chance and assignable causes. Based on
statistical theory, construction materials, when under pro-
duction control, exhibit a “bell-shaped” or normal distribu-
tion curve.

The data, therefore, can be assumed to be within =30 of
the mean or target when the process is in control and only
chance causes (variability that the Contractor cannot con-
trol) are acting on the system. Statistical control charts for
average or means rely on the fact that, for anormal distribu-
tion, essentialy al thevaluesfall within + 3o from the mean.
The normal distribution can be used because the distribution
of sample means is normally distributed.

A dtatistical control chart can be viewed as anormal distri-
bution curve on its side (Figure I11-1). For a normal curve,
only about 0.27 percent (1 of 370) of the measurementsshould
fall outside 3o from the average or mean. Therefore, control
limits (indicating that an investigation for an assignable cause
should be conducted) are set at +3oXand —30X

A statistical control chart includes a target value, upper
and lower control limits, and a series of data points that are
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vy, Upper Contral Limit

)
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N

303 \

Lower Contral Limit

Figurelll-1. Example of statistical control chart.

plotted. The target is based on the population or production
mean and the control limits are established from the popul a-
tion or production standard deviation as shown in Figure
-2

There are many forms of statistical control charts, but two
forms are most practical and useful for construction materi-
als and processes. These are the control charts for means or
averages (commonly referred to as x, called x-bar chart) and
the control chart for ranges (commonly referred to as an
R-chart). The x-chart istypically used to control the produc-
tion process about the average or target value. The R-chart
considers the variability of the materia and prevents
extremely large positive and negative results from canceling
out and not being detectable on the control chart for means
or averages. The range, which is the easiest measure of
spread to use in thefield, isusually used in place of the stan-
dard deviation.

Population or production parameters (i.e., averages and
ranges) are either known (or specified) or are estimated from
the early stages of the production process. In most cases, the
latter is true. It is not a good idea for a producer to use the
mean, range, or standard deviation that were specified or

Statistical Controt Chart

Unper Cantral Limit

Data points

N — \ Target

VAL

Lower Contrel Limit

Figurelll-2. Elements of statistical control chart.
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TABLE III-1 Factorsfor statistical control charts

n A, D, D,
2 1.88 0 3.27
3 1.02 0 2.58
4 0.73 0 2.28
5 0.58 0 2.12
[i] 0.48 a 2.00
7 0.42 0.08 1.92

used by the highway agency when it devel oped the specifi-
cation limits. The mean, range, and standard deviation of a
producer’s process are independent of the specification lim-
its; they are established by the process capability.

When the mean and standard deviation are not known (this
isusually the case), they are estimated by the grand average
or mean (X) and the average range (R). The grand average

or mean is defined as the average value of a group of aver-
ages. The average rangeis defined as the average of individ-
ual range values. For the X-chart, the grand mean becomes
the target value; for the R-chart, the average range becomes
the target value.

The following formulas are used to construct the two
control charts:

TABLE I11-2 Datafor demonstration example

Percent Passing 4.73mm (M. 4) Sieve

Na. X
1 18.9
2 18.2
3 18.%
4 19.7
5 23.5
6 16.6
7 5.0
3 14.5
9 18.5
10 15.2
i1 19.5
12 17.4
13 15,6
14 222
13 20.1
15 19.6
17 195
13 19.9
19 209
20 14.2
2! 16.7
22 13.7
23 22.7
24 17.3
25 208
26 17.5
7 13.6
a3 19.5
25 17.7
30 16.4
31 153
32 13.7
33 134
34 14.6
35 16.0
36 172
37 158
33 214
19 16.5
40 19.4

18.1
17.1

135
173

13.3
13.5

204
18.5
1.0
{77
183
18.6

X3

153
17.2
17.8
8.3
149
174
153
18.0
17.3
204
207
17.7
13.7
167
13.5
17.4
201
19.3
16.5
17.1
il.4
16.1
23.8
168
15.0
19.1
192
16.5
17.4
132
17.3

X4

17.2
20.4
19.1
19.2
23.6
13.8
13.4
20.1
17.2
6.4
17.7
22,4
1$.8
21.2
17.0
14.3
13.7
18.3
16.2
16.2
18.4
13.3
15.3
17.2
221
202
12.1
13.1
16.9
17.8
21.2
19.1
19.5
14.9
200
200
15.2
19.4
19.2
2.0

18.4
18.¢
18.7
8.7
21
174
178
17.6
17.3
13.1
18.6
18.9
18.1
18.3
17.1
17.5
18.3
19.7
18.4
16.4
15.0
17.0
0.0
17.4
18.9
19.5
15.4
13.1
17.6
16.7
17.1
16.3
18.0
17.5
17.8
17.9
i7.3
18,0
18.4
18.9

w
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X -chart

Upper Control Limit (UCL) = X +(A, xR)

Lower Control Chart (LCL) =X —(A, xR)

R-chart

Upper Control Limit (UCL) =D, xR
Lower Control Limit (LCL) =D xR

The factors A,, D3, and D, are obtained from Table I11-1
for the appropriate sample size n. Note that the sample size
is always greater than 1. For each QC test, the samples are
grouped to form a subgroup of 2 or larger.

EXAMPLE: CONTROL CHARTS WHEN MEAN
AND STANDARD DEVIATION ARE UNKNOWN

The datashown in TableI11-2 will be used to illustrate the
calculation for a control chart when the population parame-
tersare unknown and are estimated from the early production
process. The table contains the gradation results for percent
passing the 4.75-mm (No. 4) sieve for 40 production days
(four tests per day). The average and range of thefirst 20 sub-
groups are used to estimate the mean and standard deviation
of the population. When thisis done

18.4+18.0+...+18.4 +16.4 _ 365.9 _

X = 18.3
20 20
Ro21+41+.447+439 836 _,,
20 20

Having found these values, the UCL and LCL can be cal-
culated from the formulas previoudly identified. Note that the
valuesfor A,, D3, and D, are for asample subgroup of n = 4
because four samples are used to find each average, X, and
range, R.

X-chart
UCL = X +(A, xR =183 +(0.73 x4.2) =214
LCL = X - (A, xR =183 —(0.73 x4.2) =152

Target Value = X = 18.3
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R-chart

UCL =D, xR =2.28x4.2 =9.6
LCL =Dy xR =0.0 x4.2 =0.0
Target Value=R =4.2
Once the target value and control limits are established,
the control charts can be constructed with the datain Table

[11-2. Figures 111-3 and 111-4 illustrate the X and R-charts for
the data.

X Chart

nt Passin
2__Percet assing UCL = 21.4

1 ’./\ /\A /\ AATarget=18.3f
Vv

LR VY
161
14 e lOL=152
0 5 10 15 20 25 30 35 40
Sampie Number
Figurelll-3. X-chart for percent passing 4.75-mm (No. 4)

sieve.

R Chart

10 _Percent Passing UCL = 9.6
B =
6 L
4.-:‘- — - -
2L Target = 4.2
o 70

0 5 10 15 20 25 3¢ 35 40

Sampie Number

Figurelll-4. R-chart for percent passing 4.75-mm (No. 4)
sieve.
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CHAPTER 3

GUIDELINES FOR ADJUSTING THE PRODUCTION
AND PLACEMENT OF SUPERPAVE-DESIGNED HMA

This chapter contains guidelinesfor solving problems that
occur during production of the HMA designed in accordance
with the Superpave method. These problems can be classi-
fied as noncomplying gradation and HMA test properties,
undesirable placement characteristics, and undesirable char-
acteristics of the finished pavement. Solutions often require
additional testing, analysis, and adjustments. These guide-
lines are based on the National Asphalt Pavement Associa-
tion's (NAPA) publication QIP-97, “Quality Control for
Hot-Mix Plant and Paving Operations.” These practiceswere
followed on the NCHRP Project 9-7 construction projects
and are applicable to the Superpave-designed HMA produc-
tion and placement operations.

3.1 NONCOMPLYING GRADATION TESTS
3.1.1 Incoming Aggregates

If areliable estimate of the actual gradation of the differ-
ent sizes of aggregatesindicatesthat it will not be possibleto
produce a mixture meeting the Superpave mix specifications
and the LTMF requirements, and if these requirements can-
not be modified, one of the following courses of action is
suggested:

« Compute an acceptable theoretical combined gradation
based on wasting some portions of the delivered mater-
ial.

» Check to seeif blending an additional size of aggregate
with delivered material will produce an acceptable com-
bined gradation.

 Reject aggregate and procure material from an alterna-
tive source.

3.1.2 Combined Hot Bin Aggregate

If the combined gradation of the hot bin aggregate does not
fall within the LTMF tolerances, the following procedures
are recommended:

» Resamplefine aggregate bin and make gradation teststo
check previous sampling.

* If resampling results check closely with previous sam-
pling, recompute the gradation to see if changing bin
weightswill produce an acceptable combined gradation.
If thisis not possible because of alack of one or more
sieve sizesin the raw aggregates, follow the procedures
described previously for incoming aggregates.

« If resampling does not check with previous sampling
1. Check sampling methods to make sure that the sam-

ple truly represents bin contents,

2. Make aseries of testson the binswhere variationsin
gradation occur to determineif differencesare dueto

a. Holein the screen.

b. Temporary overrun into the bin caused by crowd-
ing the plant and exceeding the capacity of the
screen.

c. Continued overrun caused by blinding of the
screen; this condition occurs when particles of
aggregate plug up the openings in the screen;
blinding can usually be avoided or reduced by
substituting a slotted screen or one with dlightly
larger openings.

d. Problems in the cold feed; check cold feed for
proportions and consistency; moisture in fine
aggregate can cause inconsistent feedings.

3.2 NONCOMPLYING HMA TEST RESULTS
3.2.1 Air Voids Above or Below Specifications

The percent of air voidsin the compacted HMA dependson
the percent of voids in the mineral aggregate and the percent
of asphalt. When the percent of air voidsistoo high or too low,
placement problems will occur. The standard deviation in a
normal determination of percent air voidsis about 1 percent.
This meansthat at least six different samples of HMA should
be tested and averaged to determine if the percent air voidsis
within the specified range. The usual rangeis 3 to 5 percent. If
the air voids are not within the Superpave mix design specifi-
cations, the following actions should be taken:

* Check that the correct value of maximum theoretical
specific gravity has been used in the computations; small



variations in the maximum theoretical specific gravity
can cause significant differences in the calculated air
voids content.

* Check the procedure used to determine the bulk specific
gravity of the specimen.

» Check that the mix sampled is representative; if the
asphalt content of the sample is not in agreement with
the LTMF, the voids' properties will not match the mix
design.

« |f al checks show that correct values are being used, the
asphalt content may be adjusted to produce an average
of 4 percent (or other specified value) of air voids.

« If it is not possible to change the asphalt content, the
VMA must be adjusted by changing the gradation as
described in the following paragraphs.

3.2.2 VMA

The VMA are the bulk volume of the compacted paving
minus the volume of the aggregate determined from its bulk
specific gravity. It can also be viewed as the volume of air
voids plus the volume of effective asphalt binder. It is
expressed as a percent of the bulk volume of the compacted
mix.

The VMA is very important in the Superpave mix design
method, particularly for wearing and surface course mix-
tures. Space must be left in the compacted mixture to allow
room for the specified asphalt content and air voids. The
unfilled voids (air voids) must be present to allow room for
the asphalt to expand and for compaction under traffic loads
during periods of hot summer temperatures. This will pre-
vent the asphalt from flushing to the surface and causing the
mixture to become plastic.

The Superpave mix design procedure aims to produce
wearing course mixes that have, after traffic compaction,
about 4 percent by volume of air voids, with about 75 or 80
percent of the VMA filled with asphalt binder. To meet these
conditions, the Superpave minimum VMA design require-
ments are based on the nominal maximum aggregate size.
Dense gradations that produce mixes below these values do
not have enough room for the asphalt binder. Thisis partic-
ularly a problem when natural sand and bank-run gravel are
used as aggregates. Mixes made with these rounded particles
have been observed to flush and ravel at the sametime. The
fine particles collected by baghouse dust collectors can also
reduce the air voids content and cause a low value of voids
in the mineral aggregate.

Assuming ultimate traffic compaction, VMA depends on
the following:

» Roundness or lack of angularity of aggregate particles;
« Gradation of coarse and fine aggregate; and
« Amount of filler or material passing the No. 200 sieve.
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3.2.3 Increasing VMA

The percent of VMA can be increased by any of the fol-
lowing:

» Using more angular crushed aggregate in the mix. Sub-
stituting manufactured fine aggregate or screenings pro-
duced by crushing is usually effective if the fraction
passing the 0.075-mm (No. 200) sieve is controlled.

« Decreasing the percentage of material passing the 0.150-
mm (N0.100) sieve by wasting al or part of the dust
returned from the dust collector. Reducing the percent
of minus 0.150-mm (N0.100) material will increase the
VMA.

* Increasing the amount of 4.75-mm (No. 4) to 0.150-mm
(No. 100) aggregate. Thismay require an increasein the
amount of asphalt binder.

« Moving gradation away from the maximum density line
0.45 power curve.

3.2.4 Decreasing VMA

The percent of VMA can be decreased by any of the fol-
lowing:

 Use of rounded or cubical coarse aggregate;

» Use of afine aggregate consisting of natural sand with
rounded particles;

* Increasing the amount of filler in the mixture (Note:
there is a practical limit on the amount passing the
0.075-mm (No. 200) sieve that can betolerated inamix;
the rule of thumb is that the percent of filler by weight
should not exceed approximately 1.2 times the percent
of effective asphalt by weight).

3.2.5 VFA

The percent of VFA affectsthe durability and flexibility of
the pavement. A good target value is about 75 percent. For a
mix designed for awearing course for normal highway traf-
fic, values of less than 65 percent can cause premature or
excessive hardening of the asphalt binder in the pavement,
cracking, and even raveling. Values greater than 85 percent
can lead to flushing, shoving, and rutting. The optimum VFA
can be obtained when the air voids content is 4 percent and
the VMA is that specified in the Superpave mix design
method for the nominal maximum aggregate size. Adjust-
ments in the percent of air voids and VMA are made by the
methods discussed in the preceding paragraphs.

3.3 NONCOMPLYING FIELD DENSITY TESTS

Studies have shown that the density of an asphalt paving
courseis usually highest in the center of the lane, because of
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overlapping roller coverages. It is lower at the edges of the
lane because of fewer coverages. This causes a variation in
density when nuclear density or pavement cores are taken at
random locations across the lane.

If an accurate measurement of pavement density fals
below the specified percent of reference density, it may be
due to the following conditions:

1. Use of a maximum theoretical density based on inac-
curately measured or assumed specific gravities of
aggregates and asphalt binder. The maximum theoreti-
cal specific gravity of the mixture as determined by
procedures described in AASHTO Method ASTM
D2041 (the “Rice Method”) is a way to test the total
mix rather than base the result on the properties of the
individual aggregates.

2. Use of a reference density based on gyratory-
compacted specimens that were overcompacted or
made at too high atemperature.

3. Insufficient field compaction caused by underweight
rollers, the wrong type of roller, or insufficient cover-
ages.

4. Ralling at too low atemperature.

5. Difficulties in compacting tough mixtures. These
HMA may have a high strength or too much filler in
relation to the amount and properties of the asphalt
binder in the mix. The resulting pavement may have
high air voids content.

6. Presence of clay dust in the material passing the 0.075-
mm (No. 200) sieve in the mixture.

7. Compacting against soft and yielding bases and sub-
bases. The pavement cannot be compacted if the mate-
rial beneath it is soft and yielding. The specified den-
sity and the deflection of the surface on which HMA
pavement isto be constructed should be checked before
start of laydown.

8. Tender mix.

3.4 MISCELLANEOUS IRREGULARITIES
IN PAVEMENT

3.4.1 Checking and Cracking of Newly
Constructed Pavement

This condition is usually caused by improper rolling tech-
niques. A competent roller operator will avoid the following
situations:

1. Overralling atender mix;

2. Rolling amat that has cooled on the surface but is plas-
tic underneath or rolling when the roller wheels are too
cold;

Rolling a dense mix while it istoo hot;

Overrolling when the base deflects;

Rolling too fast, turning abruptly, or starting and stop-
ping abruptly; and

6. Using ahighly temperature-susceptible asphalt binder.

g~ w

3.4.2 Shoving of the Compacted Pavement

Shoving of paving mixtures during construction may be
caused by

1. Using atoo-heavy roller;

2. Operating a breakdown roller when drive wheels are
not toward the paver;

3. Ralling a plastic mix, caused by temperatures that are
too high or by amix design with too high aVFA value;
and

4. Moisture in mix.

3.4.3 Raveling in the Finished Pavement

Raveling may be caused by

1. Asphalt content too low;
2. Excessive segregation while loading trucks;
3. Rolling at too low a temperature, parts of load too
cold;
. Rolling awet mat, too much water on roller wheels;
. Dirt coating on aggregates, incomplete coating of ag-
gregates, unsuitable filler; and
6. Excessive hardening of asphalt, caused by too high
a temperature in one or more of the aggregate hot
bins.

[S20F N

3.4.4 Tender Pavements

Tender HMA will push and shove under the roller. It will
take an unusually long timeto set and will scuff or scar under
turning wheels. Tender HMA and pavement are caused by
thefollowing:

1. Slow setting asphalt (slow to develop strength needed
during construction);

2. Contaminated asphalt/cement;

3. Too much diesel oil (used as release agent) in the bot-
tom of trucks;

. Too much asphalt binder in the mix;

. Too little asphalt binder in the mix;

. Too much dust in a batch; and

Excessive moisture in adense hot mix.

~No o s
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A TRAINING COURSE TO IMPLEMENT QC/QA PLANS FOR
PRODUCTION AND PLACEMENT OF SUPERPAVE-DESIGNED HMA

4.1 INTRODUCTION

The training course developed through NCHRP Project
9-7 should assist agencies, contractors and others in imple-
menting the Superpave QC/QA recommendations from the
project. The training package was developed with several
different modules so that training could be tailored to the spe-
cific needs of the audience. The modules are as follows:

Modulel:  Introduction to the Training Course
Modulell: Superpave Mix Design and Analysis
Modulelll: QC/QA Concepts

ModulelV: Plant Activities

ModuleV: Laboratory Activities

Module VI: QC Plan for Superpave-Designed HMA
Module VII: QA Plan for Superpave-Designed HMA

4.2 OVERVIEW OF TRAINING COURSE

Thedetailed outline of the training course presented below
illustrates all the varioustopicsthat are covered and provides
insight on how to use the modular structure of the course
effectively.

Modulel. Introduction to the Training Course
Course objectives
Certification
Modulell. Superpave Mix Design and Analysis

Introduction to the Superpave mix
design and analysis system
Performance-graded binder testing and
selection
Aggregate testing and selection
Volumetric mix design concepts
Superpave volumetric mix design
process
Superpave mix analysis concepts

Modulelll. QC/QA Concepts
Definitions of QC/QA
Statistical background
Randomized sampling techniques
Lot/sublot concepts

ModulelV.

Module V.

Module VI.

Module VII.

Statistical control charts
PWL
Conformal indices (optional)
Plant Activities
Plant calibration
Plant gradation controls
Mix temperature requirements
Proper sampling techniques
Plant adjustments
Laboratory Activities
Laboratory testing equipment
calibration
Freguency and sequence of tests
Testing protocols and procedures
Test results and interpretations
QC Plan for Superpave-Designed HMA

Part |
Background/objectives of NCHRP
Project 9-7
Development and assumptions of
QC/QA procedures
Development of field shear testing
devices
Contractor responsibilities
Development of tolerance limits
Application of statistical control charts
Gyratory procedures for QC/QA

Part 11
Binder certification
Establishing the LTMF
Selection of propertiesfor control
Laboratory verification of LTMF
Field verification of LTMF
Mix production QC
In-place QC
Courses of action throughout QC
process

QA Plan for Superpave-Designed HMA
Agency responsibilities
PWL approach
Binder acceptance
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Specification/tolerance limits for
acceptance

Selection of properties for acceptance
Acceptance of LTMF/IMF (lab, field,
mix, in-place)

Comparison of QC and QA data-dispute
resolution

This chapter includes the slides and instructor’ s notes for
Modules VI and VII. Appendix A contains the slides for
Modules | through V. The instructors notes and dlides were
developed assuming that those presenting the course mater-
ial have athorough knowledge of the Superpave mix design
and analysis system and an understanding of the statistical
concepts related to QC and QA procedures.



Module VI — Superpave Quality Control (QC) Plan: Part 1

Slide1 This modulewill provide information detailing
the basis for the QC Plan developed for Super-
pave-designed mixes. Superpave QC/QA needed
to be devel oped to help implement the overall
Superpave system. The Superpave system
includes mixture design, mixture analysis, and
production/construction.

Slide2 After the end of the SHRP research effort, the
need for a Superpave QC/QA Plan was identified
by both government and industry groups. NCHRP
Project 9-7 wasawarded in March 1993 to address

this need.

Slide3 The objectives established for this contract were
to establish procedures and devel op equipment for
QC/QA at the plant and lay down as well as
develop amechanism for training technicians and
engineers on Superpave QC/QA procedures.
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Superpave Quality Control Plan

Part I - Background and Development
Module VI —Part 1. Side 1

National Cooperative Highway
Research Program

Project 9-7
Field Procedures and
Equipment to Implement

SHRP Asphalt Specifications

BRE Inc.

Module VI —Part 1: Side?2

NCHRP Project 9-7 Objectives:

- Establish procedures and develop equipment for
quality control/quality assurance at the asphalt
plant and laydown site.

« Develop training program framework for
qualifying technicians.
Module VI —Part 1: Side3
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Slide4 There are several reasons for ensuring quality
throughout the production of HMA, but the bot-
tom line comes down to money. Generally, the
contractors make more money when they produce
aquality product and highway agencies (i.e., the
taxpayers) save money in future maintenance
costsif quality is built into pavements.

Slide5 Some of the basic principles of HMA QC state
that QC should be based on measurementsthat are
timely and easy to perform. The contractor and
client do not want to wait along time before they
find out that the HMA does not conform to
required specifications. Extended waits will cost

significant amounts of money.

Slide6 QC aso should be based on equipment that is
appropriate for field use and the QC process
should & so be simple and easy to apply. Agencies
do not want to spend large sums of money to
obtain QC equipment, nor do they want to haveto
hire additional technicians with specialized skills
or training. Agencies will want to train existing

employees.

Module VI — Superpave Quality Control (QC) Plan: Part 1

Wy Uuality Control?T

Answer?

Cstiviracior and Highiway Sgpoocy

Module VI —Part 1: Side4

~ Quality Control Should...

Be Based On Mcasurements That Are Timely and Easy
To Perform

Module VI —Part 1: Side5

Quality Control Should...

* Be Based un Equipnient That is Apprepriate for Ficld Use
= UConsider Cost and Skill of Field Technicians

« Be Simple and Easy to Apply -- Allow Opportunity for Correction

Module VI —Part 1: Side6




Module VI — Superpave Quality Control (QC) Plan: Part 1

Slide7 Therearethree basic areas where variation can be
introduced into the QC process. They are sam-
pling, testing, and materia variability. A QC Plan
that is developed correctly should account for
each of these areas.

A QC Plan should also differentiate between
HMA production and construction.

Production: material coming out of theplant. Is
it correct?

Construction: material being placed on the
roadway. Isit correct?

Finaly, a QC plan aso should be based on per-
formance-related properties or properties that can
be used to determine how amixture will perform if
a deviation occurs from the original mix design
(i.e., poor QC). Performance-rel ated specifications
aretypically based on these types of propertiesand
are important when pay factors are involved.

Slide8 There are essentialy four points at which QC

should occur throughout the HMA production/

construction process. Points one and two are the

QC processesthat occur with thematerialsused in

the production of HMA mixtures. Binder (or

asphalt cement) should be checked to make sure
that it conforms to the performance-graded (PG)
properties determined during the mix design
process. The aggregates should a so be checked to
ensure that the blended materials meet the grada-
tion requirements (or other propertiesasidentified

by the QC Plan) determined in the initial mix

design.

The third point in the QC process occurs after
the materials have been mixed through the plant
production process. Various properties of the
HMA mix should conform, within specified toler-
ances, to those values established inthemix design
process. These properties traditionally have in-
cluded air voids, percent asphat, VMA, and some
type of strength parameter. The fina point in the
QC process is the determination of the in-place
properties. This occurs after the HMA has been
placed by alay down machine and compacted by a
series of passes of heavy rollers. Typicaly, in-
place compaction is checked against some mini-
mum va ue of air voidsthat must be attained by the
use of nondestructive testing (NDT) methods. The
NDT values are verified with asmall ssmple of in-
place cores (or destructive sampling).

Slide9 Several devicesthat can be usedinthe QC process

were evaluated or devel oped in the NCHRP Proj-

ect 9-7 research effort. These products include
devices for performing QC on binders, aggre-
gates, and mixtures.
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Quality Control Should...

« Consider Sampling, Testing and Material Variability
« Cunsider Hot-Mix Priductiog and Hot-Mix Construction

+ Be Based on Measured Performance-Reluted Properties -- PRS

i
Z

T
[,

T1TTY

rZS\‘_. /

T"TTTTTT]

Module VI —Part 1. Side7

Four Quality Control Points

BINDER DICHAGGREGATE

PLANT MIX

Q

PROJECT MIX

@

Module VI —Part 1: Side 8

QC/QA Material Testing Devices

Products of the NCHRP Project 9-7
Module VI —Part 1. Side9
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Slide10 The SDR isa de\/lce that can be US’:?d to quickly Shear Displacement Rheometer (SDR)
determine the quality of asphalt binders at the .
plant lab. The device at first glance looks like the {} Load, P,
ring and ball test but it is very different from that
device because the SDR operates only in the elas- Q Steel Ball w/ Known Radius, R,
tic region of the material (i.e., all deformation is
recoverable). In the SDR test an indentor of Asphalt Cement Sample
known weight is placed on a sample at a given
temperature for a given time period. The dis- ‘  Radius of Contact Circle, (t)
placement of the sample is measured and various w 3
properties of the sample are determined. m ,,,,,,,

___ Displacement, d(t)
Asphalt Cement Sample

Module VI —Part 1: Side 10

Slide11 The parameters determined from the test include SDR Test Parameters
the shear modulus and the phase angle.

* Known Load Applied to Binder Surface by Indentor
* Depth of Indentation vs Time
* Given Load, Depth and Diameter of Indentor, Modulus

of Binder Calculated

* Phase Angle Calculated (Observing Rate of Modulus
Change Over Time)

Module VI —Part 1: Side 11

Slide12 The SDR can be used as a quick field QC test of SDR - Field QC/QA
PG binders because the parameters determined
from the SDR include those properties used in the
PG determination for asphalt binders using the
other SHRP binder characterization equipment.

Quick Field Check on SHRP PG Binders
* Dynamic Shear Modulus, G*
* Phase Angle, d

¢ Creep Stiffness, S(t), and m
Module VI —Part 1. Side 12




Module VI — Superpave Quality Control (QC) Plan: Part 1

Slide13 The SDR test is conducted at three different tem-
peratures with various times to deformation and
indentation ball weights. The combination of the
results can be used to generate the material prop-
erties for the sample.

Slide14 The sample's master curve is generated by using
the results from the various temperatures.

Slide 15 The aggregate video grader can be used to deter-
mine the blended gradation of the aggregates used
for the HMA.. The video grader can either be used
in-line on the cold feed aggregate conveyor or in
the lab with the portable unit. The video grader
provides quick gradation results comparable to
the results of traditional sieve analysis.
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Aggregate Video Grader

« In-Line Cold-Feed and Laboratory Versions

« Adapted from French Technology

« Comparable Results with Traditional Sieve
Analysis
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Slide16 Thevideo grader operates with an image analyzer
examining the aggregate as it passes by a high-
speed video camera. The aggregate free-falls past
the video camera and the image is analyzed by
computer software that determines the size frac-
tion gradation.

Slide17 The video grader provides results comparable to
those determined by the more traditional sieve
analysis methods and provides the results more
quickly. Thisisespecially important for QC activ-
itieswhen time is of the essence.

Slide 18 Deviceswere asoinvestigated and devel oped that
provide engineering propertiesthat can be used to
predict pavement performance. These devices
were specifically developed for field control and

are easy to operate, low cost, and portable.
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Aggregate Gradation Comparison
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Field Shear Devices

Determination of Fundamental
Engineering Properties for HMA Field
Control
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Slide19 TheField Shear Tester (FST) was devel oped under
the technical direction of the NCHRP Project 9-7
research personnel. This device is considered a
derivative of the Superpave Shear Tester (SST)
developed under the SHRP A-003 contract be-
cause it has the ability to run tests and generate
propertiessimilar to thosefrom the SST. However,
there are some significant differences between
these two devices that must be recognized.

First, the loading configuration of the FST is
similar to a direct shear load as opposed to the
simple shear loading of the SST. The loading
configuration for the FST was developed with
simplicity inmind. It was believed by the NCHRP
9-7 researchers that sample preparation for afield
control device should be minimal. To achieve
this, the loading mechanism shown in the slide
was devel oped. Second, control of the closed-loop
pneumatic system is handled by the loading
mechani sm as opposed to the deformation control
that the SST usesfor many tests. The deformation
measuring device of the FST is different from the
SST measuring device, again for simplicity. The
linear variable differential transformer is not
physically attached to the specimen and thusisnot
recommended as a control mechanism because
slippage could occur.

Slide20 The rapid triaxia test apparatus is another field
device that can be used to generate engineering
properties of asphalt mixes for QC/QA. The
deviceisadigital servo-controlled pneumatic sys-
tem that applies an axial load while the specimen
is under pressure from atriaxial cell. The device
has the ability to run creep tests as well as fre-
guency testsloaded inthe axial direction. Thetest
isconsidered asurrogate to the SST because of the
differences in loading and inclusion of triaxial
pressure.

Slide21 The properties generated from these types of test-
ing devices are considered fundamental engineer-
ing properties because they measure the response
characteristics of the material due to load. These
responses can be used to estimate the anticipated
performance of the material with traffic over time.
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Slide 22

Slide 23

Slide 24

An engineering property used in the analysis of
asphalt mixtures is the Complex Shear Modulus
or G". Thisvaueisameasurement of stiffnessand
can berelated to performance with modeling tech-
niques. As shown, the variation of many material
properties can affect the stiffness of the mix and
thus the desired performance. Engineering prop-
erties are also useful because they can indicate
how a change in a combination of material prop-
erties will affect the performance of an asphalt
mix.

In developing the QC/QA Plan for the Superpave
mixtures the research team assumes that the
responsibilities of the SHA and Contractor will be
divided as shown.

There are three basic areas that can be checked
during the QC and QA processes. These are
checking the material proportions (i.e., asphalt
content and gradation), the volumetric properties
of the mix, and the engineering properties.

Module VI — Superpave Quality Control (QC) Plan: Part 1

Relationship of G* to
HMA Materials

50
BAC 45 v
4.2
330
#8 290 #
(2.36mm) ,g,
245
(;mh 243 %
2.41
3E5
G* 2ES /\
1E5
1 2 3 4 3
Sublot #

Module VI —Part 1: Side 22

Functions and Responsibilities

HIGHWAY AGENCY

« Verify SUPERPAVE Mix Design
+ Inspect Plants

« Monitor Control of Operattons

= Acceptance

CONTRACTOR
» Formulation of Superpave Mix Designs
* Process Control
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Areas of Quality Control

- Material Proportions
« Volumetric Properties

+ Engineering Properties
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Module VI — Superpave Quality Control (QC) Plan: Part 1

Slide25 The material proportions can be checked by sev-
era different methods, which are shown in the
lists. An important concept must be followed,
which is the concept of consistency. Whatever
means are used in checking the material propor-
tions initially must be used throughout the
QC/QA process. Also, the tolerance limits set for
the QC/QA process must have been devel oped for
the method used to check the proportions.

Slide 26 Volumetric properties that should be determined
throughout the QC/QA process are the air voids,
the VMA, and the VFA. These should be calcu-
lated from the information obtained from the
gyratory compactor and can be checked with
actual measured values. These properties were
suggested based on the fact that they are proper-
ties that must meet certain specification criteria
during the mix design process and indicate how
the mix will perform.

Slide 27 Engineering properties suggested for field control
include (but are not limited to) the complex shear
modulus, the elastic (or Young's) modulus, and
the slope of the creep compliance curve. The
determination of these values hinges on the type
of performance-related test that isbeing runinthe
field and the test procedures that can be run on the
device. The FST developed under NCHRP Proj-
ect 9-7 can determine these values. It should also
be noted that the larger SST device and test pro-
cedures produce these same types of engineering
properties.
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Material Proportions

Asphalt Content Controlled By:

« Solvent Extraction

» Ignition

» Nuclear Asphalt Gauge

+ Computer Print-Outs (Plant Meter Readings)

Maximum Theeretical Specific Gravity

(radation Controlled By:

« Cold Feed

= Hot Bins

+« Extraction

* Ignition
» Video Imaging
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Volumetric Properties

Properties Determined Using the Gyratory Compactor:
« Air Voids (V 4)
« Voids Filled with Asphalt (VFA)

« Voids in Mineral Aggregate (VMA)
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Engineering Properties

Superpave Performance Properties Determined by the SST
or FST Include:

* G* = Complex Shear Modulus
* E = Young's Modulus

* m = Slope of Creep Compliance Curve
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Slide 28 The procedures devel oped under NCHRP Project
9-7 recommend the use of statistically based con-
trol charts for QC and QA. Statistical control
charts can be used to distinguish between chance
and assignable causes. The two most useful con-
trol chartsfor construction materials are the mean
(or x-bar chart) and the range (or R-chart) charts.

Slide29 Control charts are used to graphically represent
the continuous control process. They include the
target value that is to be achieved for a certain
material property and acceptable upper and lower
limits. When ameasured value is determined and
plotted on the control chart, it should fall within
the control limits. Mixture adjustments can be
made in response to the values plotted on these

control charts.

Slide30 Control limits can be set on the basis of historical
information or they can be project specific. In gen-
eral, the control limits are established based on
statistical concepts that assume the material para-
meter in question follows a normal distribution.
Typically, theUCL and LCL are set at =30 (stan-
dard deviations). However, these can be adjusted
depending on the specific parameter being mea-
sured and the effect of the parameter on mixture
performance.
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Application of Statistical Control
Charts

Approach Adopted for Superpave Hot
Mix Asphalt Production and
Construction
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Statistical Control Chart

U'pper Control Limit

Lower Control Limit
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Slide31 Two charts are needed to determine whether the
QC processisin control. The x-bar chart is used
to determine when the process average (mean) has
changed and the R-chart is used to determine
when the process variability has changed.

Slide32 The SHRP Gyratory Compactor is the primary
tool for Superpave QC/QA activities.

Slide 33 The gyratory compaction process consists of a
pressure applied to a sample of HMA in a mold
that is rotated at a certain speed. The orientation
of the mixture aggregate takes place because of
the applied load and the slight plate angle (1.25°)
that is induced on the specimen. The HMA spec-
imen height is measured at each gyration; by using
weight-volume rel ationships, the compacted HMA
properties can be determined throughout the com-
paction process. From thisinformation a compac-
tion curve can be established.
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SHRP Gyratory Compactor (SGC)

Procedures and Use of SGC for QC/QA
at the Hot Mix Asphalt Plant
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Superpave Gyratory Compactor:
Hot-Mix Asphzlt Compaction Method
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Slide 34

Slide 35

Slide 36

It is very important that HMA homogeneity be
maintained when loading the compactor mold
with material . Steps must be taken to reduce mate-
rial segregation when charging the compaction
molds with HMA. This will reduce the measure-
ment error and provide more accurate results for
the QC/QA process.

The mix design process requires that the mix in
question meet certain volumetric criteria. It is
assumed in the QC/QA plan that these require-
ments will be met within certain tolerances.

When looking at an example set of gyratory data
it can be observed that the bulk specific gravity
determined by using the weight-volume relation-
shipsis not the true or actua bulk gravity of the
mix when measured. Thisisdueto theassumption
that the gyratory specimen is a smooth-sided
cylinder, which it is not. Therefore, a correction
factor must be determined and is considered an
important parameter in the Superpave QC/QA
plan.
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Charging Compaction Molds:

Handle Carefully - Do Not Segregate Mix During Process
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P

gl

Asphalt Mix

Module VI —Part 1: Side 34

Gyratory Compaction Curve
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Slide 37  Properly determining the correction factor isvery
important because the properties calculated by
using the mixture bulk specific gravity can bemis-
represented if the uncorrected bulk is used in the
volumetric calculations. For example, the differ-
enceinair voids for aspecimen can be substantial
when the uncorrected value is used instead of the
corrected value.

Slide 38 Determining the correction factor isasimple cal-
culation in which the actual bulk specific gravity
isdivided by the bulk gravity determined from the
weight-volume relationships from the gyratory

compactor.

Slide 39 After al the concepts shown inthe previous slides
were considered, a QC/QA plan was established
for Superpave HMA production and construction
by the NCHRP Project 9-7 research personnel.
The plan established assumes that the QC limits
will be based on the production variance, that the
primary tool for QC will be the gyratory com-
pactor, the corrected bulk specific gravity of the
plant-produced mix will be used as the primary
QC parameter, and afield device can (and should)
be used to provide fundamental engineering prop-
ertiesfor field control.
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Gyratory Specimens:
Determining the Correction Factor

Gyratory Density Measured Density

S I
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Air Voids = 3.6 %

Gyratory Specimens:
Determining the Correction Factor

Gyratory Density Measured Density
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NCHRP 9-7 Recommendations

¢ QC Limits Based on Produciion Variance
+ (3C Based Primarily on Gyratory Compaction

» Flant QC Based on Estimated Gyratory G,

« Field Shear Device Used lor Validating Mix
Design Adjustments/ Additienal QC
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Slide1 This module will provide information detailing
the QC Plan developed for Superpave-designed
HMA mixtures.

Slide2 The Superpave QC Plan developed by NCHRP
Project 9-7 isasix-step process that includes mix-
ture verification, production control, and paving
placement control. Step 1 consists of developing
the LTMF, which is basically the mix design
process. The second stepisverifyingtheLTMF at
the plant laboratory with the latest stockpiles that
will be used in the production process. This step
should occur about 2 weeks before HMA produc-
tion. Step 3 is field verification of the HMA,
which consists of ensuring that the plant can pro-
duce the LTMF designed in the lab. This should
occur about 2 days before the production process.
The fourth step is certification of the asphalt
binder that will be used in production of the
HMA. This step should be continuous throughout
the production of the HMA. The fifth step
includes development of the QC control charts,
and the final step is the actual production/con-
struction process control.

Slide3 Before any QC activities, the mix design must be
completed for the mix that will eventually be used
on the project. This can occur several weeks or
months before actual construction. The basic
steps in developing the LTMF include determin-
ing the design aggregate structure, the volumetric
properties, and performance properties, if re-
quired.
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Superpave Quality Control Plan

Part IT - Step-by-Step Review
Module VI —Part 2: Side 1

Flow of Superpave QC Plan
@ Establish Lab Trial Mix
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® Conlinue QC
Process

Superpave Laboratory Trial Mix
Formula (LTMF)

© Determine Laboratory Trial Mix Formula - (I.TMF}
« Design Aggregate Structure
» Volumetrics
» Cinmpaction Curve Characteristics

» Corrected Bulk Specific Gravity
» Void Properlics

« Performance Properties
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Slide4 Determining the design aggregatesstructurein the
Superpave mix design system includes develop-
ing various blends of aggregates that, when plot-
ted on a 0.45 power curve, meet Superpave spec-
ification criteria.

Slide5 During the compaction process, the volumetric
properties are determined, which include the
gyratory bulk specific gravity, the gyratory cor-
rection factor, and the percent compactioninrela-

tion to the mixture maximum specific gravity.

Slide6 After the volumetric properties from the mix
design are determined from the gyratory com-
pactor, compaction curves are generated and the
volumetric properties are checked at three differ-
ent points in the compaction process to ensure
adherence to specification criteria.
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Superpave Laboratory Trial Mix
Formula (LTMF)
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100
- { 1]
ys Ju
»
¢ .
% of 20
Max. 85 - H
Densit
ensity o I
75 -
N initinl N deyigmn N nx )
N i < 8% % 1 10 100 1000
N sesign =96 % Number of Gyrations
N < 98 %

HITX

Module VI —Part 2: Side 6




44

Slide7

Slide 8

Slide 9

The bulk specific gravity of the mix isameasure
of the bulk volume of the total mix, which
includesthetotal aggregate volume (including the
aggregate surface pores), the asphalt volume, and
theair volume.

The second step in the QC processisto verify the
LTMF at the contractor’s plant lab with the plant
materialsthat will actually be used on the project.
This should occur about 2 weeks before produc-
tion and the mix should conform to the original
mix design criteriawithin specified tolerance lim-
its. Any corrections or adjustments to the LTMF
should be reported and documented.

Thethird step in the QC processiscaled thefield
verification. This step includes actual production
of the LTMF through the hot mix plant. This step
is conducted to ensure that the plant can produce
the LTMF within certain tolerances. Thefield ver-
ification step provides important information
about how the mixture components will react to
the actual production process.

Field verification should occur within 2 days of
actual production by producing aminimum of 300
tons of mix after the plant has stabilized and mea-
suring various mixture properties. Random sam-
pling of the HMA should occur so that statistical
control concepts can be used to evauate the
process.
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Superpave Laboratory Trial Mix
Formula (LTME)

6 Contracror Laboratory Verification
« Two Weeks Prior to Construction
* Produce Mix in Lab Within LTMF Tolerances
¢ Provide Plant With LTMF Results/Corrections
» Move to Field Verilication With Agency Approval
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Superpave Plant Production

@ Field Verification

* Two Duys Prior to Construction
-Produce/Place min. ot 300 tons of Superpave Mix

* Randomly Sample Sublots
+ Determine < and S

* Statistically Evaluate Results (90 PWL)
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Slide10 From each sublot sampled, certain properties
must be determined to be 90 PWL. These QC
parameters include component proportions, volu-
metric properties from gyratory-compacted spec-
imens, and in-place properties.

Slide11 The fourth step in the QC process is certification
of the asphalt cement that will be used on the pro-
ject. QC checks of the binder should be conducted
at various times throughout the production
processto ensurethat it conformsto the properties
of the binder that was used to develop the LTMF.

Slide12 The AASHTO PP26-96 Standard and its proce-
dures for PG asphalt binder certification can be
used for this purpose. Other acceptable methods
also can be used for this purpose, including SDR,
which isafield control test for binders.
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Properties for Each Sublot

+ Cold Feed Aggregate Gradation

* % AC and Combined Aggregate Gradation
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Superpave Performance-Graded
{PG) Asphalt Binder Certification

@ Quality Control Criteria
» PG Asphalt Binder Quality Control

* AASHTO PP 26-96 Standard
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AASHTO PP 26-96 Standard
Cortitying Suppliers of Performance-Graded Asphalt Binders
v Specifies Requirements and
Procedures for Certification
System Applicable to All
Suppliers of PG Asphalt Binder

v Sections 9 and 13 Specifically
Applicable to HMA Plant
Quality Control
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Slide 13 After lab and field verification and certification of
the asphalt cement, the mix is ready to be pro-
duced and placed. Thefifth step in the QC process
occurs within the first 100 tons of mix produced
after the plant has stabilized. Lab measurements
onthelisted properties are obtained and compared
with the mix design values. These measured val-
ues must fall within certain acceptable ranges as
set by the QC plan.

The FST also can be used to determine mixture
properties and can be used in the QC process.

Slide 14  If the measured properties fall within the appro-
priatetolerances, the actual QC process can begin.
Thefirst step isto obtain random samplesfrom the
plant and in the field. For plant samples, the gyra-
tory compactor is used to compact replicate spec-

imens for each sublot.

Slide 15 The corrected bulk specific gravity is determined
with the correction factor obtained from the field
verification stage. Also, the slope of the com-
paction curveis calculated and compared with the
slopes calculated at previous steps in the QC
process. Deviations of this property and the bulk
specific gravity from the values previously deter-
mined will give an indication of when the mix
production process begins to lose control.
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Quality Control:
Initial Plant Production

® Within First 100 Tons Shipped. Mcasure:
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» Determine Properties With Field Shear Equipment (Optional)
+  Compare Results to L'TMF Tolerances
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Continuous Plant Production

@ I First 100 Tons Meet LTMF Tolerances.
Begin QC Process:

1. Obtain Random Samples (Plant and In-Place}

2, Compact Replicate Specimens by Gyratory to N,
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Continuous Plant Production (Cont.)
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Slide 16

Slide 17

Slide 18

Determining the correction factor is a smple cal-
culation in which the measured bulk gravity is
divided by the estimated bulk gravity determined
from the gyratory compactor. The correction fac-
tor should be established throughout the mix
design, lab verification, and field verification. This
value also should be checked periodically through-
out the production QC processto ensurethat it has
not changed from the values obtained throughout
the previous stages.

In-place densities also must be taken during the
QC process. Densities must meet minimum and
maximum density requirements set by the QC
plan. Densities should be taken by NDT tech-
niques, which are calibrated with field core infor-
mation. Random sampling techniques also should
be used so that statistically based tolerances can
be applied.

Control charts are used in the QC processto give
a graphic representation of the QC process. The
corrected bulk specific gravity is plotted to deter-
minewhether it fallswithin the specified tolerance
limits for the project. An x-bar or mean chart is
plotted.
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Gyratory Specimens:
Determining the Correction Factor

Gyratory Density Measured Density
~ ~_
Gmb = 2.386 Gmb = 2.412

) Gmb Measured L1l
Correction Factor = Gmb Gyratory
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Continuous Plant Production (Cont.)
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Continuous Plant Production (Cont.)
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Slide 19

Slide 20

Slide 21

A range chart is also used in conjunction with the
x-bar chart. Also applicable to the QC processis
a control chart utilizing the standard deviation
instead of the range.

Basic rules of thumb for control charts state that a
lack of control occurs when there is a change in
either x-bar or the range or when thereisachange
in both values.

After the process parameter has been plotted on
the control chart, it is checked against the control
limits. Warning and action limits may also be set
by using the variances of the production process.
These limits act as triggering mechanisms for the
control process. It can be assumed that mixture
composition change occurs when there are four
consecutive points on either side of the target
value or when one point plots outside the control
limit. When this occurs, the mixture must be
adjusted and properties must be measured and
compared with the LTMF. When all appropriate
properties are within specified tol erances, the nor-
mal QC process can proceed.

Module VI — Superpave Quality Control (QC) Plan: Part 2

Continuous Plant Production (Cont.)

oh. Plot Control Charts (%, R)

R Chart

UCT. = 2.528

Turpet - 244

5GC Corrected Gy
[
-3
S

LCL - 2301

LJ L] L] L] L] L] L)
m 13 0 2% W F oA
Sample Number

Module VI —Part 2: Side 19

Control Charts - Rules of Thumb

Lack of Cantrol Occurs When:

@ Change in %, R Constant

& Change in R, % Constant
® Change in Both x & R
Module VI —Part 2: Side 20

Continuous Plant Production (Cont.)

7.

Check Warning/Action Limits
Change in Mix Composition When:

Four Consecutive Points on Either Side of Tarpet
One Point Dutside Contrel Limit

Measore G,
Adjust AC and/for Aggregate Gradation
Reécheck Mix Preperties

Compare to LTMF

Module VI —Part 2: Side 21




Module VI — Superpave Quality Control (QC) Plan: Part 2

Slide22 Adjustments that can be made to the mix to
include changing the gradation, adjusting the
amount of material passing the 0.075-mm sieve
(i.e., adjusting baghouse finesreturn), or changing
the shape and texture of the aggregate (must be
sure to comply with CAA and FAA requirements
of Superpave).

Slide 23 When all measured properties meet the QC toler-
ances, plant production and lay down may con-
tinue as well asthe normal QC activities.

Slide24 Summary of Superpave QC process.
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SUPERPAVE MIX ADJUSTMENTS
(Volumetric Properties)

* Change Gradation
* Change Percent Passing 0.075mm Sieve
¢ Change Surface Texture and Shape of
Agpregates
Module VI —Part 2: Side 22

Continuous Plant Production {Cont.)

13. Continue With Production When All Propertics Mect
Specifications

Module VI —Part 2: Side 23

QC Summary

Produce Lah Trial Mix Formula

Verify Binder and LTMF w/Plant Material
m Field Verify LTMF, Adjust Mix if Necessary
B Determine Project Variance (Statistics)

m Establish Control Charts

m Continue QC

Module VI —Part 2: Side 24
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Slide1 This module provides information about the QA
Plan developed for Superpave HMA. QA is gen-
eraly the responsibility of the SHA or the entity
paying for the HMA material .

Slide2 The agency is responsible, in this QA Plan, for
verifying that the mix design meetsthe Superpave
specification criteria, reviewing the lab verifica-
tion process of the contractor, randomly sampling
the field verification production in conjunction
with the contractor, and accepting the asphalt
binder. After all these steps have been taken, the
agency is then responsible for performing the
duties and sampling required for the established
QA plan.

Slide3 Verifying that the mix conformsto the Superpave
specificationsincludes checkson all the aggregate
criteria from the combined stockpiles using the

LTMF proportions.

Module VIl — Super pave Quality Acceptance (QA) Plan

Superpave Quality Acceptance Plan

State Highway Agency

Procedures for Accepting Hot Mix
Asphalt Production and Placement

Module VIl —Side 1

Superpave Quality Acceptance -
Agency Responsibilities

o Verify Mix Design for Conformance to Superpave
Specificutions

o Review Contractor Laboratory Mix Yerification (2 weeks
before construction)

& Randomly Sample Contractor Plant Yerification (2 days
before construction)

© Accept/Certify Asphalt Binder
@ Continue With QA Based on Specilied Lots/Sublots

Module VIl —Side 2

Mix Conformance to Superpave Specifications

O Verify that Mix Design Meets Specifications on ..
Aggregate Crileria
» Contral Points and Restricted Zone
» Coarse Aggregate Angularity
» Fine Agyrepate Angularity
» Flat and Elongated Pariicles
» Clay Content

Module VIl —Side 3




Module VIl — Superpave Quality Acceptance (QA) Plan

Slide4 Verifying that the mix conformsto the Superpave
specifications includes checks on al the mixture
volumetric properties as determined from the mix
design process.

Slide5 Verifying that the mix conformsto the Superpave
specifications a so includes checks on all the mix-
ture performance properties as determined from

the mix design process (if performed).

Slide6 The second step in the QA processis approval of
the contractor’s laboratory verification. The
agency approves the lab verification if the appro-
priate properties fall within the specified toler-

ances.
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Mix Conformance to Superpave Specifications

) Verity that Mix Design Meets Specifications on ...
— Volumetnc and Mixture Criteria
» Air Voids
» Voids in Mineral Aggregate
» Voids Filled with Asphalt
» Cryratory Compacted % G, at Ny Ny and N
» Dust Proportion
» Muoisture Sensitivity

Module VIl —Side 4

Mix Conformance to Superpave Specifications

O Verily thar Mix Design Meets Specificalions on ...
- Mixture Performance Property Criteria
» Performance Properties from 88T or FST, if required
» Performance-Graded Binder Praperties

Module VIl —Side 5

Superpave Laboratory Trial Mix
Formula (LTMF)

& Contractor Laboratory Verification
+ Two Weeks Prior to Construction
» Produce Mix in Lab Within LTMF Tolerances
+ Provide Plant With LTMF Results/Corrections
= Move (o Field Verification With Agency Approval
Module VIl —Slide 6
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Slide7 Thethird step in the QA processis field verifica-
tion. This step includes the actual production of
the LTMF through the hot mix plant. Thisstep is
conducted to ensure that the plant can produce the
LTMF within certain tolerances. The field verifi-
cation step provides important information about
how the mixture components will react to the
actual production process.

Field verification should occur within 2 days of
actual production by producing aminimum of 300
tons of mix after the plant has stabilized and mea-
suring various mixture properties. Random sam-
pling of the HMA should occur so that statistical
control concepts can be used to evaluate the
process. The contractor and agency independently
sample and determine the average and standard
deviation for specific properties.

Slide8 The properties measured include gradation and

volumetric properties.

Slide9 If al properties achieve 90 PWL for both the con-
tractor and agency samples, the production

process may begin.

Module VIl — Super pave Quality Acceptance (QA) Plan

Superpave Laboratory Trial Mix
Formula (LTMF)

& Contractor Laboratory Verificalion
= Agency to Approve Lab Verilication if Satisfied
that Contracior Materials Will Produce Mix
Within LTMF Tolerances

Module VIl —Side 7

Superpave Plant Production

@ Ficld Verification

* Two Days Prior to Construction
-Produce/Place X Tons of Superpave Mix

+ SHA and Contracior Randomly Sample Sublots

+ Independently Determine < and §

» Statistically Evaluate Results (90 PWL)

Module VIl —Side 8

Properties for Each Sublot

+ Cold Teed Aggregate Gradation

» 9% AC and Combined Apgregate Gradation
. G,

* Gyratory Compaction Curve to N
¢ Measured G, at N

= Voat Ny, Nyand N

= VMA and VFA at N,
Module VIl —Side 9

X




Module VIl — Superpave Quality Acceptance (QA) Plan

Slide10 The steps for determining PWL include determi-

Slide 11

Slide 12

nation of the average (denoted as x-bar) and the
standard deviation (denoted as S) for each prop-
erty for agiven set of samples.

The upper and lower quality indices are then
determined as well as the upper and lower PWL
(from the use of a table). The total PWL is the
summation of the upper and lower percent within
—100.

Thefourth stepin the QA processis acceptance of
the asphalt cement that will be used on the project.
QA checks of the binder should be conducted at
various times throughout the production process
to ensure that it conforms to the properties of the
binder that was used to develop the LTMF.
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Superpave Plant Production

& Contractor Field Verification

¢ Agency to Approve lield Verification il Satisfied
that Contractor Materials and Construction Practices
Will Produce Mix Within LTMF Tolerances:
{90 PWL)

Module VI —Side 10

Acceptance Plan:
Percent Within Limits (PWL.) Approach

1. Determine Rondam Sample Location Within Lot
1 hake Measurements al Locations or on Material Samples
k2 Itermine Average of Samples:
I
- ]
x= n

Module VIl —Side 11

Acceptance Plan:
Percent Within Limits (PWI.) Approach

5. Determine Lpper Quality Index, (.
u-3
1= S
LN Determine Lower Quality Lndex. ),
X-L)
.= S
T Estimate Iy, and P, From Table Using Calculated Qy- and 0
& Tital Percent Within Limits =+, + P} - 100

Module VIl —Side 12
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Slide13 The AASHTO PP26-96 Standard and its proce-
dures for PG acceptance can be used for this pur-
pose.

Slide 14 The fifth step in the QA process is acceptance of
the mix produced from the plant and constructed
by the paving operations during continuous plant
production. The QA plan is established on strati-
fied random sampling techniques and a specified
lot size. Each lot is divided into five sublots.

Slide15 Acceptance testing is conducted on split samples;
theair voids, VMA, VFA, and in-place density are
determined for each sublot. The lot average and
standard deviation are determined for each of
these properties.

Module VIl — Super pave Quality Acceptance (QA) Plan

Superpave Performance-Graded
(PG) Asphalt Binder Certification

@ Quality Acceptance Criteria
» PG Asphalt Binder Quality Acceptance

» AASHTO PP 26-96 Standard
Module VIl —Side 13

AASHTO PP 26-96 Standard

Certifying Suppliers of Performance-Graded Asphalt Binders
v/ Specifies Requirements and
Procedures for Certification
System Applicable to All
Suppliers of PG Asphalt Binder

v Sections 9, 10, 12 and 13
Specifically Applicable to SHA
Certification and Acceptance
Procedures

Module VIl —dide 14

Continnous Plant Production

& Acceptance Procedures
1. Develop Stratified Random Sampling Plan

2. Lot Size = 1,000 tons or & Day’s Production
(f Prejece < 1,000 rons: Lot = Quantity Produced for Project)

3. Number of Sublots = 5 per Lot
Module VIl — Side 15




Module VIl — Superpave Quality Acceptance (QA) Plan

Slide16 Theupper and lower quality limits are determined
based on the tolerances set by the QA Plan. The
PWL are determined for each property. Each
property must fall within 90 PWL for thelot to be
accepted.

Slide 17 Proper comparison of QC and QA datais impor-
tant in resolving conflicts that arise between the
contractor and the agency. The following infor-
mation is provided to show a statistically based
procedure for comparing two independently

determined sets of data.

Slide 18 Comparison of QC and QA dataanswersthe ques-
tion of how different QC and QA data can be and
still be considered to be from the same population.
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Continuous Plant Production (cont.)

® Acceptance Testing
1. Split Samples
2. Determine For Each Sublot:

¥ Air Voids

¥ Voids in Mineral Aggregate (Optional)
« Voids Filled With Asphalt {Optional)
+ [n-Place Density

Module VIl — Side 16

Continuous Plant Production (cont.)

@ Acceptance Criteria
L. Determine Qy; and Q; Using Superpave Tolerances
2. Determing PWI. For Each Parameter:

v Air Voids

v Voids in Mineral Aggreygate (Optional)
v Voids Filted With Asphalt (Optional)
v In-Place Density

Module VIl —Side 17

Comparison of QC and QA Data

Dispute Resolution
Module VIl —Side 18




56

Slide 19

Slide 20

Slide 21

The answer can be readily determined by using
statistically based procedures. Hypothesis testing
from statistics can be used to determine whether
the population variances and means are the same
or different. Basic assumptions that are made for
thesetestsinclude the assumption of normality for
each of the control properties (i.e., assume the
population of air voids follows anormal distribu-
tion) and that the material is sampled randomly.

Initially the variances for each popul ation must be
compared to determine whether they are statisti-
cally the same. The F-test is used to perform this
check.

The means of the populations are then compared
by using the t-test. This determination will tell
whether the population means are equal or
unequal.

Module VIl — Super pave Quality Acceptance (QA) Plan

Comparison of QC and QA Data

The BIG Question:

How different can QC and QA data be and still

be considered to have come from the sume population?

Module VIl —Side 19

Comparison of QC and QA Data

» Statistics to the Rescue !
- Hypothcsis Testing
» F-tests for checking population variances
» t-tests for checking population means
Assume Populations are Normally Distributed
- Populations Must be Randomly Sampled

Module VII — Side 20

Comparison of QC and QA Data

Comparing Variability by Means of the F-test

Compare Variances of Two Seis of Data
f(F)

§ !
1
Distribution of I = e
] 2
F

Module VII —Side 21




Module VIl — Superpave Quality Acceptance (QA) Plan
Slide22 In summary, dispute resolution includes a com-
parison of the population variances and means by
using statistical methodsto determine whether the
datagenerated for each popul ation are the same or
different.

Slide 23  Successful dispute resolution will requiretwo dis-
tinct, but related sets of computations.

First, the variance of each data set is computed
and the F-statistic is calculated to determine
whether the variances are equal or not. Next, if
they are equal statistically, then the mean of each
set is computed and the t-statistic is calculated to
determine whether the computed means are equal
or unequal.

If themeansare also equal statistically, thetwo
data sets are representative of the same popula
tion. The combined data set can then be compared
with the target values to determine whether all
reguirements are met within tolerances.

If either the variances or the means are statisti-
cally unequal, the two data sets are representative
of different populations and cannot be combined.
In this situation, the agency’s quality acceptance
dataonly are used to determine conformance with
target values within tolerances.
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Comparison of QC and QA Data

Comparing Variability by Means of the t-test

Cmnpare Means of Two Sets of Data

£x) Xy X,

T bylyiy P——— X

Module VIl —Side 22

Comparison of QC and QA Data

Steps to Successful Dispote Resolution:

Compute Yariance, 5%, for Each Set of Tests

Compute F-test Statistic Using Largest s2in the Numerator
Determine if Population Varisnces are Equal or Uneyual
Compute the Mean, X, for Each Sel of Tests

Compute t-test Statistic

& @& B & @

- Use Pooled Vanance if Population Yariances are Equal
- LUse Individual Variances if Population Yariances are Unequal

@ Delermine if Papulation Means are Equal or Unequal

Module VII —Side 23
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CHAPTER 5

EQUIPMENT TO SUPPORT SUPERPAVE QC/QA PLAN

5.1 INTRODUCTION

The Superpave mix design and analysis system extends
beyond the scope of existing mix design systems in that it
integrates specific elements of field control into the mix
design. NCHRP Project 9-7 started with the system recom-
mended for QC by the original SHRP research.

After areview of the SHRP research program results and
discussion with the NCHRP Project 9-7 panel, adecision was
made to consider only permanent deformation as a distress
factor. Permanent deformation is a short-term phenomenon
that can be evaluated by QC/QA field testing. Pavement
fatigue is a long-term phenomenon that is generaly
addressed through pavement layer thickness determination
during the pavement design process. Low-temperature
cracking is addressed during the Superpave mix design
process by the selection of the appropriate performance
grade of asphalt binder.

Typicaly, field control of HMA pavement construction is
defined by the SHA. Existing field control systems vary
greatly from mix design validation to limited material pro-
portion control. The Superpave mix design method formal-
izesfield control systems by incorporating asel ection of tests
and tools to verify the mix design in the field. As such, the
Superpave method provides components that can be incor-
porated into an agency-defined QC/QA system.

Thefollowing five general levels of field control are avail-
able in the Superpave mix design method:

« Gyratory compaction control,
 Volumetric property control,
 Performance-based property control,

* In situ pavement property control, and
Asphalt binder control.

5.2 GYRATORY COMPACTION CONTROL

Gyratory compaction control is achieved by compacting
HMA samples and measuring the bulk density of the com-
pacted specimens after application of the design number of
gyrations (termed Nesqn). I thetype of aggregate and asphalt
binder, the aggregate gradation, the amount of each aggre-
gate fraction, and the asphalt binder content do not change

during production, then the density should remain constant
within normal experimental behavior. A change in the type
of materials or in their amounts will cause a change in
density.

This approach minimizes the amount of testing required
for QC by the agency or contractors. Periodically, or if a
change in density is detected, it will be necessary to deter-
mine the volumetric properties, the performance properties
(as measured by the frequency sweep and simple shear at
constant height tests'), or both. Information obtained from
the performance tests provides agauge of the rutting that can
be expected as a result of the changes in the mix. If deemed
necessary, however, a full Superpave mix analysis can be
performed on HMA or compacted specimens sent to a cen-
tral laboratory.

5.2.1 Volumetric Property Control

Volumetric property control is based on confirming that
the properties of plant-mixed material agree within estab-
lished tolerances to those of the Superpave volumetric mix
design. If HMA sampled from plant production is compacted
in the SGC, specification valuesfor air voids content, VMA,
and VFA should be met at Ngesqn. In @ddition, the densities at
Ninit @and Nie (theinitial and maxi mum numbers of gyrations,
determined by the value selected for Ngesqn) should also meet
specification values. Aggregate properties as well as grada-
tion and asphalt content can also be used for this purpose.

Volumetric property controls include the following:

» Agphalt content,

* Gradation,

* Coarse aggregate angularity
Fine aggregate angularity,

« Clay content,

Elongated particles,
Deleterious materials,
Percent air voids (V ),

e Percent VMA, and

* Percent VFA.

*AASHTO TP7, Sandard Test Method for Determining the Permanent Deformation
and Fatigue Cracking Characteristics of Hot Mix Asphalt Using the Smple Shear Test.



Asphalt content can be monitored by the following:

Solvent extraction,

* Nuclear asphalt content gauge,

« Ignition oven,

 Plant meter readings, and

Maximum theoretical specific gravity determination (by
the Rice method?).

Gradation can be monitored by sieve analysiswith thefol-
lowing:

« Extracted aggregate, and
 Aggregate cold feed sampling.

The air voids content, VMA, and VFA are measured on
plant mix samples compacted t0 Ngesgn gyrations with the
SGC. Theair void contents are calculated by using the SGC-
corrected bulk specific gravity of the compacted specimens.
The maximum theoretical specific gravity is measured on
materia split from the same material used to prepare com-
pacted specimens. VMA is calculated by using the com-
pacted specimen bulk specific gravity and the aggregate bulk
specific gravity. The VFA iscalculated by using theair voids
content and VMA for that specimen.

5.2.2 Gyratory Compaction

The Superpave mix designs and field QC operations in
NCHRP Project 9-7 employed SGCs built by several com-
mercia sources to specifications provided by the FHWA as
well as two other gyratory compactors manufactured com-
mercialy in Finland and Australia. Thelatter unitshave equiv-
alent capabilities and operate by the same principles as the
SGCs. A schematic of atypical SGCisshown in Figure 5-1.

SGCsare capable of quickly molding specimenswith min-
imal specimen-to-specimen variation. They yield compacted
specimens whose performance properties simulate those of
cores from pavements constructed with the same combina-
tion of asphalt binder and aggregate. Some models were
portable or transportable. The compatibility of the HMA can
also be evaluated with the SGC, including both an estimate
of thefinal air voids content under traffic (related to the prob-
ability of the paving mix becoming plastic under traffic) and
ameasure of the structuring of the aggregate in the mix.

The SGC (Figure 5-1) has the following key charac-
teristics:

An angle of gyration of 1.25° = 0.02°,

A rate of 30 gyrations per minute,

* A vertical pressure during gyration of 600 kPa, and

* The capability to produce 150 X 150 mm specimens.

2AASHTO T 209, Maximum Specific Gravity of Bituminous Paving Mixtures.
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tilt bar

30 gyrations per minute

Figure5-1. The SHRP gyratory compactor. (Top)
Schematic. (Bottom) Principle of operation.

During compaction, therelative density of the specimenis
monitored and displayed. Typical results are shown in Fig-
ure5-2. Density asapercent of maximum theoretical specific
gravity (as measured by AASHTO T209) can be plotted
against either the number of gyrations or the log of the num-
ber of gyrations. This allows avisual evaluation of the com-
patibility and the aggregate structure of the paving mix.

The three compaction levels specified in the Superpave
volumetric mix design procedure are as follows:

* Nint, theinitial compaction effort,
* Ngesign, the design compaction effort, and
* Nia, the maximum compaction effort.

100 T
95 AL
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Max. g5 o=
Densit :
Y g0

SR S TR 11 S T,

75 '
N iniviat N desizn N e
1 14 100 1000

Number of Gyrations

Figure5-2. Typical densification curve obtained with the
SHRP gyratory compactor.
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TABLE 5-1 Superpave design gyratory compactive effort

Average Design High Air Temperature
Design ESALs <39°C 39-40°C 41-42°C 43-44°C

e M | Mo | N | N [ N [ N | N [ N [ N | Mo | N | N
<0.3 7 68 104 7 74 114 7 T 121 7 82 127
03-1 7 76 117 7 83 129 7 88 138 8 93 146
1-3 7 86 134 8 95 150 8 100 | 158 8 105 | 167
3-10 8 96 152 8 106 | 169 8 113 | 181 9 119 | 192
10-30 8 109 | 174 9 121 195 9 128 | 208 9 135 | 220
30-100 9 126 | 204 9 139 | 228 9 146 | 240 10 | 153 | 253
>100 9 143 | 235 10 | 158 | 262 10 | 165 | 275 10 | 172 | 288

Values of Nini, Ngesgn: @nd Nima @re a function of average
design air temperature and project equivalent single axle
loads (ESALS) as shown in Table 5-1.

Nini @nd Ny are used to eval uate the compactibility of the
miX, and Ngesgn IS Used to select the asphalt content. Corre-
sponding to these compactive efforts are three densities, G,
Caesign: ad Crrsy, Which are expressed as a percent of maxi-
mum theoretical specific gravity.

Mixes exhibiting relatively steep slopes and low C;,; val-
ues are typical of mixes with good aggregate structure or
internal resistance to densification. Althoughitispossible to
select adesign asphalt content for a mix with aweak aggre-
gate structure, the design will result in poorer performance,
especialy in its resistance to permanent deformation. To
ensure adequate aggregate structure, the specifications
require that

Cinit = 89 percent

where the number of gyrations, Ny, varies from about 7
to 10.

A maximum density requirement at N, ensures that the
mix will not compact excessively under the anticipated traf-
fic, become plastic, and produce permanent deformation.
Thus, the specification requires that

Crax = 98 percent

In other words, the air voids content of a specimen com-
pacted to N, must be 2 percent or greater. Because N, rep-
resents a compactive effort that would be equivalent to that
induced by traffic that greatly exceeds the design traffic
(ESALS), this requirement guards against development of
excessive compaction (V, less than 2 percent) and plastic
deformation under traffic.

5.2.3 Field QC Using the SGC

Field QC procedures using the SGC are uncomplicated.
Volumetric properties of HMA can be obtained from the
gyratory compactor by thefollowing procedure for field QC:

1. A sample of HMA is randomly obtained. A known

weight is measured into the heated SGC mold.

The specimen is compacted t0 Ny Its height is

recorded at each gyration.

The operator estimates an uncorrected value of G, at

Neesign based on weight and volume relationships.

. The estimated bulk specific gravity is corrected by the
laboratory correction ratio, C, defined by the equation

2.

3.

_ Gp(measured) @N q
Gmb (eﬂi mated) @N max

. The slope of the gyratory compaction curve is calcu-
lated by the procedure set forth in report SHRP-A-407,
Section 3.7.4.1.

Determination of G,,;, (estimated) isconducted for QC pur-
poses because it can be obtained very quickly. It also pro-
vides an indirect control for the air voids content and the
VMA as shown in the following two equations:

G‘mm — C':‘mb %100

V., =
: Gim

where

V. =air voids in compacted sample
Gmm = maximum theoretical specific gravity of the paving
mixture
G, = corrected bulk specific gravity of compacted
mixture



Gmb_P

sb

VMA =100 -

where

VMA = voidsin mineral aggregate
G, = bulk specific gravity of the compacted mix
Ps = aggregate as a percent of the total weight of the
mix
Gy = bulk specific gravity of the aggregate

An example of SGC compaction data is shown in
Table 5-2.

During compaction, the height of the specimeninthemold
is measured after each gyration. The values of G, (esti-
mated) are determined with the following two equations:

2
v _Ad’h

m

x0.001

where

V., = volume of specimen in mold after each gyration dur-
ing compaction, cm®
d = diameter of mold (= 150 mm)
h = height of specimen in mold after each gyration dur-
ing compaction (mm)

and

010
G, (estimated) = Vm 15

m w
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where

Gnp(estimated) = estimated bulk specific gravity of spec-
imen in the mold after each gyration
during compaction

W,, = mass of the specimen, g
V. = volume of specimen in the mold after
each gyration during compaction, cm®
d,, = density of water (1.00 g/cm?)

This calculation assumes that the specimen is a smooth-
sided cylinder, which, of course, it is not. The volume of the
specimen is dlightly less than the volume of a smooth-sided
cylinder because of surface irregularities. To correct for this
difference, G,,(estimated) at any given number of gyrations
is corrected by the ratio of the measured to the estimated
bulk specific gravity at N by the formula

G (measured)
G (estimated)

C=

where

C = correction factor
Gmp(measured) = measured bulk specific gravity at N
Grp(estimated) = estimated bulk specific gravity at Ny

Figures 5-3 and 5-4 illustrate the results of QC by using
the slope of the gyratory compaction curve. The parallelism
of the compaction curves in Figure 5-3 indicates good con-
trol between sublots. The variation in the change in slope of
the compaction curves in Figure 5-4 suggests a potential
problem between sublots.

TABLE 5-2 Exampleof field gyratory compaction data

No. Gyrations | Gy, (est) G (corr) l Y% Gy (corr) l %V,
S 2.180 2.198 89.8 12.6
MN) 8 2217 2.236 91.3 11.1
10 2.236 2.255 92.1 103
100 2.397 2418 98.8 3.8
Ny 106 2.402 2422 98.9 3.7
128 2410 2431 99.3 33
160 2413 2.434 99.5 2.8
N 169 2423 2.444 99.8 2.6

G, (meas) =2.514 G,, (meas) = 2.444

Correction Factor = 1.0085
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Figure5-3. Sope of compactor curve (Alabama).

Statistical control charts of corrected G, may be used
with the process target value to determine whether the vari-
ability in HMA production is due to random or assignable
causes. Periodically, ameasured G, for control comparisons
isrequired to evaluate the correction factor. Figures 5-5 and
5-6 illustrate control charts developed by NCHRP Project 9-
7 during the LouisianalH-10 paving project in 1996. Both an
x-bar and a range chart are shown for evaluating the cor-
rected G,(estimated). For comparative purposes, values of
Gup(measured) were also plotted. As long as the plots are
within the UCL and LCL, the process is deemed in control.

5.3 PERFORMANCE-BASED
PROPERTY CONTROL

At times, the measured volumetric properties may fail to
detect changes in gradation or asphalt content and will indi-
cate the process is in control when it is not. This can occur
most commonly when the asphalt content and gradation are
varying simultaneously. Therefore, field test devices have
been developed that a contractor may use in concert with
gyratory compaction to measure performance-based engi-
neering properties for the purpose of QC.

After a review of the SHRP asphalt research program
results and discussion with the NCHRP Project 9-7 panel, a
decision was made to consider only permanent deformation
as a distress factor. Permanent deformation is a short-term
phenomenon that can be evaluated by QC/QA field testing.
Pavement fatigue is a long-term phenomenon that is gener-
ally addressed through pavement layer thickness determina-
tion during the pavement design process. Low-temperature
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Figure5-5. Average chart.

cracking is addressed during the Superpave mix design
process by the selection of the appropriate performance
grade of asphalt binder.

Performance-based properties should be measured period-
ically or when the density of gyratory-compacted specimens
indicates achange in the paving mix. A subset of the perfor-
mance-based tests used in the Superpave abbreviated and full
mix analysis methods (AASHTO TP7) can be conducted and
values compared with those of the origina mix design. In
particular, the simple shear and frequency sweep at constant
height tests are suitable to monitor HMA conformance to the
mix design and to estimate the amount of rutting that can be
expected due to variation in the HMA during production or
lay down.

Two devices were devel oped to measure the engineering
properties related to permanent deformation in field labora-
tories as part of a QC plan. These are the field shear device
and the rapid triaxial device. The field shear device was
developed with funding provided through NCHRP Project
9-7. The rapid triaxial device was developed with private
funding by Industrial Process Controls of Melbourne, Aus-
tralia. Each is discussed separately in following sections of
this chapter. Table 5-3 provides a comparison of various
characteristics of the two devices.
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TABLE 5-3 Comparison of the FST and rapid triaxial devices

Field Shear Device Triaxial Creep Device
Manufacturer Endura-Tech Industrial Process Controls
Costs (US Dollars) $30,000 - $40,000 $30,000 - $40,000
Load Frame Dimensions (w x d x 300 x 300 x 800 mm 365 x 305 x 845 mm
h)*
Load Frame Weight* 160 kg 100 kg
Loading Mechanism® Servo-Controlled Pneumatic | Servo-Controlled

Pneumatic

Specimen Preparation® Gyratory Compactor Gyratory Compactor
Specimen Size (diameter x length) 150 x 50mm to 150 x 140mm | 150 x 140mm
Response Measurement® LVDT (Automated) LVDT (Automated)

Test Time® 2 to 10 minutes 2 to 20 minutes

Portability Prototype Requires Dolley Self-Contained With
Wheels

Power Requirements 110 Volts w/ 550 kPa Air 110 Volts w/ 750 kPa Air

Notes:

a - Load frame dimensions and weight only, other accessories will increase size and weight.

b - Digitially controlled pneumatic actuators. Industrial Process Controls device also includes digital servocontrolled

triaxial pressure cell.

¢ - Roadway cores also acceptable for Endura-Tech device.
d - No sawing of specimen or gluing of linear variable differential transformers required.
¢ - Test times dependent on test protocols that are performed.
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5.3.1 FST Device

The testing of performance-based engineering properties
of plant-produced HMA is one of the key requirements for
QC of Superpave-designed paving mixes. During the initial
phases of NCHRP Project 9-7, it became clear that proper
QC could not be conducted with only the SGC and that an
additional test was necessary to assess the rutting suscepti-
bility of HMA in the field. Hence, as part of Project 9-7, a
prototype FST was developed by Endura-Tec Systems of
Eden Prairie, Minnesota. In April 1996, this device was
delivered to Project 9-7 subcontractor Advanced Asphalt
Technologies, LP (AAT), and a study plan was established
to evauate its functionality.

5.3.1.a FST Device Shakedown Testing

The FST devicewasdesigned to perform two of the Super-
paveload-related mix analysistests. frequency sweep at con-
stant height and simple shear a constant height (AASHTO
TP7-94). The device was designed and built by Endura-Tec
Systems of Eden Prairie, Minnesota, and procured under
contract to Brent Rauhut Engineering Inc., as a requirement
of Project 9-7. The Endura-Tec prototype was selected from
two proposed designs. The field shear deviceis considered a
derivation of the larger device developed under SHRP.

The FST uses a servopneumatic loading (load controlled)
device capable of applying repetitive loads of various wave

forms. The 10-kip test frame and the environmental chamber
are standard designs aready used by Texas Department of
Transportation to conduct long-term asphalt creep tests. Also,
the software is very similar to the program developed by The
Interlaken for the SHRP SST, now installed at the five
regiona Superpave centers. The SST and orientation are new
designs and are different from the laboratory SST. These
changes were made to address the more practical issues
related to field operation and to minimize specimen prepara-
tiontime. Theuse of the platens, specimen gluing, and mount-
ing of external extensiometry are not required with the FST.
The equipment is capable of testing gyratory-compacted
specimens up to 150 mm in height as well asfield cores.

The main differences between the FST device and the |ab-
oratory SST are the loading condition (i.e., the FST tests are
conducted in load control) and the specimen orientation. The
shear stresses are applied in the vertical direction across the
diameter of the specimen, similar to direct shear testing (i.e.,
diametrically). The face-to-face “ parallelism” is maintained
by clamping the specimen in the shear fixture. A schematic
of the prototype shear fixtureis presented in Figure 5-7.

5.3.1.b Testing Methodology

To simulate the loading conditions of the laboratory SST
frequency sweep test, which is a strain-controlled test, the
load and stresses are adjusted as the frequency decreases to
maintain a constant strain. Testing with the FST was con-
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Figure5-7. Schematic of field shear device.

ducted at frequency intervals of 1 decade (e.g., 10to 1 Hz, 2
t0 0.2 Hz) and at stresslevels similar to the levels used when
testing with the laboratory SST for the same mixture[i.e., 12
psi isthe stress level used to attain the constant strain at fre-
guenciesof 5and 10 Hz]. The stress sel ected was established
by maintaining the strain in the range of 50 to 150 micro-
strains.

5.3.1.c Analysisof Data

Tables 5-4 through 5-9 present the FST frequency sweep
test data from the FST device compared with that obtained
with the laboratory SST; Figures 5-8 through 5-14 show the
relationship between frequency and G* on alog-log plot for
each mix tested by project. These plots were developed by
compiling the data for the selected stress levels correspond-
ing to each test frequency. The data show a definite trend
with respect to the dynamic shear modulus at 40°C. At 20°C,
the error is much higher and the modulus values are signifi-
cantly lower with the FST.

A summary of the shear modulus slope (S) determined
from the linear portion of each plot is presented in Table 5-
4. The shear slopes calculated from the FST device data are
systematically lower than the laboratory SST slope values.
This may be due to the strain measurements and the stress
levels used to model the operation of the laboratory SST
device.

5.3.1.d Summary of Findings

Based on the testing of a limited number of samples, the
following observations are noted:

» Thecomplex shear modulus, G* (stiffness), for the spec-
imens testing at 40°C revealed a fairly similar trend at
frequencies of 0.2 to 2 Hz compared with the laboratory
SST results. At 10 Hz the FST device generally indicates
that the mixeshave lower stiffnessvalueswhereasat 0.2
Hz the testing indicates higher G* values. The corre-
sponding strain values show areversetrend (i.e., higher

TABLE 5-4 Summary of shear modulus slope values at 40°C

Project Lot No. Sy Sy Mean § Ssst
15-1 0.347 0.289 0.316 0.550
Wes Track 15-2 0.440 0.423 0.432 0.559
16 0.398 0.324 0.357 0.580
18 0.202 0.209 0.206 0.527
MD SMA 2-4 0.285 0.252 0.268 0.589
0.240 0.261 0.251

MD US-40 1-1

Alabama 3-3 0.305 0.230 0.273 0.316




TABLE 55 Maryland SMA frequency sweep data at 40°C

Laboratory S5T

Frequency Hz Strain in/in G* psi & G' psi G" psi
10 0.000057 79409 50.0% 0050 60908

5 0.000055 56254 52.97 33880 44907

2 0.000092 13684 56.88 13407 28210

1 0.000052 22160 5834 11631 18862

8.5 0.0040092 14248 58.26 7496 12117

8.2 £.00009 3446 55.44 4791 6933

0.1 G.000092 S007 5525 2854 4114

0.05 0000085 3948 36 2207 3373

0.02 0.000096 2320 53.64 1375 1868

0,01 £.00084 1891 48,83 1245 1423

Positive Skear (+)

Frequency Strain G* & G' c"
10 0.000014 51104 4716 34745 317470
0.00004 32662 37 25842 19974
2 0.000023 27438 36.69 22002 16394
| 0.000037 21417 30.8% 18279 10997
8.5 0.000054 16215 2692 14458 7340
0.2 0.000068 13069 2475 11868 5472
0.1 0000275 5446 33.87 4522 3035
0.05 0.00009 5591 11.73 5474 1136
0.02 0.000047 9070 14.73 8772 2307
0.0] 0000018 7839 2899 6856 1799
Negative Shear (-)
Frequency Strain G* Delta G o
14 0.000018 40237 35.6 32716 23423
5 0.000043 30721 3139 26225 16001
2 0.000024 25759 2979 22355 12798
0.000039 20422 2736 18137 9385
0.5 0.00005 17047 1746 15126 7862

02 | 0000065 | _ 13663 | 2338 ) [2541 | 5423 |
e ————————————  —  — —————————————————|

Positive Frequency

Hz Strain Infin G* psi Delta G' psi G" psi

14 0.000019 37403 39.14 20010 23810

5 0.00005 26742 34.95 21919 15319

2 0.000028 22542 28.09 19886 10615
0.000043 18633 25.04 16882 7885

0.5 0.000057 15327 22.56 14155 5879
0.2 0.000073 12335 18.85 11673 3936
0.1 0.000718 4811 32 4080 2550
0.05 0.000109 44614 14.4 4469 1147
0.02 0.00005 8723 11.62 5544 1758
0.01 0000018 fled 1159 7997 1640

Negative

Frequency Strain G Delta G' G"

10 0.000018 40237 35.60 32716 23423

5 0.000045 30721 31.39 26225 16001

2 0.000025 25513 24.98 23126 10773

1 0. 00004 1 19550 23.24 17563 1714
a.5 0.000054 1636 21.49 15033 5918

0.2 0.000067 13259 17.25 12662 3932
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TABLE 56 Lot 15WesTrack

Frequency Strain G* Delta G' G
10 0.00009 55518 50.84 35057 43049
5 0.000095 38966 53.03 23433 3132
2 0.000095 23110 35.19 13191 18976
0.000096 15475 55.36 5796 12733
0.5 0.000095 10306 53.66 6108 8302
0.2 0.000093 6234 53.3 3725 4998
0.1 0.000094 4406 55.75 2479 3642
0.05 0.000097 2974 47.28 2018 2185
Q.02 0.000097 1963 34.74 1613 1118
0.0]1 0.000095 1366 41,3 1019 211
Positive Shear
Frequency Hz Strain infin G* Delta G* G"
10 0.000146 28192 40.29 21504 18230
5 0.000196 21643 38.47 16944 13465
2 0.000071 20736 37.63 16422 12661
0.000162 15686 34.22 12970 8822
Q.5 0.000163 12083 30.97 10361 6218
0.2 0.00021 9325 28.07 8228 4388
Negative Shear
Frequency Hz Strain infin G* Delta G' G"
10 0.00014 29266 35.23 23947 16881
5 0.000179 23518 3Ly 19959 12439
2 0.000067 21846 34.27 18054 12300
0.000094 16974 31.02 14547 8746
0.3 0.000142 13824 26.9 12329 6254
0.2 0000175 11229 23,36 10308 4452

strains at the lower frequency). Thisshowsthat the mea-
sured strain is not truly constant. It appears that these
discrepancies are due to the measurement of either stress
or straininthe FST.

At 20°C the complex shear modulus values are system-
atically much lower than the laboratory SST values for
the entire range of frequencies tested.

The shear slope calculated from the FST testing is typi-
cally lower (i.e., flatter slope) than that determined with
laboratory SST data. Thisimplies that the mixes would
be less prone to rutting. However, because of errorsin
the measurements, these values may not reflect the
material behavior.

The simple shear test at constant height exhibited apoor
correlation for testing conducted at 20°C. For higher test
temperatures, the shear strain measured with the FST is
onthe order of 65 percent higher than the SST maximum
shear strain. It should be noted that only one project
(Alabama) isincluded in this analysis.

* Appendix B providesthetest procedureinthe AASHTO
format.

5.3.1.e Conclusions and Recommendations

The initial testing proposed for study of the FST device
needs to continue for further evaluation of the device. Ad-
ditional work is necessary to examine the effects of the
measured stresses and strains and the specimen orientation
with this device on the material properties. Also, additional
evaluation is recommended to better define the test proto-
cols of the FST as a field QC/QA device and mix design
evaluation device. The objectives of the study should be to
eva uate different mix types, specimen sizes, and changes
in mix composition and material properties. Additional
objectives would be to identify modifications to the FST
to improve its performance and develop preliminary test
methods.



TABLE 56 Lot 15WesTrack (continued)
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Frequency Strain G* Delta L& G
19 0.000097 60839 5241 37110 48210
G.00M57 42461 54.59 24603 34606
2 0.000056 25683 5744 13821 21647
0.0000%95 17188 58.15 9069 14601
0.5 0.000051 11203 5743 6032 9441
0.2 0.000093 6665 5854 3478 5686
0.1 0.000093 4578 57 2493 3840
0.05 0.000097 3654 5093 2303 2837
0.02 000098 2152 50.36 1373 1657
0.01 $.000096 1821 369 1456 1693
Positive Shear
Frequency Hz Strain in/in G* Defta G’ G"
1¢ 0.000166 28025 48.33 18633 20933
5 0.000241 19938 44.71 14171 14026
2 0.000061 26898 5033 17872 20703
1 0.000102 17517 44.61 12470 12302
0.5 0.000152 12851 40.76 9733 $390
0.2 0.000201 5756 3493 7998 5586
MNegative Shear
Frequency Hz Strain infin G* Delta (e G"
10 0.00015 0937 44,74 21989 21791
5 0.000203 23672 40.56 17984 15393
2 0.000047 35085 46,95 23938 25623
1 0.000076 23452 43.36 17050 16102
0.5 0.000117 16753 15.74 12882 10711
0.2 0.000149 13154 kx N 10935 731

5.3.1.f Implementation

The G* (complex modulus) value calculated from the FST
device data can be used for QC purposes. Figure 5-15 shows
the relationship between asphalt content, 2.36 mm, G,,;, and
G*. Although the void properties are apparently in control,
the variation of G* indicates a change in aggregate structure
and possible rutting potential.

5.3.2 Rapid Triaxial Testing Approach
to Flexible Pavement QC/QA

Most pavement structural models in use today are, or
were, devel oped with the expectation that triaxial testing data
would be used to provide the input for the material proper-
ties in the structural model. The triaxial test has been used
with notable success in the field of geotechnical engineering
for applications such as earthquake and tunnel modeling as
well as pavements.

Two of the main components of pavement modeling are
the material properties and the structural model. Without
these two components, performance prediction reduces to a
strictly empirical process. The way the two main modeling
components interact is sometimes misunderstood but is
really quite simple. Basically, tests are performed on materi-
als to establish their engineering properties and these prop-
erties are then used by the structural model to determine
stresses/strainsthat |ead to performance predictions. Because
of aset of conditions called boundary conditionsin the struc-
tural model, it is not necessary for amaterial property test to
exactly mimic the field condition. However, the testing
should, if practical, span arange of expected conditions so
that extrapolations inside the structural model are kept to a
minimum. The boundary conditions of the structural model
handl e things such astheloads at the surface of the pavement
and, for very sophisticated models, even the free surface at
the edge of the pavement in the form of drainage ditches.
When the structural model is“loaded” by atire, it computes
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TABLE 5-7 Lot 16 WesTrack

Frequency Hz Strain in/in G* psi Delta G’ psi G" psi
10 0.000096 42280 55.42 23098 34809
5 0.030094 28434 56.52 15687 23714
2 0.000093 16623 55.96 9305 13774
1 0.000091 11130 55.98 6228 9225
0.5 0.000089 7724 57.2 4185 6492
0.2 0.000089 4241 52.77 2566 3377
0.1 0.000092 3169 40.72 2401 2067
0.05 0.000099 2666 45.96 1854 1917
0.02 0.000097 1971 41.33 1480 1302
0.01 0.000096 1306 34,69 1074 743
Positive Shear
Frequency Hz Strain infin G* Delta G' G"
10 0.000187 24577 45.03 15113 18557
5 0.000257 17824 45.6% 12452 12754
2 0.000071 21914 47.32 14857 16106
I 0.000119 15202 42.08 11233 10189
0.5 0.000162 11838 36.89 9468 7106
0.2 0.000222 8757 32.16 7413 4662
Negative Shear
Frequency Hz Strain infin G* Delta G' G"
10 0.000163 23095 41.83 20934 18737
5 0.000212 21770 37.19 17342 13160
2 0.000063 25105 44.29 17972 17529
1 0.000102 17982 38.63 14048 11225
0.5 0.000128 15068 32.86 12657 8175
0.2 2000164 11207 2801 10512 3592

what the effect ison the various layers and, depending on the
form of the boundary conditions and the nature of the load-
ing, will generate the deflections due to the three-dimen-
sional state of stress based on how it has been told to react by
the material properties. This characteristic of these structural
models is the fundamental reason why some of the guess-
work isremoved when questions arise concerning, for exam-
ple, what will be the differencein rutting for material having
the same thickness and mixture design when placed on a
portland cement concrete layer versus when placed on a
granular base material layer. If the pavement layers have the
correct materia properties and the structural model behaves
according to these properties, the answer is automatic. Good
structural and performance models that address both elastic
behavior and damage can predict rutting and will alow an
upward vertical movement at the edge of the rut as is often
observed in the field. In most formulations that are being
commonly used at present, the three-dimensional equations
used in the structural model can be expressed in terms of
either shear properties or triaxial properties because thereis

a mathematical relationship between the two in these rela
tively simple, but adequate, formulations.

Thetriaxial approach to determining material propertiesis
useful for a variety of reasons. One of the more important
reasons for this utility is the ability to handle the characteri-
zation of different types of materials, including those mate-
rials in the pavement system that do not stick together very
well (e.g., unbound base and subgrade materials and asphalt
concrete at high temperature). Of particular interest here is
theroleof triaxial testing of asphalt mixturesat elevated tem-
peratures for QC/QA.

5.3.2.a Testing System

Triaxial Cell. In the past, the traditional fluid-filled geo-
technical-typetriaxia cell has been the major apparatus used
inthistypeof testing. A standard geotechnical cell isnot suit-
able for production use in the field. The standard cell and
most standard geotechnical test procedures take too much



TABLE 5-8 Lot 18 WesTrack
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Frequency Hz Strain in/In G* psi Delta G' psi G psi
10 0000097 51657 51.22 32357 40268
0.000096 368035 52.88 22212 29347

2 0.000094 22470 54.51 13045 18296

1 0.000094 15360 5542 3718 12640

0.5 0.000092 10606 5494 6092 8682

0.2 0.000091 6616 52.3 4046 5235

0.1 0.000092 4704 52.16 2887 3718

0.05 0.000098 3552 47.24 2412 2608

0.02 0.000097 2430 2981 2152 1233

0.0] 0.000096 2376 40.81 1798 1333

Positive Shear
Frequency Strain G* Delta G’ G"

10 0.000056 30871 33.14 25850 16875
0.000129 23396 3234 19767 12515

0.000061 19559 27.68 17321 9085

1 0.000086 15336 2559 13831 6625

0.5 0.000037 14634 20.17 13737 5045

0.2 0.0000435 12197 17.7 11618 3708

Negative Shear

Frequency Strain G* Delta G G"
10 0.000056 32423 31.56 27626 16972
0.000123 24965 20.22 21789 12185

0.000058 20397 25.68 18389 8840

1 0.000079 16673 2374 15262 6712

0.5 0000035 15242 18.06 14491 4725

02 0.000042 laZ34 15.6¢ 12262 3437

time and attention to detail to be used in a production envi-
ronment for QC/QA. Thetriaxial system used in the appara-
tusthat isthe subject of this discussion is based on a concept
that has been in use with the Texas Department of Trans-
portation (TxDOT) for many years. In TxDOT, the Texastri-
axial cell isused for classifying soils by performing confined
strength tests and plotting what are known as Mohr’ scircles.
These are semicircles plotted on a graph that has the triaxia
stress magnitudes on the x-axis and the computed shear
stress on the y-axis. The cell used in the QC/QA apparatusis
an extension of the Texas triaxial cell concept. The primary
enhancements over the Texastriaxial cell are the following:

 Full instrumentation for temperature and both vertical
and horizontal strains, and

» Automated control of cell movement for specimen
handling.

The strain measurements allow computation of parameters
that areimportant for structural modelsand field performance

such as Poisson’s ratio (which is basically the ratio of how
much aspecimen expands horizontally to how muchiit shrinks
vertically when a vertical load is applied) and phase angle
(whichisbasically how long it takes the peak strain to happen
after the peak load is applied, analogous to the concept used
in the performance graded (PG) system for the binder).

The automated control of the physical movement of the
cell turns the extremely tedious job of getting a specimen in
and out of astandard geotechnical cell and positioning all the
instrumentation in the standard cell into a quick and easy
operation taking lessthan aminute. The cell pressureis soft-
ware controlled. Because of thiscontrol capability, avacuum
can be applied to the cell that draws the pressure membrane
and the horizontal straininstrumentation away from the sides
of the specimen. Once the vacuum has been applied, a pneu-
matic actuator lifts the entire cell up out of the way so that
the previously tested specimen may be removed and the next
specimen may be placed in position. Finaly, the cell islow-
ered by the pneumatic actuator on the command of the oper-
ator with a single keystroke command to the software.
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TABLE 59 Alabamalaboratory SST and FST data

Lab 55T
Frequency Hz Strain infin G* psl Delta G’ psi G" psi
10 0.000096 76721 40.51 58329 45838
0.000098 62587 35.48 48210 35791
0.00:0096 47338 42.04 35158 31639
1 0.000093 37037 41.76 27629 24666
0.5 0.000093 28969 41.32 21756 19128
a2 0.000093 21307 30.81 16367 13641
0.1 0.000093 16888 383 13253 10467
0.05 0.000097 13701 3452 11235 7842
0.02 0.000096 L0961 30.98 9397 5641
0.0] 0.000095 9142 3131 7811 4731
Positive Shear
Frequency Hz Straino infin G* Delta G' G"
10 0.000103 37988 4.7 31230 21628
0.000185 28563 3242 24111 15313
0.000024 23920 31.95 20297 12657
1 0.00016% 18811 i1.24 16084 2755
] 0.000074 233561 28.59 20260 11224
02 0.000096 18755 27.4% 16638 8658
Negative Shear
Frequency Hz Strain infin G* Delta G G"
10 0000111 37923 31.47 32345 19799
0.000174 30611 2877 26832 14733
0.000111 26935 27.25 23945 12333
1 0.000142 22330 25.89 20088 9750
0.5 0.000084 21370 23.07 19661 8374
0.2 0.000104 17563 20,96 16401 $284

Specimen Size. The cell is designed for a 150-mm-
diameter specimen approximately 150 mmtall, whichiseas-
ily fabricated in most gyratory compactors. A uniaxially or
triaxially loaded specimen needs to be relatively tall to min-
imize end effects and ensure a reasonably consistent stress
and strain field. Conventional wisdom (e.g., AASHTO T 22,
paragraph 8.2, and AASHTO TP46 paragraph 7.1) suggests
that a height-to-diameter ratio of 2:1 is best for compression
testson cylinders. However, Button et al. (“Design and Eval -
uation of Large Stone Asphalt Mixtures,” NCHRP Report
386, 1996) showed reasonable consistency of results down
to ratios of 1:1. For this reason, the triaxial QC/QA test pro-
cedure is based on specimens with minimum height-to-
diameter ratios of approximately 1:1.

Loading System. Weighing in a 175 |b (79.4 kg) and
having a space-saving size of only 14.25 X 12 X 33.25in.
(362 X 305 X 845 mm), thetriaxial QC/QA test frame uses
a pneumatic actuator to apply the vertical load to the speci-

men. Recent advancements in control technology have
enabled the use of pneumaticsfor applicationsthat were pre-
viously attempted with hydraulics. Power requirements
include a supply of compressed air and standard 110-V elec-
trical service. A picture of the system with thetriaxial cell in
the raised position is presented in Figure 5-16. The machine
isdesigned to apply aconstant confining pressure and asinu-
soidal vertical loading at various frequencies. However, the
machineis also capable of controlling the confining pressure
at other than constant levels such as would be required for
hydrostatic compression testing, for example.

Test Procedur es. Because the apparatus can perform tests
at multiple frequencies aswell as multiple stress states, it can
be used for both QC/QA and mixture design and analysis.
These two capabilities enable the machine to quantify not
only the time-dependent response but also the stress-
dependent response of the material—two features that are
required for flexible pavement materials characterization.
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Figure5-8. Maryland: SMA Lot No. 4. (Replicate 1, top; Replicate 2, bottom)

For QC testing, it is envisioned that the user would test a
specimen straight out of a gyratory compactor at high tem-
perature where the role of the viscosity of the asphalt cement
isof reduced importance in the overall response. In theinter-
est of speed and production efficiency, this testing would be
accomplished using only one stress condition (i.e., confining
pressure). The user may elect to test at multiple frequencies
or at asingle frequency that is representative of the expected
speed of traffic on the pavement. Typical test durations for
multiple frequency tests are on the order of 5 min per speci-
men, whereas single frequency tests take about 2 min.

For QA testing, it is expected that more time would be
available to condition the specimens and conduct more
detailed tests. For this type of testing, specimens are condi-
tioned to the desired temperature (and, if desired, moisture
condition) over a suitable period and then tested with four
stress conditions and up to five frequencies per stress condi-

tion. The test itself requires 20 min per specimen unless
slower frequencies are used.

In the current triaxial QC/QA test procedures, the four
stress states being used include two levels of strictly com-
pression tests, one strictly extension test, and one fully
reversed compression-extension test. The extension test isa
procedure in which the horizontal stress is larger than the
vertical stressduring acycle. Extension testing yieldsresults
that are analogous to axial tension tests, but they have the
advantage of not requiring the technician to glue end capson
specimens. The fully reversed compression-extension test is
used for the QC testing as well as for the first of the four
stress states in the QA testing. Before the cyclic portion of
the test from which the engineering properties are derived,
the specimen shape is retained by ramping up both the hori-
zontal and vertical pressures simultaneously (i.e., an al-
around hydrostatic stress state is maintained while the spec-
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imen is being pressurized from atmospheric pressure up to
the confining pressure that will be used for the stress state
being applied). Maintai ning this hydrostatic condition during
theinitial loadingisparticularly useful for unbound materials
and asphalt mixtures at high temperatures. This two-channel
control capability could also be used for subjecting the spec-
imen to what is called a pure shear stress condition, the
details of which are beyond the scope of the current discus-
sion but are readily available from the author.

Output. Thedataanalysis provides dynamic modulusval-
ues in compression and extension, Poisson’s ratio in com-
pression and extension, phase angle for the vertical load and
strain response, and a rut resistance index based on charac-
teristics of the overall nonlinear response during the period
of thetest. For the QA test, the results from the various stress

states and frequencies can be combined to determine the
parameter estimates for relatively sophisticated models of
material properties.

5.3.2.b Applications

To date, the testing apparatus has been used to test mixes
from an LTPP SPS-9 project, an NCHRP 9-7 field project,
and the WesTrack project. It has been operated in both the
QC and the QA modes.

Test Results. SPS9. Approximately 130 tests were com-
pleted with the QC/QA machine in Canada on an SPS-9
project. Figure5-17 illustratestypical results. The generally
low modulus values are to be expected because the testing
was done straight out of the gyratory compactor (hot) on
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Figure5-12. Alabama Lot No. 3, Sublot No. 3.
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Figure5-13. Alabama 25-mm nominal size, frequency
sweep.

these particular specimens. The chart indicates that the
QC test appears to be sensitive to changes in gradation.
Mix code 1 is the Saskatchewan DOT standard mix, and
2 and 62 are Superpave mix designs with apparently
improved stone skeleton load transfer. An analysis of
variance of these data shows a statistically significant dif-
ference. The average values plotted are from data sets hav-
ing aminimum of 8 (a maximum of 12) specimens per mix.
The Superpave-designed mixes had larger variances than
the traditional DOT mix, confirming the construction ex-
perience in which some difficulties were encountered with
the contractor’s plant calibration and production on the
Superpave-designed HMA.

NCHRP 9-7. Alabama mixtures were tested (Lot 8,
Sublots 2 and 4, and Lot 6, Sublot 3) and typical results are
presented in Figures 5-18 and 5-19. Four specimens were
available for each sublot. All tests were conducted at 40°C.
In Figure 5-18, an analysis of variance confirmed that the
materialsin Lot 6 were significantly different from those in
Lot 8, whereasthe two sublotsin Lot 8 were not significantly
different. Figure 5-19illustrates the overall trend of modulus
with frequency for all the data combined (i.e.,, modulus
increases with frequency as expected).

0.008 .
g 0.007 |
& 0.006 .
g 0.005 :
= 0.004 :
£ 0.003 i
§ 0.002 !
S 0.001 |
0!

— o o - vy -] L

v ["al wy Wy wy wi ]

el Y 8 P ] a8 “

Sample 1D

a. Test Temperature 20 °C

008

Maximum Shear Strai

PELR ] 1352 1352 M4 31 154 38T
Samph ID

b. Test Temperature 40 °C

Figure5-14. Alabama 25-mm nominal size, simple shear.

WesTrack. WesTrack mixes 6, 13, and 21 yielded typical
results as presented in Figures 5-20 through 5-22. A mini-
mum of two specimens were available for each mix in this
testing (three specimens for mix 21). Figure 5-20 illustrates
a strong relationship between the rut depth observed in the
field and the measurements of modulus taken in a confined
laboratory test. A linear relationship is indicated here, but
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Figure5-15. Comparison of composition and engineering
properties for QC.
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further testing with a wider range of mixtures may indicate
a nonlinear relationship. Figures 5-21 and 5-22 document
the values of Poisson’s ratio for the three mixtures.
Although high values of Poisson’sratio are generally desir-
able, valuesthat are too high can be indicative of failure, as
isapparently the case with mix 21, which isthe mix with the
worst rutting in the field.

Implementation. The triaxial QC/QA system has been
implemented in a portable unit with no temperature control
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Figure5-22. Poisson’sratioin
triaxial extension.

for QC applicationsand with an integral environmental con-
trol system for both QC and QA applications. The machines
are portable and can be moved by either standard-sized or
small pickup trucks. Because of their small footprint and
light weight, they are well suited to field trailer applications
as well. The measured engineering properties of the speci-
mens are compatible with most pavement response models
and can be used as additional components in standard
QC/QA methodology, such as computation of composite
pay factors.




CHAPTER 6
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SUMMARY OF THE RESEARCH PROJECT

6.1 INTRODUCTION

Approximately 60 percent of the state highway depart-
ments in the United States currently use some form of
QC/QA specifications. Under this type of specification, the
contractor manufacturing and placing the HMA is responsi-
blefor the quality of the material produced—ensuring that it
meets the specifications of the owner agency. The pavement
owner isresponsible for ensuring that the material it is pay-
ing for actually conforms to those specifications. Generaly,
there is awell-defined division between the QC and the QA
functions, with each party to the contract having specified
responsibilities for testing and inspection of the product.

Highway construction specifications are a means to an
end. Their objectives are to provide the traveling public with
an adequate and economical pavement on which vehiclescan
move easily and safely from point to point. A practical speci-
fication is one that is designed to ensure satisfactory perfor-
mance at minimum cost. A realistic specification is one that
recognizes variations in materials and construction are
inevitable and characteristic of the best construction possible
today.

It is well known that significant differences may occur
between the properties of asphalt paving mixes prepared in
the laboratory and the “same” mixes manufactured in an
HMA plant. Changes in the characteristics of the mix are
caused by one or more of many factors encountered in the
manufacture of HMA, including the type of plant used,
changes in the aggregate materials, changes in the asphalt
binder material, and changes due to the plant-production
process. It isimportant to determine whether the Superpave
test procedures used to measure the characteristics and prop-
erties of the binder material and the HMA in the laboratory
can also be used to measure and control those same charac-
teristics and properties of the plant-produced mix.

6.2 OBJECTIVES AND ORGANIZATION
OF THE RESEARCH

The objectives of NCHRP Project 9-7 were the following:

« To establish comprehensive procedures and, if required,
develop equipment for QC/QA at the asphalt plant and
lay down site to ensure that asphalt pavements meet the

Superpave performance-related specifications devel-
oped by SHRP; and

» Todevelop aframework for atraining program for qual-
ifying technicians to accomplish the QC/QA field pro-
cedures devel oped.

NCHRP divided the project into three phases to accom-
plish the two objectives. These phases and related tasks are
asfollows:

Phase|

Task 1. Review and analyze SHRP performance-related
specifications and research results, including SHRP recom-
mendations for field control procedures as well as data from
LTPP SPS-9 pilot projects.

Task 2. Review and evauate other applicable research
activitiesin asphalt paving mix QC/QA.

Task 3. Review QC/QA issues and relationshipsin related
industries or industries with similar control or production
procedures to identify applicable concepts.

Task 4. Recommend the appropriate level of control (i.e.,
tests or other measures) for the quality of materials delivered
to the asphalt plant, including asphalt cement, aggregate,
modifiers, and additives.

Task 5. Propose a statistically based experimental plan to
collect field data that can be used to develop procedures to
verify, accept, and control the asphalt mix. Verification will
ensure that the mix produced by the plant and laid in thefield
meets the performance-based specifications developed
through SHRP.

Task 6. Submit an interim report that presents the results
of Tasks 1 through 5 and describes in detail the work
proposed for the remaining tasks. NCHRP approval was
required before proceeding with Tasks 7 through 14.

Phasell

Task 7. Conduct the series of field experiments approved
in Phasel.

Task 8. Based on data collected in Task 7, establish the
allowable tolerances and variabilities of the various test
results. The test procedures must produce resultsin atimely
manner.

Task 9. Based on the results of Task 8, identify the need
for modified or additional field testing equipment, and, if
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needed, develop the equipment in accordance with NCHRP
approval.

Phaselll

Task 10. Finalize QC/QA procedures. These procedures
shall include afamily of statistically based sampling and test
plans appropriate for the Superpave mix design and anaysis
method for variouslevels of pavement service (based on traf-
fic volume).

Task 11. Develop guidelinesusing QC/QA proceduresthat
define the circumstances when mix adjustments, which may
be made in the field, are applicable versus those circum-
stances that require a complete new mix design.

Task 12. Develop guidelines for implementation of these
research results.

Task 13. Design a framework for a training program for
qualifying technicians.

Task 14. Submit a final report documenting the entire
research effort.

This chapter presents the major findings of the research
accomplished in Phases|, 1, and 1.

6.3 CONDUCT OF THE RESEARCH

The research effort was carried out according to the
sequence set forth in the three phases. Each task within a
phase was completed and used asa*“ building block” or “ step-
ping stone” for the subsequent research activities.

6.3.1 Phase I: Literature Surveys

The purpose of Phase | was to review and evaluate exist-
ing programs, as related to field control procedures, and to
develop a detailed work plan for establishing the QC/QA
procedures using SHRP products.

6.3.1.a Summary of Review and Analysis of SHRP
Performance-Related Specifications and
Research Results

The purpose of the research effort was to review and ana-
lyze the Superpave performance-based specifications and
research results with emphasis on the applicability of these
specifications to the production and placement of HMA. The
review and recommendations were performed by a Techni-
cal Review Committee. The Superpave specifications devel-
oped by SHRPinclude aset of laboratory procedures and test
methods to determine the properties of both asphalt binder
materials and HMA. The applicability of the procedures to
the actual production and placement of HMA was examined.

For this task, 19 different Superpave specifications, prac-
tices, and test methods were reviewed. These procedures

wereintheform of AASHTO Provisional and Proposed Pro-
visional Standards. They were divided into one of two
groups:. binder standards and HMA standards.

The standards were reviewed with emphasis on the applic-
ability of each standard for usein controlling the production,
placement, and compaction of the HMA. The review was
carried out on each type of standard—binder and HMA—
separately. Emphasis was placed on the following factors:

» Sampling techniques,

* Turnaround of the test results (speed of the test),

* Precision and bias of the test,

» Complexity of the test equipment and procedures,

» Engineering properties and control tolerances as related
to field control practices,

* Cogt, and

Training and implementation.

The Technical Review Committee recognized that the test
procedures must be applicable to the day-to-day production
of HMA and must be functional in both the contractor’'s QC
laboratory and in the owner’ s QA laboratory and that, in gen-
eral, three approaches could be taken to control quality dur-
ing production:

e Attempt to use an entire suite of SHRP Superpave tests
on afrequent (multiple tests per production day) basis.
Cost and time factors would appear to make this
approach impractical, at least for the present.

« After amix design is authorized for production, use a
rigorous recipe approach and increase the number of
conventional recipe tests severalfold so that production
quality is actually controlled by test results rather than
test results being entirely a forensic exercise. This is
possible, but the test frequency would be so much
greater than those generally followed in the past that
considerable resistance would likely be generated
because of the need to significantly increase the number
of technicians necessary to implement this approach.

 Use acombination of automated or semiautomated tests
that would provide test data on the components of the
recipe at the frequency required for control and include
tests on the final mix that can be completed in less than
4 h (preferably less than 1 h) and that simulate or are a
surrogate for the engineering properties of interest in
accordance with the Superpave mix design level under
production.

The third alternative would require an initial capital
expenditure (which can be authorized) but would alow the
test frequencies required for control to be implemented with
no increase in staffing, thus providing a major advance in
production control with entirely reasonable unit costs. This
appeared to be the approach that should receive careful
analysis and consideration.



Recognizing the absolute necessity to be able to correlate
performance to material characteristics in the current re-
search program, the Technical Review Committee agreed
that the following tests should receive careful consideration
for inclusion in the planned research projects. These are not
control tests. They are intended solely to provide fully sup-
portable evidence of the engineering characteristics of the
HMA produced and placed on the roadway in terms of suites
of testsused in designing the mix and determining the binder
properties.

 Binder: Follow a stratified random sampling plan to
obtain a minimum of five samples per lot with a maxi-
mum lot size of 10,000 tons of mix produced (using the
same binder), or, if lessthan 10,000 tonsis produced for
a project (using the same binder), the ot should be the
quantity of HMA produced (using the same binder) for
the project. Obtain the samples from the line that con-
veys the binder into the HMA plant after any blending
operation has been completed. Perform the entire suite
of binder tests that were required for approval of the
binder under the AASHTO MP1 Superpave perfor-
mance-graded specification on all samples obtained.

* HMA prior to compaction: Follow a stratified random
sampling plan to obtain a minimum of five samples per
lot, with alot size of 25,000 tons of each mix produced,
or, if lessthan 25,000 tonsis produced for a project, the
lot should be the quantity used on the project. Obtain
samples from the plant output, compact immediately at
thefield laboratory (TP4 or 1015), and send to an appro-
priately equipped laboratory where, using the same suite
of tests and the same parameters followed in the project
mix design, the tests are performed.

» HMA after compaction: Follow astratified random sam-
pling plan to obtain aminimum of five cores per lot, with
alot size of 25,000 tons of each mix produced, or, if less
than 25,000 tonsis produced for aproject, the lot should
be the quantity used on the project. Obtain cores from
the finished roadway and send to an appropriately
equipped laboratory where, using the same suite of tests
and the same parameters followed in the project mix
design, thetests are performed. Further, recover samples
of the binder and perform appropriate binder tests.

6.3.1.b Summary of Other Research Activities
on HMA QC/QA

The main purpose of this research task was to perform a
detailed literature review of other asphalt and HMA research.
Major emphasis is placed on those QC/QA activities cur-
rently in place that may be applicableto field implementation
of the Superpave asphalt specifications.

A Transportation Research Information System (TRIS) lit-
erature search was initiated in concert with the literature
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reviews completed within NCHRP Project 10-39 (Construc-
tion Testing and Inspection Levels) and FHWA Contract
DTFH61-92-C-00097 (Quality Management and Statistical
Quality Control in Highway Construction).

The literature research documents were grouped to pro-
vide pertinent information within key categories related to
the Superpave mix design and analysis method:

« Materials proportions and mixture volumetric prop-
erties,

 Plant mixture engineering properties, and

» Road mixture engineering properties.

In addition, a telephone survey was made of all 50 SHAs
and anumber of asphalt paving contractors. The SHAs were
surveyed to determine which agencies are currently using a
contractor QC/agency QA-type specification program. A
copy of the SHA’s current specification for bituminous
paving mixtures was requested from all agencies contacted.
The contractors surveyed were generally asked how well the
QCIQA specifications were working and what mix or con-
struction items they controlled. In general, a contractor was
selected for each of three different categories:

* Contractor in a metropolitan area who owned multiple
stationary or portable asphalt batch or drum mix plants,

 Contractor in arural area who owned several portable
plants, and

» Small contractor who owned only one or two stationary
plants.

Thus, the selection includes both large and small asphalt
paving contractors, those located both in urban and rural geo-
graphic areas, and those who owned both stationary and
portable HMA plants.

Materials Proportions and Mixture Volumetric Prop-
erties. Theliteraturereview and survey clearly indicated that
mix design systems used today in North America were
designed as laboratory-based systems for central laborato-
ries. Construction and field control requirements are consid-
ered to be outside the scope of amix design method. The mix
design method isintended to be implemented in alaboratory
and application of the design from the laboratory to the field
is considered to be the responsibility of construction engi-
neers. Although there has been unity in specifying the design
method, the literature shows that field control varies widely.
For example, both the Marshall and Hveem methods of mix
design are documented in standards such as ASTM, manual's
such as the Asphalt Institute’s Manual MS-2, and SHAS
standard specifications. Field control methods, on the other
hand, are not well documented in industry publications or
standards. Each field control system is typically developed
by individual agencies with various procedures, methods,
objectives, and capabilities.
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Some SHA s have not changed the way they design asphalt
paving mixes for many years. In addition, many SHAs con-
duct field QC operations related to the HMA. Figure 6-1
compares design methods used by the SHAS.

Historically, field control systems have developed as
recipe control systems. Once the mix design was issued by
thelaboratory, field control focused on verifying that the cor-
rect amount of asphalt binder was added to the aggregate and
that the aggregate blend satisfied the design gradation. This
approach is based on the premise that if the recipe as con-
structed matches that recipe as designed, the mixture perfor-
mance will meet design expectations.

Control of theHMA mix volumetric properties, such asair
voids content and VMA, was developed more recently.
Experience showed that, when moving from the mix design
in the laboratory to construction, the properties of the mix-
ture could not always be ensured by controlling the mixture
recipe. A central laboratory design with asphalt content and
gradation chosen to meet volumetric criteria could be con-
structed according to the recipe, but the resulting volumetric
criteria could be significantly different from the design. For
example, a specified aggregate gradation mixed with a speci-
fied percentage of asphalt might produce a Marshall-
designed mixture with 4 percent air voids. If construction
confirms that gradation and asphalt content meet the design,
air voids of aMarshall-compacted specimen may be as much
as 2 percent less than the design level.

Volumetric property control requires that tests, which his-
torically have been done in a central laboratory, be per-
formed in a field laboratory. Some highway agencies have
been controlling volumetric properties for many years, oth-
ersare currently implementing field control, and others have
not begun to change from recipe control.

Since the 1980s, SHAs have been focusing on QC/QA
specifications. Thisisespecialy true since the“National Pol-
icy on the Quality of Highways’ was established by repre-
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sentatives of AASHTO, FHWA, and industry in 1992. This
policy establishes acontinuing commitment for quality prod-
ucts, information, and services through the following:

* Proper design, construction specificationsrel ated to per-
formance, adherence to specifications, use of quality
materials, use of qualified personnel, and sufficient
mai ntenance;

« Constant improvement of highway engineering technol-

ogy by increasing emphasis on cooperative research,

implementation, and technology sharing;

Flexibility, coupled with responsibility, for designers,

contractors, workers, and suppliers;

» Adequate assurances of quality achievement in plan-

ning, design, and construction by owner agencies;

Incentives that reward achievements and innovationsin

providing a demonstrated level of value-added quality;

and

* Cooperative development of quality management sys-
tems and specifications between federal, state, and local
agencies,; academia; and industry.

The AASHTO Joint Construction/Materials Quality
Assurance Task Force developed a QC/QA Specification and
Implementation Guide in relation to the national policy. The
main reasons for devel oping the guide were the following:

The use of QC/QA specifications will better define the
responsibilities of both the contractor and the agency;
The use of QC/QA specifications should alow more
effective use of existing resources,

* Financia incentives given to contractors should be con-
sidered and should be commensurate with the value
received from the highway product, provide aconsistent
product, and reduce nonspecification work;

i .
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Figure6-1. Comparison of design methods used in the United States.
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Figure6-2. SHAs using QC/QA specifications based on
AASHTO 1992 Survey.

 The use of QC/QA specifications should help ensure a
high-quality product; and

* A properly written QC/QA specification should clearly
define the agency’ s and contractor’ s risks in producing
a consistent high-quality product and therefore should
result in fewer contractor claims.

Thekey feature of the QC/QA specificationsisthedistinct
division of responsibilities between the SHA and the con-
tractor:

 The contractor isresponsible for all QC activities.
» TheSHA isresponsiblefor acceptance and QA activities.

Figure 6-2 shows the results of an AASHTO survey con-

ducted in 1992 of those states using or planning to use
QC/QA-type specifications.

Hveem -

Mix Design Method

Marshall -
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The literature indicates that SHAs demonstrate a similar
distribution between the use of the two most common mix
design procedures (Marshall and Hveem) with the QC/QA
specifications. Figure 6-3 illustrates this distribution. An
interesting point is the number of SHASs that now alow the
use of contractor mix designs. Of the 50 SHAs contacted, 27
now allow the use of some form of contractor mix design.
These states also have placed the responsibility of QC with
the contractor.

During the survey, information was obtained from each of
the SHAs contacted about the properties used to control and
accept according to QC/QA specifications. The more com-
mon mix properties used by SHAs are listed in Table 6-1,
along with the number of agencies that specify those prop-
erties for the design, control, and acceptance of paving
Mmixes.

Lot size, sample size, and testing frequency for the control
and acceptance of HMA are highly variable from agency to
agency. Some states use an area or length basis as a unit for
determining lot size, whereas others use a day’ s production
basis or atonnage basis. Typically, lot sizes defined by some
SHA s range from 500 to 4,000 tons.

Specification val ues associ ated with those mixture proper-
ties listed for the design, control, and acceptance of asphalt
concrete mixtures vary greatly from one agency to another.
For example, the minimum Marshall stability value used to
design asphalt paving mixes was found to vary from as low
as 1,000 pounds to a high value of 3,000 pounds. In some
agencies, stability is a function of traffic or layer type,
whereas in other agenciesit isnot (i.e., aminimum vaueis
used for design). Similarly, the design air void level was
found to vary from avalue as low as 2 percent to as high as
6 percent; with the more typical range being 3 percent to 5
percent, as expected.

For control or acceptance testing, similar variations
between the mix properties exist from agency to agency. For
example, the controls on gradation were found to vary from

0 10

20 30 40

Number of Organizations Using QC/QA Specitications

Figure 6-3. Mix design methods of SHAs using QC/QA specifications.
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TABLE 6-1 Mixture propertiesevaluated by SHAsusing QC/QA specifications

Number of SHA’s Using Mix Property For:

Mix Property Design Control Acceptance
Gradation 23 20 20
Asphalt Content 23 20 23
Stability 23 14 10
Flow (Marshall Only) 23 10 --
Air Voids/Density 23 26 23
VMA 16 11 8

+2 percent to =4 percent for percent passing 0.075-mm
(No. 200) material, =4 percent to =8 percent for sand-sized
aggregate, and =5 percent to =8 percent for gravel-sized
aggregate. Figure 6-4 compares the frequency of occurrence
for different tolerances specified for asphalt content for those
SHAs that use a QC/QA-type specification. The conse-
guences of these different tolerances may greatly influence
the quality of the HMA produced.

The SHAs vary in the requirements for control of asphalt
content. Most states requiring asphalt content control use
some form of binder extraction from the mix. Chemicals
such as 1,1-trichloroethane and trichloroethylene are used as
the solvent. Environmental concerns related to the use of
such chemicals have caused some states to use biodegradable
solvents. The chemical-type extraction tests have always
been considered time-consuming and costly from both an
acceptance and a QC standpoint. These tests also have arel-
atively high degree of variability.

Other states permit the use of nuclear asphalt content
gauges for QC purposes. These gauges are generally mix
specific and must be recalibrated whenever the mix design
changes. The big advantage of their use is the shorter testing

time. The degree of variability between gauges of different
manufacturers can be high.

Some states (e.g., New Y ork and Pennsylvania) permit the
use of the production plant computerized readout (printed
ticket) for acceptance and QC. In fact, New York uses this
procedure to eliminate the environmental concerns associ-
ated with chemical solvents. The literature indicates that the
degree of variability associated with asphalt batch weights,
for example, is much smaller than that associated with
extracted asphalt binders.

In terms of aggregate control, most SHAS require some
form of QC on the fine and coarse aggregate mix blend. This
is accomplished primarily by plant laboratory sieve analyses
from plant cold feed, hot bins, etc. Tolerances are generally
specified about an approved mix design. The sieve anayses
are time consuming. The French have developed and imple-
mented a unique “real-time” test for aggregate gradation
analysis. The device is an in-line grading system termed the
video grader. A smaller, portable unit has al so been devel oped
for off-line use in the laboratory. The device is capable of
grading aggregates by measuring the real dimension of aggre-
gates 1 to 60 mm in size. It utilizes an optical scanning
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approach and uses exact coordinates of aggregates to obtain
the size fractions. The grading curve and volume passing is
obtained within 10 min. The French use this approach rou-
tinely and are eliminating the sieve-analysisprocedurefor QC.
FHWA Demonstration Project 74 provided information
onthe Superpave volumetric (Level 1) field control practices.
Part of this demonstration was an early evaluation of Level 1
mix designs and associated QC. Table 6-2 shows the sam-
pling and testing frequency for this evaluation. The project
produced two early effects on the industry. Thefield labora-
tory demonstrated (1) the use of laboratory tests in a field
environment and (2) the inability of recipe control alone to
ensure that design volumetric properties were obtained.

Summary. The following summarizes the findings of the
literature review related to material properties and mix volu-
metric properties.

Material Proportions. The literature clearly indicates that
most states require a “recipe-type” control. The controlled
items are primarily asphalt content and aggregate gradation.

Asphalt content is controlled primarily by the following:

 Solvent extraction,
* Nuclear asphalt age,
* Ignition oven,
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¢ Plant meter readings, and
* Rice theoretical specific gravity determination.

Gradation is controlled primarily by sieve analysis using

 Extracted aggregate, and
» Aggregate cold feed sampling.

Mixture Volumetric Properties. The literature demon-
stratesthat control of volumetric propertiesis performed pri-
marily on |aboratory-compacted specimens of plant mix. The
objective of volumetric proportion control is to confirm the
volumetric design on plant-mixed materials. Volumetric
properties (i.e., air voids content, VMA, and VFA) take
precedence over material proportions. Therefore, if asphalt
content and gradation meet the design mixture but air voids
do not, adjustments must be made to either asphalt content or
gradation to bring air voids, VMA, and VFA into line.

Items controlled for mix volumetric control include mate-
rial and volumetric proportions. These are as follows:

« Asphalt content,

* Gradation,

e Percent air voids,
* Percent VMA, and
Percent VFA.

TABLE 6-2 FHWA Demonstration Project 74 sampling and testing frequency

for SHRP mix

PRELIMINARY TESTS:

PRODUCTION TESTS:

. Stockpile Aggregate Specific Gravities (AASHTO T84 and T835)

. Stockpile Apgregate Gradations (AASHTO T27 and T11)

. Stockpile Apgregate Sand Equivalency (AASHTO T176)

. Asphalt Cement Penetration (AASHTO T49)

. Asphalt Cement Viscosities (AASHTO T228 and ASTM D4402)

. Asphalt Cement Specific Gravity {AASHTO T228)

. Asphalt Cement Complex Shear Modulus and Phase Angle (SHRP Protocol)
. Calibration of Nuclear Asphalt Content Gauge

. 3 Point Mix Design Using SHRP Gyratory Compactor

. 3 Point Mix Design Using Marshall Compactor

. 4 Hot Mix Asphalt Samples per Day

. 2 Combined Aggregate Cold Feed Samples (Minimum) per Day (AASHTO T11}
. 2 Moisture Sensitivity Tests per Job (ASTM D4867)

. 4 Maximum Specific Gravities of Uncompacied Mix per Day {AASHTO T209)
. 4 Extracted Asphalt Contents per Day (AASHTO T164)

. 4 Asphalt Cement Contents by Nuclear Method (ASTM D4125)

. 4 Bets of Compacted Mix Specimens by SHRP Gyratory Compactor per Day

. 4 Sets of Compacted Mix Specimens by Marshall Compacior per Day

0 Particle Size Analysis of Fines to Determine Effect Upon Mix Void Properties
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Design asphalt content, gradation, and mix volumetric
properties are generally supplied by the design laboratory.
Percent air voids, VMA, and VFA are measured on plant mix
samples compacted to adesign density.

The air voids content is calculated by using the bulk spe-
cific gravity of the compacted specimen and the Rice theo-
retical maximum specific gravity measured on a companion
sample. VMA is calculated by using the compacted speci-
men bulk specific gravity of the compacted specimen and the
aggregate bulk specific gravity. VFA for aspecimen are cal-
culated by using the air voids content and the VMA from that
specimen.

Plant and Road Mix Engineering Properties Contral.
Theliterature showsthat the engineering property of thelab-
oratory mix measured most frequently by most statesis sta-
bility. Stability is believed to be related empirically to field
performance. This holds true for both the Marshall and the
Hveem design procedures.

Over the past 10 years, however, research has focused on
developing laboratory tests that provide material properties
directly related to pavement performance. The pavement dis-
tressfactorsof primary importanceidentifiedin theliterature
have been low-temperature cracking, fatigue cracking, and
permanent deformation (rutting). The literature search
revealed that a number of test methods have been devel oped
and evaluated in relation to the primary distress factors.

The NCHRP AAMAS [ Project 9-6(1)] promoted fivetests
astoolsfor mix evaluation and potential field control related
to the mixture engineering properties. The tests are the
diametral resilient modulus, indirect tensile strength, gyra
tory shear strength, and indirect tensile and uniaxial uncon-
fined compression creep. These tests are primarily geared to
alaboratory. These tests were also related to the volumetric
properties asindicators of engineering propertiesfrom aQC
viewpoint. The measured resilient modulus, static creep
modulus, indirect tensile strength, and failure strains are used
for load-associated and thermal cracking evaluations. The
unconfined compressive strength, resilient modulus, and
static creep modulus are used for permanent deformation
evaluation.

Researchers in the United Kingdom have worked toward
simple test methods for the purposes of mix design, QC, end-
product specification, pavement evaluation, failure investiga:
tion, and assessment of new products. The equipment is
known as the Nottingham Asphalt Tester (NAT). The
researchers identified that traditional methods of QC, using
compositional analysis and some means of determining the
degree of compaction, areindirect and not totally satisfactory.

Permanent deformation was of primary interest to the
researchers in the United Kingdom. They identified that a
uniaxial creep test is necessary to display accumulations of
permanent deformation, which are not demonstrated by sta-
ticloading or creep tests. Also, the researchersidentified that
elastic stiffness quantifies the rel ationship between stressand

strain under speeds of loading associated with moving traf-
fic or lower temperatures. It is a measure of load-spreading
ability for the asphalt dictating the general levels of stress
and strain in the pavement structure. Elastic stiffnessisinflu-
enced by the grade of asphalt and the volumetric composi-
tion of the mix, which may be quantified, for example, by
VMA. Therepeated load indirect tensile test (diametral test)
isused for determining the elastic stiffness. Thistest and the
uniaxial creep test may be used on either laboratory speci-
mens or cores taken from the road.

Numerous deformation tests performed on |aboratory-pre-
pared specimens and road cores suggest that good material
performance can be expected if the mix formulation exhibits
less than 1 percent permanent strain at the end of the creep
test. Similarly, data obtained from repeated load indirect ten-
sile testing indicate that satisfactory mixes will have values
of elastic stiffness in excess of 3,000 MPa at the particular
test conditions. To alow for the variability of this test, a
tolerance of 500 MPa has been applied to this value. Hence
the criteria of acceptability proposed for the two tests are as
follows:

* Elastic stiffness = 2,500 Mpa, and
* Permanent strain =< 1 percent.

The Australians have aso developed a similar piece of
equipment for mix design and QC purposes. The equipment
is known as the Industrial Process Controls Materials Test-
ing Apparatus (MATTA). The equipment was developed in
close cooperation with the Australian Road Research Board,
Australian State Road Authorities, and the Australian
Asphalt Pavements Association. The range of tests are as
follows:

* Static load asphalt creep test with uniaxia loading,

* Repeated |oad asphalt creep test with uniaxial loading,

* Repeated |oad indirect tensile asphalt fatigue test using
diametral loading, and

« Indirect tensile resilient modulus (repeated load) using
diametral loading.

The Dutch and the French have implemented a creep test
similar to the United Kingdom’ stest for QC. Early work was
donewith the static creep test. However, the Dutch found, like
the researchers in the United Kingdom, that the static creep
test measures only permanent deformation resulting from vis-
cous flow of the binder films. Once aggregate to aggregate
contact develops, creep will stop. The uniaxia creep test cap-
tures the accumulation of permanent deformation.

The French [specifically LCPC (Laboratorie Central des
Ponts Chausées)] have also developed a gyratory compactor
for mix design and field QC purposes. This gyratory com-
pactor has an angle of gyration of 1x, a vertical pressure of
0.6 MPa, and a rotation speed of 6 gyrations per min. The
French gyratory compactor was the basis of devel opment for



the SGC. Based on theinitial, design, and maximum number
of gyrations related to mix design, the French use the gyra-
tory compactor in thefieldto control air voidsand VMA. The
French are convinced that the gyratory compactor providesa
QC total to ensure the following:

* Provide adequate VMA at the design number of gyra-
tions at 4 percent air voids;

» Meet density requirements at theinitial number of gyra-
tions; and

* Meet density requirements at the maximum number of
gyrations.

The French have published numerous articles supporting
the notions that the contractor should be held to the “ recipe”
mix and that the mix design should clearly specify the mix
proportioning. The French strongly believe that the contrac-
tor’s QC should include specific controls on mix proportions
or arecipe mix.

The original Superpave approach to field QC employs the
SGC. From a QC standpoint, HMA sampled from plant pro-
duction is compacted. Specification values for air voids con-
tent, VMA, and VFA should be met at the design number of
gyrations. Density at the initial number of gyrations and the
maximum number of gyrations should also meet specifica-
tions. The SHRPresearchersbelieved that if the type of aggre-
gate and asphalt binder, aggregate gradation, amount of each
aggregate, and asphalt binder content do not change, the den-
sity should remain constant. A change in the type of materials
or the amount will cause a change in density (Figure 6-5).

This approach should minimize the amount of testing for
QC by the SHA or contractor on a periodic basis, or, if a
changein density isdetected as shown in Figure 6-5, it would
be necessary to determine the volumetric properties or the
engineering (performance properties) of the mix. A subset of
the Superpave performance-based tests would then be con-
ducted and compared with the original mix design.

*
* * % »
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Figure 6-5. Field control for density.
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SHRP, through its 5-year research effort, developed spe-
cific tests related to the primary distress factors. The speci-
mens used with the SHRP tests are compacted in the labora-
tory using the SGC. The compacted specimens must meet
specific volumetric property criteriaas discussed previously.
The following tests are performed on the compacted speci-
mens depending on the level of mix design (AASHTO TP7
and TP9):

* Repeated shear at constant stress ratio,
 Freguency sweep at constant height,

« Simple shear a constant height,

e Uniaxid strain,

 Volumetric (hydrostatic state of stress),
« Indirect tensile creep, and

* Indirect tensile strength.

Thematerial propertiesproduced fromthesetestsarelinked
to pavement performance by prediction models. The test
equipment is specifically geared for the laboratory mix design
environment. With the exception of the gyratory compactor,
the equipment does not lend itself directly to field QC.

Thetest results are used in the SHRP performance models
via the SHRP Superpave software to predict pavement per-
formance based on the mix properties. Figure 6-6 illustrates
aflow diagram of the performance model. The mixture char-
acterization program (material property model) calculates
the nonlinear elastic, viscodlastic, plastic, and fracture prop-
erties of amixture from the laboratory tests.

The frequency sweep is used to determine the linear vis-
coelastic properties (i.e., complex modulus) and the parame-
tersof the power law. The volumetric (hydrostatic), uniaxial,
and simple shear tests are used concurrently to determine the
resilient (k; toke) and plastic (\Vermeer properties) properties
of the mixture. The repeated shear |oad test resembles both
thefrequency sweep test and the shear |oad test; however, the
loading is repeated for several thousand cycles. Material
parameters are not specifically calculated from this test, but
theresults of thetest are used in the Superpave mix design as
aquality check on the other test regimes.

The frequency sweep test provides the complex modulus.
When the log of the complex modulus is plotted against the
log of the frequency, the slope of the resulting line, S, can be
related to another mixture property, m, which is the slope of
the log creep compliance curve. The parameter mis used in
both the fatigue (to determine a Parislaw coefficient) and the
permanent deformation calculation.

The uniaxia, volumetric (hydrostatic), and simple shear
test provide the same information but along different stress
paths. Theresilient (elastic) components, k; to ke, areusedin
the calculations of the elastic modulus (k, ks, ks, k) and the
Poisson’s ratio (kg ks) of the asphalt concrete. The plastic
components (o, X, dp, ¢o,) are used in the Vermeer model in
determination of the permanent deformation characteristics
of the asphalt concrete.
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Figure 6-6. Flow diagram of Superpave performance model.

The non-load-related portion of the Superpave perfor-
mance models predicts crack spacing as a function of age
(number of seasonal cycles) and is based on parameters
obtained from theindirect tensile creep and failuretests. The
material parameters needed for the thermal cracking are m,
as mentioned previously, and the undamaged tensile strength
of the mix. The parameters are used in determining a Paris
law coefficient also mentioned previously.

SHRP researchers considered the control of permanent
deformationin thefield asthe key issuein mix design. Intheir
opinion, low-temperature performance should effectively be
controlled through the selection of the performance-grade
binder and laboratory eval uation with the performance-based
tests. Load-associated fatigue should be properly accounted
for by proper pavement design thickness accounting for the
design traffic loading.

The SHRP researchers, as stated previously, believed that
monitoring volumetric properties in QC should assure
proper control of permanent deformation. However, if a
changein these properties occurs, asubset of the Superpave
performance-based tests for permanent deformation should
be used for QC. For example, a repeated shear test at con-
stant height could be used to estimate the amount of perma-
nent deformation.

Summary. A variety of tests have been developed to
evaluate the HMA material properties associated with low-
temperature cracking, load-associated fatigue cracking, and
permanent deformation. Most of these tests are designed for
the mix design laboratory and are not necessarily applicable
tofield QC. Sometestsidentified in the literature search may
have potential as field QC devices. The equipment is as
follows:

» SHRP gyratory compactor;

 Repeated load creep with uniaxia loading (NAT and
MATTA);

* Indirect tensile resilient modulus using diametral |oad-
ing (NAT and MATTA); and

* Repeated shear at constant height (Endura-Tec).

6.3.1.c Summary of QC/QA Issues
in Other Industries

The primary objective of this research effort was to iden-
tify QC/QA issues and relationships from unrelated indus-
tries with similar control or production procedures that pos-
sibly could be applicableto thisproject. Alsoincluded inthis



task was a survey of QC/QA activities in selected European
countries.

Statistical Process Control at the Raw M aterial M anu-
facturing Facility or Site Where Product is Used. Most
industries identify the importance of quality in the following
three broad areas of a business:

 Quality of design,
e Quality of conformance to design, and
* Quality of performance.

The quality of the design of a product is concerned with
the stringency of the specifications for manufacture of the
product. The literature indicates that quality of design is
greatly influenced by the market for the product.

Quiality of conformance to design is concerned with how
well amanufactured product conformsto the original design
requirements—that is, generally speaking, how well quality
is controlled from materials procurement through shipment
and storage of finished goods. QC, asit has been known and
used in the past, has been closely associated with confor-
mance quality. Also, this areais where most of the sampling
and statistical techniques have been used.

Quiality of performance considers how the product is put
to work and how it performs. Quality of performance
depends on both the quality of design and the quality of con-
formance. It can be the best design possible but poor confor-
mance control can cause poor performance. Conversely, the
best conformance control in the world cannot make a prod-
uct function properly if the design is not right. Thus, a con-
tinuing feedback system is necessary for providing quality
information to act as a basis for decision making regarding
the optimizing of a quality product. The key word here, in
each case, is optimum, which does not necessarily mean the
most stringent quality requirement but rather the best in the
sense that it will yield the greatest long-term return on the
investment in QC.

Most industrial and administrative situations involve a
combination of materials, machines, and personnel. Each of
the elements of the combination has someinherent or natural
variability, the causes of which cannot be isolated, plus
unnatural variability, which can be isolated and therefore
controlled to a certain irreducible economic minimum.

Industry views two sources of variation. First, the causes
for material variation may be many, including inadequate
purchased materials or quality assurance, poor material spec-
ifications, immediate need of materials regardless of quality,
lowest purchase price rather than minimum cost delivered to
the shop floor, reciprocity, or any of anumber of causes. One
frequent cause of poor quality of purchased materials, if such
exists, results from the vendor’s lack of knowledge of what
the buyer really wants. There is often a double standard:
(a) the material specification, and (b) what the buyer will take
for the sake of expedience. An analogous situation exists
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with personnel in the machine shop, that is, (a) the so-called
working drawings, and (b) what the supervisor will okay,
again for the sake of expedience.

The second source of variation is the machine. Every
process, precision or not, has a certain capability range
within which it will operate. The limits of this range are
known asthe natural limits of the process. This natural range
of variability isalso often referred to as“ process of machine
capability.” A process is defined to be any employment of
equipment or personnel for the purpose of production, the
products of which may be tangible or intangible. Contrasted
tothe natura limits are specification or drawing limits. These
limits are most often arbitrary because the objectives of the
design of the product determine what they will be. At least
thisisthe way it should be. Very often, however, the design
limits are arbitrary without proper consideration of the ob-
jectives of the design. Thisin turn leads to formation of the
double standard, namely, what is desired and what will be
accepted.

Many industries have shown that attempts to control the
process to a range of variability narrower than its natural
range is courting indecision, frustration, and unjustified
expense. If the process is incapable of acceptable operation
within design limits, there are only three alternative courses
of action open to the decision maker: (a) separation of non-
conforming from conforming product, (b) employment of a
more precise process, and (¢) change in the design of the
product. The choice of which alternative to use is an eco-
nomic one.

There were occasions when the first aternative was justi-
fied but there were many more occasions when poor produc-
tion and experience were reasons for its use. The second
aternative involves a substantial investment in hew equip-
ment, adifferent machine load, or a subcontract to more pre-
cise production processes. Quite often, through careful
machine loading and scheduling, more precise equipment
was released for use as needed. It was just as economically
faulty to tie a highly precise process to an imprecise design
asthereverse. The third choice, and one that was most diffi-
cult to achieve, was a change in design. Indiscriminate
changes in design can wreak havoc in a planned production
operation, but a justified relaxation in design requirements
can mean the difference between profit and | oss. The costs of
screening inspection, scrap, and rework were viewed as
opportunity costs, that is, unnecessary costs that can be
reduced or eliminated through proper planning and control.
Conversely, a merited tightening in design requirements
meant increased demand for a quality product. In any case,
the objective was optimum design at minimum total cost.

Specific QC/QA Procedures and Equipment. Current
practice in the manufacturing industry is focused on provid-
ing as much in-line production sampling and testing as
possible. This practice provides for real-time testing and
early decision making. Most in-line sampling is applicableto
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manufacturing processes such as the automotive, clothing,
computer, plastic, and steel industries. However, two in-line
techniques may be applicable to this project. The polymer
industry (DuPont) has developed an in-line sensor for con-
trolling quality of polymer melts. This sensor measures
dielectric properties and uses previously established correla-
tions between dielectric properties, chemistry, and rheology
to control the quality and consistency of the polymer melt.

Also, the aggregate industry in France through the LCPC
have developed an in-line grading system termed the video-
grader. Thisdeviceis capable of grading aggregates by mea-
suring rea dimensions of aggregates 1 to 60 mm in size. It
utilizes an optical scanning approach using exact coordinates
of aggregatesto obtain size fractions. The grading curve and
volume passing each size are obtained within minutes. The
French use this approach routinely and are eliminating the
sieve analysis procedure for QC purposes.

Controls Required for Product Manufacturing. Con-
trol of quality in a process involves the rationalization of
many quality objectives to those that will return the best
investment on the QC person-hours expended. The QC tools
that do the job at optimum total quality cost are the ones that
most manufacturing industries are using.

Someindustries are using the “ quality capability” analysis
approach. Quality capability analysisis often called process
or machine capability. Thelatter, of courseismore confining
and refers only to the capability of machinery wheretheterm
process includes machines and any other type of process
used, including personnel. The purpose of capability analy-
sisisto determine the “natural variation” of a process when
the effects of all extraneous factors not contributing to the
process have been minimized. Process capability is defined
asthe“minimum spread of a specific measurement variation
which will include 99.7% of the measurements from agiven
process’—in other words, six standard deviations (6a).

Other industries use percent defective, fraction defective,
or number defective for control purposes. A unit of inspec-
tion can be 1 unit, 10 units, 100 units, or any quantity cho-
sen. If the unit of inspection remains fairly constant from
period to period, the expression may be in terms of defects
with the unit being implied. A common method is to express
the defects as a ratio; for example, number of paint imper-
fections per 100 in.? of painted surface.

Various sampling schemes are used. Theseinclude single,
double, and multiple sampling plans. Most are based on Mil-
itary Standard 105 (MIL-STD 105), although some indus-
tries use sampling schemes derived from Military Standard
414 (MIL-STD 414).

Many industries are considering the adoption of a QC
approach based on an underlying quadratic loss function.
The approach is commonly referred to as the “Taguchi
Methodology,” named after the Japanese QC expert Genichi
Taguchi. The primary focus of the Taguchi approach is
reduction of variability. Theoretically, the use of alossfunc-

tion, rather than upper and lower specification limits, should
provide a reduction in variability by providing a stronger
impetus to have the product closer to the target.

QC/QA Manufacturing Specification Controls. Thelit-
erature survey of related industries indicates a myriad of
sampling approaches for QC/QA. As identified previoudly,
therelated industries use both MIL-STD 105 (attributes) and
MIL-STD 414 (variables) approaches to QC. The term
attribute, as used in QC, isthe property a unit of product has
of being good or bad—that is, the quality characteristic of the
unit is either within specified requirements or it is not. Some
industries are using the percent defective control chart asso-
ciated with process QC of attributes. Normally, it is used to
control product quality when the ideal percent defective
should be less than 10 percent.

Theterm “variables’ implies characteristicsfor inspection
that can be measured on avariable scale. In sampling by vari-
ables, sample units are selected in accordance with good
sampling practice, and measures of average and variability
are computed. For QC purposes, the lot percent defective or
PWL isused. The establishment of the QC limits depends on
the process capability and customer specifications.

Frequency and Personnel Required for QC/QA (Costs
and Benefits). Theliterature indicates that a“variables’ QC
procedure usually involves higher administrative cost. Also,
more skilled help is required; more computations are re-
quired; more errors in calculations are made; and more
expensive inspection equipment isrequired. However, some
of the industries found that where destructive testing is
involved, variables sampling is the most inexpensive.

Some industries use the following cost function to evalu-
ate whether to adapt an attribute or variables approach to QC:

C=a+((b+c+dn
The costs are classified as follows:

1. Overhead. These are independent of the sample size.
They include the cost of administration and part of the
recording and computation costs. For a plan with o
known the cost of maintaining up-to-date information
concerning the value of o must beincluded. This could
be done by use of acontrol chart for ranges.

2. Sampling. These are the same per unit regardless of the
plan.

3. Inspection. These will ordinarily be much more expen-
sive per unit for variables, because measuring costs
more than making an attributes decision.

4. Computation. Thisinvolves only the negligible cost of
counting for an attribute plan, computing a mean for a
variables plan with o known, and a mean and standard
deviation (or average range) for avariablesplanwith o
unknown.



From the standpoint of the economic factors of QC, the
related industries consider two areas:

 Budgeting and control of quality costs, and
 Economic optimization in a particular quality situation.

The most common method used for budgeting for QCisto
measure the cost of quality asaproportion of direct labor. For
example, Genera Electric Company uses three comparison
bases to measure the cost of quality—contributed quality, net
saleshilled, and operation labor. Thefirst baseis cal culated by
subtracting the cost of outside purchased materials and ser-
vicesfrom net saleshilled. Thus, it isthe value contributed by
the departments that design, manufacture, and sell the prod-
uct. The second base is the total amount billed for products
sold during a given period, and the third base represents the
actual input of money for al planned |abor operations.

Beech Aircraft Corporation uses the ratio of QC costs to
direct labor for several interesting and useful purposes. It
predicts costs of QC for continuing and new projects by ana-
lyzing ratios of QC to direct labor for factors such as work
miX, production phase, product flow, rate, and production
phaseout. It has found that different ratios are required for
different prime contractors even though the work for each is
similar. Also, there is a learning curve pattern on quality
costs from the new product through the regular product
phase. In an example cited, the ratio for new projectswas 21
percent and for production of several years duration it was
only 9 percent.

Manufacturing Industry Laboratory QC/QA Proce-
duresand Problems. Theliterature survey indicatesthat the
related industries have identified laboratory and equipment
control problems. Most industries clearly identify that the
quality of a product depends on the accuracy and reliability
of the tools, gauges, and test equipment used in the manu-
facturing, inspecting, and testing operations. Tools and
gauges provide the physical means of attaining volume pro-
duction and, at the same time, facilitate the fabrication,
inspection, and testing of parts, components, and assemblies
to the required degree of uniformity. Suitable gauges and
other inspecting, measuring, and testing devices necessary to
check supplies for conformance to requirements should be
provided and maintained. Only with proper design, applica
tion, and control will such equipment guarantee continued
uniformity and interchangeability within specification
requirements.

Because such equipment is subjected to constant wear and
deterioration, it is essential that a system for tool and gauge
control be established and maintained to ensure the required
standards of quality of the product. The equipment should be
checked with suitable measuring eguipment at established
periods to ensure continued accuracy. Records or other suit-
able conclusive evidence should be maintained to ensure that
proper control is being provided.
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Reliability has been identified as a problem area. Reliabil-
ity isthat aspect of QC that is concerned with the quality of
product function over time. One definition of reliability is
that it is “the probability of performing without failure a
specified function under given conditions for a specified
period of time.” In contrasting it to traditional QC, reliability
is associated with quality over the long term where QC is
associated with the relatively short period of time required
for manufacturing the product. The common statistical
meaning of the term reliability is that quality that a test has
of producing consistent or dependable results.

The causes of unreliability of product are many. One of the
major causes is the increasing complexity of product. The
multiplication law of probability illustrates this fact very
simply. Given an assembly made up of five components,
each of which has areliability of function of 0.95, the relia-
bility of function of the assembly is (0.95)° or about 0.78. For
example, many assemblies, that are electronic in nature
involve thousands of parts (aballistic missile has upwards of
40,000). It does not take too much reflection to realize what
the component reliabilities must be for such assemblies to
have a reasonable chance of survival.

Implementation of New Software and Its I mplications
on QC/QA Procedures. The literature indicates that there
are software packages available that have the potential of
being used with the Superpave system for QC purposes. A
few of these software packages are as follows:

MINITAB,

Ql Anayst,

 STATVIEW 4.01, and

* SYSTAT for DOS/'WINDOWS.

These software packages essentialy integrate data
management, statistical analysis (normality plots, etc.),
Shewhart-type control charts (X, R, o), probability percent
defects (C, P, y, np, etc.), trend, run, moving average/range,
Pareto analysis (causes, actions, defects, statistics), process
capability analysis, and Cu sum charts. It is highly possible
that such software could be combined with appropriate devel-
oped databasesto form an automated personal computer (PC)-
based quality information system at the plant and project site.

European Discussions and Surveys. Several European
countries were surveyed about their QC/QA activities. The
following is a brief summary:

Belgium. There are no plansin Belgium to adopt the Super-
pave mix design or to adopt more sophisticated equipment or
parameters for QC/QA. The Belgians view good contractor-
agency cooperation as essential to acceptable work.

France. No plans are being considered to bring new test
methods or parametersto the QC/QA scene, except possibly
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to bring the gyratory and creep teststo thefield for important
jobs. The French very much believe that the contractor
should be held to the recipe and that the mix design should
identify the recipe. They have doubts about the adequacy of
the U.S. gyratory compactor becauseit isnot sufficiently stiff
to hold the gyration angle under load. The French use athird
party for job control. They believe their reliance on a third
party is effective because the third party has the authority to
shut down the job for poor QC.

Netherlands. The Dutch cited contractor-agency relations
as a key to good work. They have no immediate plans to
implement any of the SHRP research results, but a compre-
hensive program is under way to establish new fundamental
test methods that can be used for QC/QA. They would like
to move beyond Marshall-voids-mixture recipe conformance
for acceptance but have not yet selected specific procedures.
Repeated creep (e.g., NAT) and indirect tensile creep tests
were offered as the most promising for field implementation.

Norway. The Norwegians are not interested in the tradi-
tional QC/QA activities but are more concerned with the uni-
formity of the construction. Specific details are followed to
measure the uniformity of construction. Sections that show
nonuniformity are repaired immediately at the contractor’s
expense.

Summary. The related industries generally specify qual-
ity in three broad areas—quality of design, quality of con-
formance to design, and quality of performance. These in-
dustries use many forms of QC techniques such as Shewhart
control charts, percent defective charts, process capability
charts, etc. The goals of the control processes are to isolate
inherent or natural variability (chance causes) from unnatural
variability (assignable causes).

The types of sampling in the related industries are quite
varied. However, random sampling, systematic selection,
and stratified sampling appear to be the most predominant.
Both MIL-STD 105 (attribute) and MIL-STD 414 (variables)
are used for QC. The establishment of QC limits generally
depends on the production process capability and the cus-
tomer specifications. However, the variables QC procedure
usually involves higher administrative costs. The Taguchi
loss function methodology or some modified procedure may
be applicable to HMA QC.

The related industries are constantly striving for the
development of real-time testing to aid in early decision-
making related to QC. Two techniques may be applicableto
this project—in-line sensors used by the polymer industry
(possible used with binder QC) and the in-line aggregate
grading system.

Several PC software packages are commercialy available
that could be integrated with the Superpave system and com-
bined with databases to form an automated PC-based quality
information system at the HMA plant and project site.

6.3.2 Phase Il: Experiment Design and
Field Experiments

The purpose of the Phase Il research work was to develop
and implement an experiment design plan related to Super-
pave field QC/QA activities. The results of the experiment
would provide for establishment of the allowable tolerances
and variations of the QC tests included in the final QC/QA
procedures.

6.3.2.a Background

Theoriginal work plan devel oped in the research proposal
identified that SPS-9 projects would provide the primary
source of construction projects for the development of the
field database for QC/QA related to the Superpave mix
design method. This approach was based on initial SPS-9
documents submitted by SHRP to FHWA. Based on the
pooled-fund equipment procurement, theinitial thinking was
that a number of states would have the SHRP mix design
equipment in 1994 or 1995.

Subsequently, FHWA indicated that only a few states
would have the SHRP mix design equipment by 1995 at the
earliest. Also, FHWA began to restructure the SPS-9 exper-
iment design and research plan. The experiment design was
expected to be divided into two types of projects—SPS-9A
and SPS-9B. The research experimental plan was initialy
designed toinclude 20 SPS-9 projects. Key to thisdesign was
the SHA s devel oping the SHRP mix design with the gyratory
compactor and providing the gyratory for QC at the field
sites.

Lacking a substantial program for SPS-9 construction, at
ameeting on February 15, 1994, at NCHRP concerning the
SPS-9 experiments, the Principal Investigator identified that
the Asphalt Institute (Al) and Advanced Asphalt Technolo-
gies (AAT) had the Superpave binder and mix equipment
necessary for devel oping the Superpave mix designs and for
QCI/QA field support. NCHRP decided that Al and AAT, as
subcontractors to the project, would develop the Superpave
mix designs and provide field QC/QA support with the
gyratory compactor. Based on the NCHRP decision, a two-
stage experimental design plan was developed for the field
experiments.

6.3.2.b Some QC/QA Aspects To Be Considered

QC/QA essentially involves an examination of the vari-
ability associated with a process. In genera, there are two
main causes of variability:

1. Common causes, resulting purely at random from
chance; and

2. Assignment causes, resulting from some specific
changesin the process.



A process is said to be in control if, based on a suitable
sample of observations from that process, there is no evi-
dence of any assignable causes of variation present. The sam-
pled observations are based on one or more tests conducted
on the process.

For a QC/QA program to be effectively applied to paving
projects, it must provide the necessary QC/QA information
in time to determine whether there is a problem and, if so, to
take appropriate corrective action before a partial “out of
spec” job has resulted. Asphalt pavement results from a pro-
cession-type process (i.e., a series of sequentia operations),
involving binder, aggregate, plant mix, and site mix. Thus,
there is a chance to identify or, better, prevent a problem
“upstream” by applying QC/QA techniques at each stage of
the process; that is, quality-monitoring tests can be con-
ducted at thefour control pointsin theoverall processasindi-
cated in Figure 6-7.

Theunderlying variability associated with each of thetests
needs to be quantified so that, at each stage in the QC/QA
monitoring process, the appropriate analysis is applied. In
most cases, the usual assumptions are that observations from
atest on an in-control process are independent and normally
distributed with mean W and standard deviation o. However,
it is possible that some of these assumptions are not valid for
a particular test. For example, the observations may be cor-
related or from anonnormal distribution.

Thus, observational test resultsare needed not only to esti-
mate the corresponding mean and standard deviation but also
to determine which assumptions are valid. In addition, the
results are required to assess process capability, i.e., to esti-
mate how well the process (overall or at any stage) can hold
tolerances.

The usual measure of process capability (where it is
assumed that the mean is the target value) is

C,= (USL — LSL) /60

where USL denotes the upper specification level and LSL
denotes the lower specification level. (Analogous measures
can be used if it is not assumed that the mean is the target
value)

[ Binder

}’@@ Aggregate

L Plant Mix |

d,‘;.

I Project Mix |

@

Figure6-7. The four QC points considered in the
overall experimental design process.
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Of course, thelarger thevaueof C, (i.e., thesmaller y) the
better is the quality that results from the process. It must be
realized, however, that a process can be in control but not
produce quality results because of low capability. Thus, itis
not enough for a process just to be in control; it also must
have relatively high capability.

6.3.2.c Multivariate Aspects of QC/QA

I'n addition to examining process capability, the multivari-
ate nature of a quality asphalt pavement should be consid-
ered. For example, quality is controlled at one level by using
the volumetric properties of percent air voids, VMA, and
density; it is controlled at another level by using engineering
properties related to shear and strain.

Consider the case where there are n independent charac-
teristicsused to control the quality of aprocess. Assume each
of these n characteristics is controlled individually by using
a probability of Type | error (i.e., the probability that the
process is erroneously judged out of control when it is not)
equal to «. The overall probability that the processis erro-
neously judged out of control is1 — (1 — a)". For example,
if a process were controlled by measurements of six inde-
pendent characteristics using a = 0.05 for each, then the
probability that the process would bejudged to be out of con-
trol is1 — (0.95)° = 0.265, over 5timeslarger than the value
of a. Thisisthe problem of multitest bias that occurs with a
number of tests made on the same process. It will affect both
the probability of Typel error and the overall operating char-
acteristics curve.

In redlity, the characteristics used to measure the quality
of asphalt pavement form a multivariate measurement. Fur-
thermore, they are not statistically independent, which adds
even more complexity to development of efficient QC/QA
procedures. Thismeansthat attention must be paid to the cor-
relations between the characteristics.

6.3.2.d QC/QA Procedures and Ease of Use

Although the topics discussed in the previous section need
to be addressed in the development of the appropriate
QCI/QA procedures, it is realized that they may result in
methodology that is relatively complex statistically. Even if
the best QC/QA procedures should result, they will not be
truly best if they are too cumbersome to use in applications.

One approach to developing optimal QC/QA procedures
would be to accept techniques that strike a balance between
statistical correctness and ease of use. However, such acom-
promise should not be necessary in today’s environment of
readily available PCs. A more promising approach would be
to develop the most statistically appropriate QC/QA proce-
dure, and then make them available in the form of easy-to-
use PC software. It is envisioned that in the future such soft-
ware could be combined with appropriately developed
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databases to form an automated PC-based quality informa-
tion system.

The topics discussed previously impose a number of
requirements on the experimental design. A major require-
ment isthat the design must deal with the constraint that tests
used to measure a quality characteristic must permit appro-
priate corrective action to be taken before a partia out-of-
spec job can result. This means that rapid and reliable tests,
particularly for measuring the mixture engineering properties
in the plant and on the road, need to be developed and eval-
uated. Thus, several rapid tests were evaluated as possible
surrogates for the most time-consuming Superpave mix
design and analysis tests.

A Superpave mix design isdetermined by anumber of fac-
tors. Itisdesirable that asurrogate test is not only highly cor-
related with the corresponding Superpave test, but also that
it be insensitive to variations in material and mix properties.
That is, the relationship between the surrogate and the Super-
pave test results does not depend on the factors (such as
asphalt content, design traffic level, aggregate gradation,
etc.) defining the mix design.

Experimental Objectives, Responses, and Factors. The
experimental design addressed four primary objectives:

1. Obtain information on accuracy and variability
(repeatability and reproducibility), as well as correla
tion structures, for use in development of the required
QC/QA procedures.

2. Examine possible relationships between test results at
the four points in the overall process as indicated in
Figure 6-7.

3. Determinethe degree and type of relationships between
surrogate test results and Superpave test results.

4. |dentify mix design factorsthat areimportant, i.e., ones
that have a strong effect on those rel ationships.

The responses (dependent variables) in the experiment
were asfollows:

1. The observations obtained with the surrogate tests;

2. The observations obtained with the Superpave tests;
and

3. The parameters defining the relationship between the
results of each surrogate test and the corresponding
Superpave test.

The factors (independent variables) such as binder type,
binder content, aggregate gradation, aggregate type, and traf-
fic volume defined each SHRP Superpave mix design used in
the experiment.

The assumption is that all test candidates can be used for
thetest section constructed from agiven mix design. In other
words, all possible responses (surrogate test results) of inter-
est can be measured for any given experimental run (cell).

Considerations.

1. NCHRP Project 9-7 had amaximum of 14 test sections
constructed using the Superpave mix design.

2. Generadly, only a single Superpave mix design can be
used in any project.

3. Based on (1) and (2), there will be a maximum of 14
experimental runsor “cells’ in the overall experiment.

4. There were several candidates for evaluation as possi-
ble “quick” test surrogates for the more time-consum-
ing Superpave tests.

5. It was better to have an evolutionary experimental
strategy; therefore, atwo-stage experimental procedure
was adopted.

6.3.2.e Satistically Based Experiment Design

The experiment design was established in two stages.
Stage | included six projects constructed in 1994. The exper-
iment design was viewed as a sequential-type design con-
taining a partial factorial. The purpose of this design was to
serve as a preliminary means of differentiating between the
levels of control and test equipment based on analysis of the
Stage | design.

The Stage |1 experiment design was used on eight projects
constructed in 1995. This design was also a partial factorial
using the QC parameters, the types of field equipment, and
the levels of control recommended from Stage |. The
adjusted parameters for QC/QA from the Stage Il projects
were then evaluated on one project constructed during 1996.
This experiment was used to evaluate control sensitivity and
to establish appropriate tolerance limits for the level s of con-
trol related to the Superpave mix design.

The objectives of the experimental design were to

+ Examine Superpave mix design factors of importance
(levels of contral);

» Make observations using Superpave tests;

» Make observations using surrogate tests,

» Determine relationships between surrogate tests and
Superpave tests;

« Investigate QC/QA relationships from data obtained at
plant/project; and

» Anayze variability of measured quality characteristics.

A major requirement is that the experiment design must
deal with the constraint that tests used to measure a quality
characteristic must permit appropriate corrective action to be
taken before a partial out-of-spec job can result. This means
that rapid and reliable tests, particularly for measuring the
mixture engineering properties in the plant and on the road,
need to be devel oped and evaluated. Thus, anumber of rapid
testswere eval uated as possible surrogates for the more time-
consuming Superpave tests. The rapid tests examined
included the following:



1. Endura-Tec Systems prototype simple shear at constant
height,

2. Industrial Process Controls MATTA (repeated-load
creep and uniaxia loading),

3. EMACO VDG-40 video grader for aggregate, and

4. SGC.

All test candidates were used on the test section constructed
from a given mix design. In other words, al possible
responses, test results, and surrogate/Superpave test relation-
shipsof interest were measured for any given experimental run
(cell). Therefore, the limited number of experimenta runsdid
not pose an obstacle to examining anumber of test candidates.

Table 6-3 provides the sampling scheme used in the Stage
| and Il experiments. Figure 6-8 illustrates schematically the
sequence of events for sampling and subseguent testing.

6.3.2.f Superpave Mix Design and QC Sampling

Mix Design. Al or AAT developed a Superpave mix
design for the SHA for each project. The SHA or contractor,
whichever was applicable, supplied the following quantities
of material to Al or AAT approximately 4 weeks before
paving:

» Each aggregate stockpile, 400 |b; and
* Superpave performance-graded asphalt binder, 10 gal.

Al or AAT determined the appropriate asphalt binder per-
formance grade to be used in the mix design through consid-
eration of the climate and the traffic loading at the site of the
paving project. The asphalt binder was selected in accor-
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dance with the AASHTO MP1 specifications. These labora-
tories evaluated the coarse and fine aggregate in relation to
the Superpave mix specification requirements.

The volumetric mix design was developed in accordance
with Superpave procedures. Once the volumetric design cri-
teria were satisfied, additional specimens were prepared for
engineering property analysis and determination of the opti-
mum asphalt content in accordance with Superpave pro-
cedures. When the volumetric and engineering property
criteria were met, the mix design process was considered
complete.

At thisjuncture, four setsof duplicate specimenswere pre-
pared with the devel oped mix design and compacted with the
SGC. These specimens were tested with the FST device, and
they provided a basis for statistical evaluation with the
Superpave mix design engineering properties for permanent
deformation.

Asphalt Plant Sampling Design. Binder samples were
obtained at the job site. The specific sampling plan used
depended on the specific job, but multiple samples were
obtained from the job-site storage plant or from the asphalt
feed at the time of mixing. The sampleswere tested with the
Superpave binder equipment and initially with the SDR.
Results from these tests were compared with test results on
the binder using the full Superpave testing protocol.

QC Sampling Design. Specimens obtained for aggregate
QC purposes were taken from the aggregate cold feed or hot
bins and recovered from the HMA. The asphalt content was
monitored by the plant metering devices, nuclear gauge, igni-
tion furnace, or extraction tests. The aggregate was controlled
on thenomina maximum size, amidcontrol point, and the 75-

TABLE 6-3 Typical asphalt plant QC samples per sublot (experiment design)

Raw Aggregate - Hot Bin/Cold Feed
{Gradation Analysis)

o

Tgmition Furnace Asphalt Content, Gradation 2
Extractiom {Asphalt Coment, Aggrepale 2
Gradation)

Nuclear Asphali Content Gauge 2
Rice Specific Gravity 2

Field Gyratory-Compacted Specimens

Volumetric Tests 2({2Repsx 1 Tesl)

Surrogate Tests 2(2 Reps x 1 Tests}

Field Gyratory-Compacted Specirnens (test at
design laboratory)

2{2 Reps x 1 Test)

Superpave Laboratory Gyratory-Compacted
Specimen (Test at Design Laboratory)

Volumetric tests
{Reheated)

2{2Repsx 1 Test)

SHRP Tests
{Rcheated)

2(2 Repsx 1 Test)

Surrogate Tosts 2{2 Reps x I Test)

Total Number of Specimens for QC Analyses

21

Lot was defned as a day’s production. A lot was subdivided into four equal sublots.
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Figure 6-8. Project experiment design flow diagram.

pm (No. 200) sieve. The asphalt was controlled within 0.5
percent of the mix design optimum value. QC specimens of
the HMA were compacted in the field gyratory compactor to
evaluate the volumetric properties. Specimenswere eva uated
in some cases after the volumetric determinations, with the
surrogate field tests. A set of specimens was prepared using
thefield gyratory compactor for later testing at the laboratory
(Al or AAT). HMA mixtures were sent to Al or AAT for
compaction in the mix design gyratory compactor for volu-
metric analysis and then tested with the SST equipment.
These specimens were tested with the SST equipment.

HMA samples were obtained from the hauling unit at the
plant site. Figure 6-9 depicts the sampling scheme from the
hauling unit. The samples were collected in 5-gal metal con-
tainers. Five 5-gal containers of HMA for each sublot were
collected. For sampling purposes, a lot was considered as

o Cey °
(5}

o) L_JC!
® (1) - Non-Insulated material sent to Superpave mix design laboratory
® (2} . Non-Insulated material sent to Superpave mix design laboratory
O (3) - Insulated material for quartering and sample preparation
® (4} - Non-Insulated material for quartering and sample preparation
® (5) - Non-Insulated material for FHWA Trajler, if needed

Figure6-9. Typical truck sampling.

1 day’s production. The day’s production was divided into
four equal sublots. The samples were obtained randomly
from each sublot.

Thefive, 5-gallon containersof HMA per sublot contained
the following:

* Oneinsulated container with ~24 kg of HMA, and
* Four noninsulated containers with ~24 kg of HMA per
container.

One noninsulated container was quartered immediately.
Individual quarters were placed in pansin an oven operating
at mix compaction temperature. Two Specimens were com-
pacted for determination of volumetric properties. These
specimens were compacted to N, based on the Superpave
design traffic and 7-day maximum air temperature for which
Nges Was selected. The other two specimens were compacted
to approximately 7 percent air voids and 115-mm height for
the surrogate tests. Figure 6-10 illustrates schematically the
gyratory and surrogate test samples produced by the quarter-
ing process.

The other two noninsulated containerswere sealed and sent
for future testing to the laboratory that performed the mix
design. On several of the NCHRP 9-7 projects, FHWA
assisted with part of the QC sampling and testing. FHWA pro-
vided its mobile-equipped trailer and support personnel.
When the trailer was available, one additional noninsulated
container was obtained for FHWA to perform support testing.

The insulated container with 24 kg of HMA was split after
all the specimens from the first bucket were compacted. The
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Figure 6-10. Sample quartering for
volumetric and surrogate tests.

first split produced two specimensfor performance-based tests
(compacted to 140-mm height and 7 percent air voids). The
remaining material was recombined and requartered. Two
quarters were selected for nuclear asphalt content gauge test-
ing or ignition furnace testing. The remaining material was
recombined and requartered to provide two samplesfor deter-
mination of G, and two samples for solvent extraction.

The two sealed containers returned to the laboratory were
split to provide two reheated surrogate specimens, two
reheated volumetric specimens, and two reheated perfor-
mance-based specimens. Figure 6-11 illustrates schemati-
cally samples generated from the quartering procedures.

Raw aggregate was a so sampled from the plant cold feed
or hot bins, whichever was applicable. The raw aggregate
sampled at the plant was placed in 5-gal containers or can-
vas-type sample bags for shipment to the mix design labora-
tory (Al or AAT).

6.3.2.g Sagel Projects

Six projects were constructed during the 1994 construc-
tion season. The experiment design used on these projects

Insulated Container Samples (~24 Kg)

P.D.
Tests l

P.D.
Tests

2nd Split 12 Kg

3rd Split 6 Kg

Figure6-11. Samples produced by quartering
HMA frominsulated containers.

95

wasdiscussed in Section 6.3.2.e. Table 6-4 identifies the pro-
jects by route, plant type, and other relevant characteristics.

The initial levels of control in the field were those recom-
mended by the SHRP researchers. The characteristics that
were evaluated were asphalt content (extracted), aggregate
gradation, and the volumetric properties. The aggregate cold
feed was sampled on two projects (Mississippi and Virginia)
for comparisonswith the extracted aggregate gradations. Sam-
pling safety considerations precluded sampling at the plant on
other projects for cold aggregate gradation determinations.

The controls on the volumetric properties were air voids
content (V,), VMA, VFA, and density. The following volu-
metric limits were controlled:

« Air voids content (V,), controlled between 3 and 5 per-
cent;

* VMA, controlled as the design VMA as the minimum;

* VFA, controlled as the design VFA; and

° Density, e‘/al UaIEd a Ninitialx Nd&sigm and Nmaximum-

The maximum theoretical gravity (G,,,) and the measured
bulk specific gravity (G,) were recorded. In addition, the
dust-to-asphalt ratios were recorded. Appendix D provides
the Superpave mix design for each project and the data
obtained during construction. Also shown are the pooled
standard deviations by projects for the various parameters
considered for the QC activities.

The formulafor estimating the pooled variance, S?, for K
samplesis

S2 = (N)S? + (n)S, +... +(n)S?
D

n+n, +...+n, -k

This S is an unbiased estimate of ¢ or the population
standard deviation.

Table 6-5 presents the project and the pooled standard
deviations derived from the 1994 projects. The pooled stan-
dard deviations were used in developing the Version No. 1
QC Plan and the QC limits.

The Version No. 1 QC Plan was developed from the 1994
field projectsto fulfill thefollowing characteristicsin relation
to process control:

« Be based on measurements that are timely and easy to
perform;

» Be based on equipment that is appropriate for field
use—considering both cost and skill of field technicians;

« Be simple and easy to apply—provide graphic pictures
of state of process to allow opportunity for correction;

 Consider sampling and testing variability aswell asvari-
ability in materidl;

 Consider hot-mix production versus hot-mix construc-
tion; and

« Be based on measured properties that are performance
related and not simply based on historical ability of con-
tractor to perform.
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TABLE 6-4 State projectsdesigned, constructed, and sampled by the NCHRP project

(1994)
State Route City/ Plant Type Mix Type Nominal Binder
County Max.
Florida US 301 Tampa Drum Mixer | DG HMAC 12.5mm PG64-28
(SR 43) with RAP
Kentucky #1 TH 64/75 Lexington | Drum Mixer | DG HMAC 9.5mm PG70-22
Mississippi us Bolivar Batch DG HMAC 12.5mm PG64-22
Highway 61 County with RAP
Texas #1 FM 1604 San Antonio Batch DG HMAC 12.5mm PG64-22
Texas #2 FM 1604 San Antonio Batch DG HMAC 12.5mm PG64-22
Virginia Route 7 Leesburg Drum Mixer | DG HMAC 9.5mm PG64-22

The Superpave system did not provide for any suggested
ranges of variance associated with itsrecommended field QC
testing plan. Therefore, it was necessary to identify the vari-
ances as shown in Table 6-5.

The Version No. 1 QC Plan attempted to provide testing
and analysis that were timely or related to real-time opera
tions and control as possible. This approach was included in
the QC Plan to afford the contractor an opportunity for early
process correction when deemed necessary without produc-
ing alarge quantity of out-of-specification material. Thefol-
lowing items were identified in the Version No. 1 QC Plan
and were based on the pooled variances developed from the
1994 projects:

« Samples compacted in field with a gyratory compactor;
» Parameters from gyratory compaction process, essen-
tially compactibility;
Density properties G, and G, measured on gyratory-
compacted samples;
Asphalt content (extraction on possibly nuclear or igni-
tion devices);
* Process control chartsto include
—Both mean and variability (dispersion), and
—Sampling and testing error;
» When above items indicate control problems
—Gradation analysis, extracted or cold feed,
—Fines analysis—content and source,
-VMA and reconsideration of mix design, and
—Investigation of plant operating parameters and cor-
rection to changes in control charts.

The three QC approaches specifically developed for the
Version No. 1 QC Plan were the following:

1. Bulk Specific Gravity Surface Saturated Dry. This
approach is applicable for QC with the Superpave volumet-
ric mix design method as well as the abbreviated and com-
plete mix analysis methods. On the first sublot of the first
day, the Contractor shall determine the following HMA
properties:

The asphalt content (AASHTO T 164 or equivalent);

* The percent of the combined aggregate passing the 4.25-
mm (No. 4), 2.36-mm (No. 8), 600-um (No. 30), and 75-
pm (No. 200) sieves (AASHTO T 27);

» The maximum theoretical specific gravity, G,m, of the
Superpave mix (AASHTO T 209); and

» The bulk specific gravity, G, of the SGC Superpave

mix (AASHTO T 166).

Theresults of these tests are compared with the Superpave
JMF.

If the results are within the IM F tolerances the production
is in control and subsequent sampling and testing will be
done using the bulk specific gravities (G,,,) as the control
parameter. Otherwise, corrections must be made to the plant
proportioning of asphalt binder and aggregate fractions to
conform to the IMF. UCL and LCL shall be set at =20 and
+30, defined as warning and action control limits, respec-
tively. Typical standard deviation values used were those
identified in Table 6-5.

2. Estimated Bulk Specific Gravity. The Contractor for
QC may opt for the following simplified procedure. This
approach is applicable for QC with the Superpave volumet-
ric mix design method as well as the abbreviated and com-
plete mix analysis methods.

» A sampleisobtained. A known weight is measured into
the heated mold.

» The specimen is compacted t0 Npaimum- Heights are
recorded at each gyration.

* The operator performs a calculation to estimate G, at
Ndeﬂ'gn-

» The estimated bulk specific gravity is corrected by the

laboratory correction ratio.

The predicted bulk specific gravity is compacted to a

range of acceptable G,

3. Mix Composition and Volumetric Approach. This
approach is applicable for QC with the Superpave volumet-



TABLE 6-5 1994 project and pooled standard deviations

Table 6.5, 2. Asphalt Content and Volumetric Standard Deviations

a9
FL 8 0.006 0014 - 1.1 08 04 04 7.5 0.1
KY 50 0.009 0016 - 12 08 0.6 06 64 0.1
M5 Iz 0.005 0.013 - 0.4 0.4 0.4 04 22 03
TX}) 21 0.005 {.008 - 04 04 04 04 24 0.1
X2 17 0.006 0.005 - 02 0.1 0.1 0.1 09 ao
VA 39 0.016 0.02% - 1.5 1.5 1.4 14 8.6 0.1
Pooled Standard Deviation  0.00 0.018 0.060 1.1 0% 0% [E] 63 L8]

Table 6.5. b. Cold Feed Aggregate Standard Deviations
id

KY 20 - - - - - - - - - .
MS 12 02 1.2 34 az 26 1.9 1.0 0.5 04 a3
TX1 21 - - . - . - - - - -
X2 \7 - - - - - - . - - -
VA 39 0.0 0.2 2.2 33 2.3 2.1 1.7 1.2 0.9 2.9
Pooled St d Deviation ol 0.9 24 a3 235 21 1.5 L1 iR 0.8

regate Standard Deviations

Pooled Standard Deviation o 0.0 0.3 o7 1.2 54 2.5 1.7 2.0 1.2 08 0.6

16
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ric mix design method as well as the abbreviated and com-
plete mix analysis methods. The Contractor shall use the
arithmetic means sample standard deviations of the test
resultsto establish statistical control chartsfor the following
HMA properties:

» The maximum specific gravity (G,m) of the HMA
(AASHTO T209);

 The asphalt content (AASHTO T164 or equivalent);

* The percent of the combined aggregate passing the 4.25-
mm (No. 4), 236-mm (No. 8), 600-um (No. 30), and 75-
pum (No. 200) sieves (AASHTO T 27);

« The air voids content (percent V,), the percent VMA,
and the percent VFA af Ngegn gyrations (AASHTO
Standard Method TP4); and

« The air voids content (percent V), Nini, and Ny gyra-
tions (AASHTO Standard Method TP4).

The Contractor will use the statistical control charts to
determine whether variability in the HMA production dueto
assignabl e causes that must be remedied has occurred.

Target values and UCL and LCL for the control charts
may be determined from the HMA properties measured dur-
ing the field verification process and the first week of pro-
duction; at a minimum, measurements on samples taken
from 15 sublots of HMA shall be required for preparation of
control charts. The grand mean and average range of the test
data shall be used to develop x-bar (mean) and R (range)
control chartsfor each material property. UCL and LCL shall
be set at =20 and =30, defined as warning and action con-
trol limits, respectively, where o isthe sample standard devi-
ation. The measurements for HMA production shall be
within the variances of the specified properties (Table 6-5).
If the control limits are not within the allowable tolerance
limits, the Contractor must modify the HMA production
process to reduce the variability to bring the control limits
within the specification limits.

The 1995 (Stage I1) projectswere constructed based on the
pooled standard deviations or variances established from the
1994 projects and the Version No. 1 QC Plan approaches.

6.3.2.h Sagell Projects

The Stage Il projects were constructed in 1995 to verify
the approaches devel oped in the Version No. 1 QC Plan uti-
lizing the 1994 project pooled variances. Table 6-6 provides
alisting of the 1995 projects. Appendix E providesdetailson
each project’s Superpave mix design and the data obtained
from each of the projects. Although a Superpave mix design
was developed for the Nebraska project, this project was not
constructed as part of the NCHRP 9-7 research effort.

As part of the field QC effort, the same parameters evalu-
ated for the 1994 projects were collected. The Maryland 1
and 2 projects also provided nuclear gauge asphalt contents
and the Maryland 2 project also provided asphalt contents by
the ignition furnace method.

Table 6-7 identifies the 1995 project and pooled standard
deviations. Thelast linein each subsection of thistableisthe
pooled standard deviation combining the 1994 and 1995 pro-
ject data.

Based on implementation of the VersionNo. 1 QC Planon
the 1995 projects, it was concluded that the mix composition
and volumetric approach was not practical for QC activities.
The testing involved (extraction asphalt content, aggregate
gradation, and G,,,;) was too time-consuming and the length
of time to receive the test results did not afford the contrac-
tor the quick action required from QC activities.

It was concluded that the following approach would bethe
most practical for the Superpave QC activities.

The primary method of field QC will make use of the SGC
and the volumetric properties of the mix. Within thefirst 100
tons of Superpave mix production shipped to the project, the
Contractor shall determine the following Superpave mix
properties:

 The asphalt content (AASHTO T 164 or equivaent);

* The percent of the combined aggregate passing the 4.25-
mm (No. 4), 2.36-mm (No. 8), 600-um (No. 30), and 75-
pm (No. 200) sieves (AASHTO T 27);

» The maximum theoretical specific gravity (G, of the
mix (AASHTO T 209);

TABLE 6-6 State projectsdesigned, constructed, and sampled by the NCHRP project

(1995)
Siate Route City/ Plant Type Mix Type Nominal Binder
County Mai,
Alabama #1 SR 165 Russell Dinurn DG HMAC 37 3mm PG76-22
Alabama #2 SR 163 Russell Dirum DG HMAC 3mm P(i76-22
(gorga e Manetia Drum DG HWAC 12.5mm PGE4-22
Kansas 1.70 Salina Drumn DG HMAC 9.5mm PG70-28
Kenmcky #2 SH A6 Frankifort Drum DG HMAC 19 (e PG70-22
Maryland #1 1-68 Hancock Batch SMA 12 Smm PGTO-22
Murvland #2 LIS Rt 404 Grantsvilie Drum DG HMAC 12.5mm PG63-22
WesTrack Silver Drum DG HMAC 15 Omm PGo4-22
Springs, NV




TABLE 6-7 Asphalt content and volumetric standard deviations and extracted aggr egate standard deviations

Tuble 6.7 4, Asphall Conlent ; stric Standard Deviat
ALL 28 05 L Q.01 [.1 0.5 . 2.7 59 18] 3 -
ALZ 20 G417 i 0018 1.0 0.9 : 06 6] &1 3 0.39 -
A & 0.004 | 0.004 1.0 I . 0.5 1 2 i .12 -
KS 12 0.009 L - 1.2 04 . 0.3 iz 8.1 - .20 -
KY2 22 00066 . - 0.7 07 . 04 4.4 3.1 - ¢.l6 -
MiH 30 0.009 . 0012 a7 1.0 L 0.5 53 a2 0.1 022 0.10
MIx 30 4.006 . 0.007 1.2 09 . L0 50 0.2 0.1 021 0409
TX3 16 4011 . 0.012 0.8 a8 . (] 6.0 a1 0.2 0.08 -
Pucled Standard Devistion Q.01 . 0.012 1.0 0.9 ) 06 33 a1 02 027 0.10
94 & 93 Pooled Sul. Dev, 0011 : 0012 1.0 0.9 . 06 58 0.1 0.1 a0.24 0.18

Tuble 6.7 b Extracted Apprepate Standurd Deviations

. 8

AL2 26 1.1 0.7
GA 8 2.1 L6
KS 12 0.4 03
KY2 22 0.9 04
MDD 30 1.0 1.1
MLz 10 0.9 09
TX3 14 03 04
Pooled Stundard Devialion Ll a9
94 & 95 Pualed S1d. Dev. 1.7 1.1

66
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¢ The bulk specific gravity, G, of the Superpave gyra-
tory-compacted mix (AASHTO T 166);

« The air voids content (percent V,), the percent VMA,
and the percent VFA af Ngesgn gyrations (AASHTO
Standard Method TP4).

¢ The air voids content (percent V), Niyi, and Ny gyra
tions (AASHTO Standard Method TP4);

N Gmb estimated at Nges; and

« The slope of gyratory compaction curve.

These results are compared with the target values estab-
lished and must not exceed the tol erances specified about the
LTMF. If the results are within the LTMF tolerances, the
production is in control, and subsequent sampling and test-
ing will be performed using the estimated bulk specific grav-
ities (Gnpest.) at design number of gyrations (Nge) oObtained
from the gyratory compactor by the following:

« A sampleisrandomly obtained. A known weight ismea-
sured into the heated mold.

e The specimen is compacted t0 Npaimem Heights are
recorded at each gyration.

e The operator performs a calculation to determine the
estimated Gy a Nesgn,

» The estimated bulk specific gravity is corrected by the
laboratory correction ratio

G

C = —measured

G estimated

Calculate the slope of the gyratory compaction curve.

The compaction or densification curveis characterized by
three parameters. Figure 6-12 illustrates these parameters.
Cinit IS the percent maximum specific gravity after Ni,, gyra
tions; C. isthe percent maximum specific gravity after N
gyrations. The slope of the densification curve, m, is calcu-
lated from the best-fit line of all data points assuming that the
gyratory compaction curveis approximately linear. In situa-
tions where density begins to approach 100 percent, and the
densification curve begins to bend downward, the slope is
calculated from the straight line portion of the curve. The
slopeis calculated by the following equation:

logNmax - IogNinit
Cmax - Cinit

sope, m =

The Contractor will use statistical control charts for esti-
mated G, and the slope of the gyratory compaction curveto
determine whether the process target or variability in the
Superpave mix production isdueto random causes or assign-
able causes. Periodically, the Contractor will determine a
measured G, for control comparison. Target values and
UCL and LCL for the control charts are determined from the
gyratory Superpave mix properties (estimated G, and com-
paction curve slope).

100~
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Figure 6-12. Typical compaction curve for gyratory-
compacted specimen.

Table 6-8 provides the recommended Superpave LTMF
tolerances based on the standard deviations developed from
the 1995 projects (Table 6-7 and Appendix E). Theseare also
the standard deviations recommended for QC purposes once
the contractor establishes the LTMF as discussed in Chap-
ter 2. The pooled variances were used in the devel opment of
the standard deviations. Therefore, the sample sizesreflected
in Table 6-8 areindividual samplesor n = 1. If sample sizes
other than n = 1 are to be used, the standard deviation val-
ues must be adjusted by using the following equation:

5. = o
“ n
where

o, = standard deviation of sample means of samplesizen
o = standard deviation from Table 6-8
n = samplesize

6.3.2.i Other QC Studies and Considerations

1. Aggregate Gradation QC. Associated with the Stage
Il studies were two studies. The first was a very preliminary
evaluation of the French video grader unit. The aggregate
industry in France through LCPC has developed an in-line
grading system termed the video grader. Thisdeviceis capa
ble of grading aggregates by measuring real dimensions of
aggregates 1 mmto 60 mminsize. It utilizes an optical scan-
ning approach using exact coordinates of aggregates to
obtain size fractions. The grading curve and volume passing
are obtained within minutes. The French use this approach
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TABLE 6-8 Superpave LTMF tolerances (mixture composition and gyratory properties)

Maximum Theoretical Specific Gravity (G,

Nuclear Ignition Cold
L _____DMix Composition Property _| Rxtraction |__Gsuge _|__Furnace Feed
Asphalt Content + 0125 +0.18 +0.13

Gradation Passing 4.75mm (No. 4) and Larger

Sieves +3 +3
Passing 2.36mm (No. 8) to 150.m{No. 100)

Sieve +2 +2

Passing 75.m {No, 200) Sieve + 0.7 - + 0.7

=+ 0.015

Air Voids (V) +1

Voids in Mineral Aggregate (VMA) +1

Voids Filled With Asphalt (VFA) +5
Bulk Specific Gravity {G,,;} £ 0.022
Compaction Curve Slope (m} + 0.40

routinely and are éliminating the sieve-analysis procedure for
QC purposes.

One set of replicate samplesfrom the Alabama project was
sent to the FHWA laboratories at the Turner-Fairbank High-
way Research Center. The samples were graded using the
traditional Gilson sieve analysisand the video grader. Figure
6-13 illustrates the test results. Comparison could be made
only down to the 1-mm fraction, because the video grader
does not include sizes smaller than 1 mm. It appearsthat this
device has merit for quick determination of aggregate grada-
tion for QC purposes. More research is recommended in
thisarea.

2. Performance Testing and Data Evaluation. The sec-
ond study involved performance testing with the SST device
for use with the Superpave models. The concept was to pre-
dict the service life of the Superpave mix by using the per-
formance test results (including both abbreviated and com-
plete analysis) and the proposed models. It became apparent
during evaluation of thetesting data associated with the 1994
and 1995 construction projects that the quality of the perfor-
mance test data using the SST devices was in many cases
very poor. In addition, anumber of problems associated with
the Superpave prediction models surfaced.

The Superpave materials characterization program will
not providereliable material property estimatesfor useinthe
performance models when the SST data are of poor quality.
Several data quality problems were identified during the
NCHRP Project 9-7 data eval uation including the following:

1. Unstable loading and response due to sample rocking
(i.e., unparalel faces);

2. Uncharacteristic measurement response (i.e., spikesin
dataor very “noisy” data);

3. Large differences between linear variable differential
transformer (LVDT) responses on the same sample;
4. Loss of load control because of problems with mea
surement devices (i.e., bad LVDTs);
. Not enough data points captured during testing; and
. Unreasonable data (e.g.; stiffness does not follow log-
ical pattern with temperature).

[o20N¢)]

Itisimperativethat care be taken when setting up and run-
ning the SST tests so that good quality data are produced for
input into the models. Testing engineers and technicians
report that sample preparation plays avery important rolein
generating good quality data. Proper sawing, gluing to
platens, and LVDT attachment on the specimen are
extremely important when preparing a sample for testing in
the SST. Also, proper care in adhering to the test protocols
has been shown to help produce consistent test results.

168 -
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Figure 6-13. Aggregate gradation comparison between
video grader and traditional sieve analysis.
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Many of these recommendations were generated through
the testing and evaluation that was conducted under the
NCHRP 9-7 Project. This project was the first to make full
use of the SST and produce results on a large scale. It was
also identified through this project that changes to the SST
testing protocols would need to be made. The project labora-
tories completing the testing for this project made every
effort possible to produce good quality data but, as stated,
they faced many complications that were beyond their con-
trol. Table 6-9 provides an overview of the SST testing and
Figures 6-14 and 6-15 illustrate some of the data quality
issues raised from the evaluation of the tests.

Another problem encountered by the project consisted of
the difficulties associated with the Superpave performance
models provided at the end of SHRP in 1993. These models
were to be used by the NCHRP Project 9-7 to predict the
rutting over the design life of the paving mixes designed and
constructed under the project. However, it became apparent
during the performance analysis (with those SST data files
that were acceptable) that there were serious problems with
the Superpave models.

FHWA Contract DTFH61-95-C-00100, Superpave Sup-
port and Performance Models Management, has compl eted
an extensive eval uation of these models and concurswith the
previous statement. In fact, much of the initial evaluation
completed in the FHWA contract built on the work that was
initiated in NCHRP Project 9-7. Because of the problems
encountered with some of the test results and the perfor-
mance model deficiencies, the performance-based test results
from the SST were not further evaluated.

6.3.2 Field Validation of Version No. 2 QC Plan

The field validation of the Version No. 2 QC Plan was
implemented on [-10 in Louisianain June 1996. The Super-
pave mix design was developed by the University of Texas
Superpave Center located in Austin, Texas. The mix design
is contained in Appendix F.

Also included in Appendix F are the gyratory compaction
dataand compaction curves obtained from the field QC sam-
pling.

Table 6-10 depicts the data used for QC chart develop-
ment. Figures 6-16 and 6-17 illustrate the QC charts devel-
oped with the datafrom Table 6-10. The estimated bulk grav-
ity and the slope of the compaction curve are the two key
control parameters as identified in the Version No. 2 QC
Plan. These two parameters provide the contractor with very
quick tests for QC purposes.

The UCL and LCL were based on the project standard
deviations. As shown in both figures, the project wasin con-
trol in relation to statistically reproducing the Superpave
LTMF.

The QC/QA Plan presented in Chapter 2 of thisreport dif-
fersin several aspects from the Version No. 2 QC/QA Plan

validated on the Louisiana I-10 project constructed in June
1996. The Version No. 2 QC/QA Plan had the following
requirements:

The contractor and the SHA shall each randomly obtain
one 200-1b sample of cold feed aggregate and plant-produced
Superpave mix from each 60-ton sublot. The SHA and the
Contractor shall split each sample into two sets of specimens
to determine the arithmetic means and standard deviations of
the following properties for each 100-ton sublot and for the
minimum 500-ton production:

1. The gradation of the cold-feed aggregate;

2. The asphalt content and combined aggregate gradation
(AASHTOT 165);

3. The maximum specific gravity of the HMA (AASHTO
T 209);

4. The gyratory compaction curve for Ny, (AASHTO
Standard Method TP4);

5. The bulk specific gravity (AASHTO T 166, SSD
method) af Ngegn gyrations (AASHTO Standard
Method TP4);

6. The air voids content (percent V) at Ninit, Ngesign, and
N gyrations (AASHTO Standard Method TP4);

7. The percent VMA and the percent VFA at Ngesgn yrae
tions (AASHTO Standard Method TP4); and

8. Slope of compaction curve.

The contractor and SHA shall statistically evaluate their
independent sets of test results (e.g., with the Student t-test
or using approachesin Appendix G) and compare them with
thosefor the LTMF of the paving mix with due consideration
to test type and variations associated with the applicable
tests. The 500-ton |ot of Superpave mix must meet an accept-
able quality level of ninety percent within the LTMF limits
for each of the following characteristics: asphalt content,
aggregate gradation, and volumetric properties identified in
Table 2-1 (see Chapter 2).

The VMA and the VFA were considered as acceptance
criteriain the Version No. 2 QC/QA Plan. The NCHRP 9-7
panel decided to include these criteria as options for accep-
tance for the SHASs rather than specific requirements.

6.3.2.k Binder QC Equipment

The SHRP asphalt binder specification, which has been
adopted by AASHTO intheform of AASHTO MP-1*“ Spec-
ification for Performance-Graded Asphalt Binder,” is based
on fundamental rheological properties. These properties are
measured at three temperatures—the maximum expected
pavement temperature, the minimum expected pavement
temperature plus ten degrees, and an intermediate pavement
temperature. The dynamic shear rheometer (DSR) is used to
obtain the measurements at the maximum and intermediate
temperature, and the bending beam rheometer (BBR) is used



TABLE 6-9 Performancetesting completed by NCHRP Project 9-7 laboratories

Superpave Mix | Test SST Testing IDT Testing
j1n] Desi; Level| Freq. | Shear | Hydro. | Uniax. |[RSCSR{ RSCH | Creep | Stren. Comments
[Flonda Mi -_VE 3 %T%‘T N N T |Bad 1oata - Upaxial and Hydrostafic
i lorida Freld Y 2 Y Y N N N 7 N }
iss Mix Y 3 Y Y Y Y N N N N |Bad Data - Uniaxia) and Hydrostatie
[Miss Field Y 2 Y Y N N N N N N
k ¥ 3 Y Y Y ] Y N N __|Bad Data - Umaxial and Hydrostatic
[kent [ Fleld Y 2 Y Y N N N N N
wgrinia Mix Y 2 Y N N N N N N |Not enough points en shear load/usload
ginja Fie i 7 ki Y M N M N N W ot enough points on shear load/unload
Virginia Core Y 2 Y Y M M M ¥ N ot enough pomts on shear lo load
Texas [ Mix Y 2 Y Y N N N N 3 N D ints on shear load/unlosd
[exas | Figld Y 2 Y N N N N N N o
Texas | Core Y 2 Y Y N ) N Y N N o
i Y 3 Y Y N N N N ¥ N ot
Texas T Field Y 3 Y Y N N N N N N N gh ponls on shear loadfunload
Texas H Core Y 2 Y Y N N N N N N __iNot enouw ints on shear load/unloa
[ Texas [T Mix Y x N N ] N N N N N 1Tests Pendi
[ Texag il Fietd Vi p Y Y N N N N N N |Noi eEiouEI éints on shear load/unload
Alabama Mix ki F Y Y N N N N N Not enou; ents pn shear load/unload
| Alabama Freld Y 2 Y Y N ] N N 2 N INot enou nts on shear load/unload
Alabama Core Y 2 Y Y N N N N N ot enough poinls op shear 1o oad
{ieorga Mix Y 3 Y Y N N N N N N ot enough points on shear load/unload
reorgia Field Y 2 Y Y M N N ¥ N N INot enou, mts on shear foad/unload
Georgia Core Y 2 ¥ Y N M N M M N ot enough points on sheur load/unload
ansas Mix Y X N N N N N N N N
[Kansas Field Y X N N N N N N N N
Ma 4 Mix Y N N N N N N N
[Maty SMA Field Y 2 Y Y N N N N N_{Not enou ints on shear load/unload
Mary HMAC Mix Y X N N N N N N N N
IMury HMAC Field Y 2 Y b'd N N N N N__{Not enough points on shear load/unload
Louisiana Mix Y X N N N N 3 M N N
gs I Tack Y 2 Y Y N N N N N N__|Tests Pending (UNR)

€0t
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Kentucky - 164/75

Uniaxial Tests - @ 4°C
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Figure6-14. (A) Axial load and response.
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Figure6-14. (B) Radial pressure and response.

a the low temperature. At each temperature, two measure-
ments are obtained, either the complex modulus and phase
angle or the stiffness modulus and the m-value. The phase
angle and the m-value describe the time dependency of their
respective moduli. The phase angle and m-value also may be
thought of as describing the relative proportion of the modu-

lus that is either elastic or viscous in nature. Thus, both a
modulus and either the phase angle or the m-value are needed
to characterize the performance-related properties of asphalt
binders.

To providetherequired fundamental, performance-related
properties the DSR and BBR were selected by the SHRP
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Kentucky - 164 /75

Shear Test - Constant Height @ 20°C
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Figure6-15. (A) Shear load and response.
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Figure 6-15. (B) Axial load and response.

researchers as the preferred specification and acceptance test
procedures. These tests are considerably more sophisticated
than the penetration and ductility tests they replace. To con-
duct the newly developed DSR and BBR tests, more sophis-
ticated test equipment is needed, the skill level required of
the test equipment operatorsis greater, and the time required

to complete the tests is longer than for old test methods.
These factors limit the amount of testing that can be done
with current resources and personnel, neither of which can be
expected to improve in the near future.

As aresult of the SHRP research, AASHTO has adopted
PP-26, aprovisional QC practice for use with the new SHRP



TABLE 6-10 Data collected on Louisiana project 1996

1H10 - Baton Rouge, LA

Avg Avg Avg Avg Avg Gmb Air Voids Avg Ay Vouds Avg Avgconp Stdvcomp Avgcomp  Sidv comp
Gmm Grch Gmb meas  Comection Gmb Absoluts AvgGmb  AirVoids StdDev  AirVoids  SWdDev  Dilfaence oaveslope curveslope  curve slope  owrve siope
meavmed  measured  Std dev. Factat estimmed  Difference  Difference  Measwed  Measored  Bslimated  Eslimeted  AVm-AVe meas neas et eal

T 23513 2448 0.005 1.030 2452 0.0059 -0.0041 414 421 .49 0.207 0.450 275 0.102 980 0.0%1
Trucki2 1496 443 0.004 1.631 2468 0.0189 L0189 16 1303 305 D.51% 0.i08 D85 0045 .36 0066
Truck#3 2515 2444 0.005 1.030 2453 G.0090 -0.0090 443 4320 359 0.349 0.1 964 0.126 M 0.207
Truck#d 2489 2473 0.002 1.019 2514 0.0409 =0.040% 1.9 0.049 04 0.307 0.977 230 0.066 .39 0.052
Trudk#5 2499 2462 0.002 L7 2473 0.0112 «0.0112 o0z 0.100 283 D.0%G 0.19% 9.57 0.238 9.59 0.23¢&
Truckidt 12.508 2,468 0.002 1.028 2470 0.0069 -0.0023 kX ] 0.126 02 Q.44 ol 10.13 0197 10.16 0232
Truck#7 2488 2474 0.003 1.017 2512 0.0333 -0.0383 [P 0.134 107 DS 083% 934 0.193 9.42 0154
Truck#s .31 2,467 0.007 1.023 2485 0014 £0.0124 320 0276 229 0.27% 0.914 941 gy 9.50 0N
Truck#9 1.506 2457 ¢.002 1.030 2461 0.0040 0.004¢ 4 0.099 ) 0.000 0.196 950 0.054 952 0.051
Standurd Deviakion a.010 02 0.005 0.022 0.900 0.953 0370 0.147
Avengo 2.501 2.460 1.026 2476 3116 2613 9656 9705

90T
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I-10 Baton Rouge, LA
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Figure6-16. Control chart for slope of gyratory compaction slope.

performance-graded asphalt binder specifications. Accord-
ing to AASHTO PP-26, each refiner is required to develop a
QC program and to certify that the asphalt binder isin con-
formance with the specifications (MP-1) beforeit is shipped.
Inaddition, AASHTO PP-26 placesthe responsibility for the
quality of the asphalt binder on thelast contractual entity that
handles the asphalt binder asit passes from the refiner to the
hot-mix plant. It may be argued that certification will elimi-
nate the need for extensive testing thereby minimizing the
need for intermediate testing. This may betrueif the asphalt
is totally “manufactured” at the refinery (i.e, is a finished
product asit leavestherefinery) and therefore no blending or
on-site modification is used, in which case extensive on-site
testing would be needed. The properties of the asphalt binder
also may be seriously affected by factors outside the control
of the refiner or the hot-mix plant owner. Refinery certifica:
tion cannot ensure that the asphalt cement is shipped without
contamination with other products (e.g., fuel oil) and without
accidental cross-blending with other grades or sources of
asphalt binders. Therefore, even if certification is adopted
universally and if no on-site blending or modification is to
occur, the issue of contamination and uniformity points to

some sort of easy-to-conduct on-site testing procedure to
monitor quality and to ensure that the materia will ultimately
be accepted by the user agency.

One proposal for refinery or on-site QC testing would be
to simply measure viscosity at 60°C or, aternatively, at the
maximum pavement temperature. A viscosity test at el evated
temperatures cannot control the viscoelastic properties at
pavement service temperatures and therefore a surrogate test
isneeded for the DSR and BBR. Having established the need
for a low-cost, easy-to-perform, and rapid test that can be
used on-site by relatively unskilled technicians, an appropri-
ate test must be identified. Considerable work was done with
a ball indentation test during the SHRP A-002A Project.
Although the test was not adopted as one of the SHRP binder
specification test procedures, accurate results were obtained
withthetest and it did show promise asaQC test. Theresults
obtained during the SHRP program with the ball indentation
test were considered sufficient to warrant and recommend
further development of the ball indentation test by the A-
002A researchers. Therefore, the ball indentation test was
selected for usein NCHRP 9-7 for use as a potential QC test
to supplement the BBR and DST test methods.

5 ‘

1-10 Baton Rouge, LA

Control Chart - avg.
g
2 2.56
Y
= 2.52 ‘_\\
§ 2481 %_37'/ _____.______\t.____\\.
o 244 | [HF——m
L=
2 24
2,
V236 -
E Truck#1 Truck#2 Truck#3 Truck#4 Truck#5 Truck#6 Truck#7 Truck#8 Truck#9

l - Measured -o- Estimated

Figure6-17. Control chart for bulk specific gravity.



108

Asaresult of the confusion raised by the name*“ball inden-
tation,” and the association with the penetration test, theterm
SDR has been chosen to describe the ball indentation test.
Thisis an appropriate acronym. The ball causes a shear dis-
placement as it displaces the asphalt binder beneath the
indenter or ball. In the SHRP project, the SDR test was used
with aconstant rate of deformation (screw) test machine. To
conduct the test with the BBR, it was necessary to revise the
equations used to calculate a modulus from the test mea
surements.

The SDR test is not an empirical test but is based on fun-
damental, theoretical principlesand shouldin no way be con-
fused with the standard penetration test. The standard pene-
tration test is based on a needle that penetrates to a depth
many times the diameter of the tip of the needle, producing
strainsthat are very large and resulting in nonlinear response.
The ball indentation test is based on a spherical indenter that
penetrates only a fraction of the diameter of the ball. By
keeping the depth of penetration of the ball less than the
radius of the ball, the response of the asphalt closely approx-
imates linear behavior. This allows the test results from the
ball indentation test to be related in afundamental manner to
the creep compliance or dynamic shear modulus obtained
fromthe BBR or DSR. In the ball indentation test the modu-
lus of the asphalt binder is obtained by measuring the diam-
eter of the ball, the applied load, and the resulting depth of
indentation as afunction of time. These values are then used,
along with a model of the system, to calculate the modulus.
The observed modulus decreases with time and the depth of
indentation increases with time as follows:

3/2 16\f'/§
3P,

o

G(t) =[a(V)]

where

G(t) = shear modulus, Pa
o(t) = indentation of ball, m
R = radius of ball, m
P, = congtant load, N

This equation has been developed for the linear quasi-
static case where the load is a creep load. Thisisin contrast
to the use of aconstant rate of indentation device and the non-
linear case aswas done during the SHRP research. Asusedin
this project, the SDR was confined to the range of loads and
indentations allowed by the BBR testing frame. This limita-
tion, plusthe use of the quasi-static solution, limited the accu-
racy of theresults. Further application of the SDR should con-
sider the development of a moving boundary value solution
and different loads and indentations to extend the range of
the device (see Appendix A). In spite of these limitations, the
SDR does show promise as a rapid and easy-to-perform test
device that could be used for QC purposes.

In practice, the SDR would be used in conjunction with
either the Brookfield viscometer or a simple hand-held vis-

cometer. SDR data in the range of the intermediate specifi-
cation temperature would be obtained by the refiner and
include a part of the certification a supplement to the current
BBR and DSR specification test results. It is envisioned that
the refiner would perform QC with frequent SDR measure-
ments but certify on the basis of lessfrequent DSR and BBR
measurements. During the path from the refiner to the hot-
mix plant and at the hot-mix plant, the SDR would be used
to monitor uniformity. If at any time the asphalt binder fails
the SDR test, then afull slate of DSR and BBR testing would
be required. In this manner, because of the relative rapidity
and simplicity of the SDR, the frequency of testing and,
hence, degree of QC would be greatly enhanced and the
amount of nonconforming material would be greatly re-
duced. Appendix H provides a report of the SDR approach
initially researched by NCHRP 9-7. Because of limited funds
this portion of the research project was terminated.

6.3.2.] Sengitivity of Superpave Mixture Tests to
Changes in Mixture Components

NCHRP 9-7 was established to address the implementa-
tion of the asphalt products developed by SHRP from 1987
to 1992. The focus of this research was the development of
procedures and equipment, if necessary, for QC and QA of
Superpave asphalt mixtures. Aspart of the research program,
avariety of testswere used in the field production of asphalt
mixtures. NCHRP 9-7 focused research on mixtures that
were designed and constructed with the Superpave mix
design system on projects in Kentucky, Mississippi, Vir-
ginia, Florida, Texas, Kansas, Maryland, and Alabama. Test-
ing on these projects provided data on mixture components,
volumetric properties, and performance properties that were
analyzed to determine the appropriate level of QC/QA for
projects using the Superpave mix design system.

The goal of the research of NCHRP 9-7 is to recommend
the appropriate tests, test procedures, and testing frequency
to ensure that the produced mixture will perform satisfacto-
rily as apart of thetotal pavement structure. The Superpave
system uses a series of mixture tests that will yield the fun-
damental mechanical properties of a compacted mixture
specimen. These test results may be analyzed to provide a
determination of material properties. The origina intent of
many of these tests was that they would be input into perfor-
mance models devel oped during SHRP that will output apre-
diction of variousforms of pavement distress asafunction of
timeor traffic. Thislevel of prediction wasformerly referred
to as a Superpave Level 3 mix design.

Superpave performance tests utilize the SST and Indirect
Tensile Tester for a complete characterization of material
properties. Using the Superpave performance tests would
involve an extensive testing program requiring much time
and expense. The equipment alone may cost in excess of
$250,000.



Because there is a substantial investment of time and
money required to perform advanced performance testing in
Superpave, it is not likely that these tests can be routinely
used for QC/QA operations. Consequently, it wasthe goal of
the research plan to identify those mixture tests and proper-
ties, that can be used to ensure adequate performancein lieu
of the advanced performance tests. It is possible that the per-
formance tests can be simplified for routine use. The ques-
tion then remains “How sensitive are these mixture tests to
changes in key mixture components?’ In other words, if
asphalt binder content were increased by 0.5 percent (within
the normal production tolerance range established by some
agencies), would the Superpave mixture tests detect the
change and result in achange of material properties? If so, is
it sufficient to specify only these tests as the basis for the
assurance of performance of a mixture? Or, possibly can
other tests be specified as “surrogate” performance tests or
performance-related tests that will ensure adequate mixture
behavior?

The purpose of thisresearch wasto analyze whether |abo-
ratory changes in mixture components will result in signifi-
cant mixture property (volumetric and mechanical) changes.
Thetools used to execute this research were the SGC for vol-
umetric properties and the SST for mechanical properties.
Low-temperature testing with the indirect tensile tester was
not considered in this research.

This experiment was designed to investigate changes in
the following input variables:

 Asphalt binder content;

e Change in coarse aggregation gradation (material
refined on the 4.75-mm sieve);

e Change in intermediate aggregate gradation (material
passing the 4.75-mm sieve and retained on the 0.3-mm
sieve);

 Changein fine aggregate gradation (material passing the
0.3-mm sieve); and

» Changein ratio of natural and crushed sands.
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The SGC was used to eval uate the effects of changesinthe
input variables on the response variables indicated below:

« Percent of densification (percent G,,,,) or air voids (V,),
at Ndﬁign;

« Percent of densification (percent G,m) at Niniia @1d Nyay
imum; and

« Densification slope (percent G, as a function of num-
ber of gyrations).

The SST was used to eval uate the effects of changesin the
input variables on the response variables indicated below:

Complex shear modulus and shear loss modulus (fre-

quency sweep);

* Maximum and final shear strain (simple shear);

» Permanent shear strain (repeated simple shear-constant
height); and

 Rate of change in permanent shear strain with loading

cycles.

Appendix | provides specific details of the findings of this
research effort.

6.3.2.m Recommendations

Based on findings from the research data, the following
recommendations are made:

¢ QC limits should be based on test variance;

* QA specification limits should be based on test variance;

¢ QC/QA should be based primarily on gyratory com-
paction;

 Plant QC should be based on estimated gyratory bulk
gravity (Gy); and

e Field shear devices may be used for validating mix
design adjustment and additional QC.
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APPENDIXES A-C

Appendixes A through C as submitted by the research
agency are not published herein but are available for loan on
request to the NCHRP.

APPENDIX A—Additiona Training Modules

APPENDIX B—Field Shear Test Procedure in AASHTO
Draft Format
APPENDIX C—Rapid Triaxial Test Procedurein AASHTO
Draft Format
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APPENDIX D

SUMMARY OF INFORMATION FOR PROJECTS
CONSTRUCTED IN 1994

Appendix D is not published herein in its complete form The following sections have been selected from Appen-
as submitted by the research agency but isavailablefor loan  dix D for publication:
on request to the NCHRP. Project Data—1994 Projects

Project and Pooled Standard Deviations (1994)
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PROJECT DATA

1994 PROJECTS



113

IT-oibd
tZoLod
fragi L.}
TO0LDd
T0L0d
TDd
ToLnd
TOL0d
TTLDd
Z-0e0d

MANBEANNUNnUANNAORANNNULARNARVNRNANNBNANANRNNNA NNV AWRNA T

TToiDd
WHANIE NI Jdn

FOWNMOL

E
EZZD—%ZZ2Zb->-Z2ZZb-?-'ZZZZ>-D'-'ZZZZ%VZZZZ%?ZZZZ?%ZZ‘ZZ?—?-ZZZZF?—ZZZ

§Fl.ll-l-hl-l:.F'-Bu&lhl.r-hlilnlﬁhhhhh-k-l'-i'hhmhhhhhhhhmﬁbi&mhi&hhhhmhhmhmh&hhhlﬁhh

B B By B B B B A A b b A B A O B R D R e B B R B G S B O e e B B A D G O A B O B B B B B e Ay

:

-l
¥er-El
-1
Lo
Loa il
o INE1
o€l
¥l
¥6- £l
i€l
¥ IR-£1
roinl-£1
rRy-£l
yo -1
o £l
61
¥Iy-£1
rsEl
K5 TY-£1
poTY-Z1
YTl
&1
s I-71
o iy-Z1
rs Tl
o Py-z1
o1
Yo'zl
poTLL
¥ -zl
Lot 4
Lok ]
& i-TH
wey-Z[
LaL wAd
oLl
L gl d )
-1l
w11
Lol
11
Leaal!
a1l
¥ mL-11
o1l
¥ m-11
oI-11
¥om-11
w1l
g ]
Lo Y )
|2l Y
Lo w1
L3 A
Loy
HIVAAYd IVOITdAd NHIdNYE 10Td0S ¥l

$661 w1 papnzsuoy spafely 103 Bk PRLI (L6 10RE JMHON

EENNNANERERRERERRERECVELISS

] e O e D D O e D 0 ] e O O D e O v D ] e O e P e O T O v O v O e 0 e P 0 O ]
&

Ll R R e B R N N N RN RN NI N R N R RN RN R R R Ee . R LR TR N

A et et et e e e e St o A A NNAEEANNANAAMMAMNTMTMA MM mmAmE MM, m M

EEEEEE?.‘-.?2E?.EEEL‘EE?Ji’a‘fiE?.:izEi:iE§§§§§§EEEE§§§§E§§§§E§§§§E§§§§E§§



114

+9hd
oD
areDd
IL+od
Wrend
TEPeDd
W¥0d
TTPoDd
rnd
TvoDd
Wrold
T r9Dd
T
Trodd
Ted
Trond
Tre0d
1T-r90d
wWrend
Lrobd
T0LHd
WoLnd
ToLnd
TLOLDL
0L
woLnd
TOLDd
TTOLDd
woLnd
TOLDd
Z0Lnd
WOLDd
TT0LDd
WOLDd
TT-0LDd
0end
TTOLDd
0Lhd
TOLDd
Z2-0LDd
Toind
TT0LDd
Thend
TTOLDd
TT0LDd
TOLDd
TOLDd
praiiet]
TLOLDd
woind
TOLDd
TTOLDd
WHiDd
TTOLDd
ZT0LDd

AR AU NARNBNO AN RAY AN NN RO ANMARANRYRAn RN n

1n
oWl
1473
(473
[4/3
¥ll
il
ril

oo
LoGr
Lo6r
o6y
6¥sr
2014
3474
6¥5y
obsk

WHANIE NI 0 3OVNNOL

E
Eg L i L L A L L L A AL R m L L L L E L E L L Z L2222 22 L Z L Z 22,

Emhhmmhmhﬂ.hmmh&h&hh—hhhhhhlﬁhhhhmhmmhhmhhmh&l&hl&!&ll-ll-l'-l-il-l-l-il-ll-l-i—ﬁ-ﬁ-

=4
=]

'én.ﬂqn-l-'l-'nqﬂqmﬂhhnmnD-l-l-ﬂ-D-n-ﬁ.(—-l—ﬂ-ﬂ-ﬂ-Dul-'l-'ﬂ-ﬁ-ﬁ-LHHI—‘H?—I—-I—-I—HI—I—-P[—-HKKI&I&&KEE

PEBO 1T 1 BNl 1 £ vA
rRO-1Z 1 INEL £ z VA
¥ R00L £ oL z z VA
PEEOOT T TANEL z z YA
rPO0Z 1 il z 4 YA
FSPOOT £ [y} 11 1 4 YA
P00z z byt 1] [ z YA
5RO 0L 1 ISionaL 1 T YA
poogrl 4 TUONYL 1 £ 1
rdogpl 1 TNyl 1 3 141
re-Jog-£L z TBLNMEL £ z SN
rsdas-gi 1 1L € z N
#5-g-£1 z OLOHL z T s
podog£1 1 OEENTHL z T N
re-Bg-£1 T N | z N
Fe-deg-l i SAMEL | 4 N
re-deg-2l z AL z 1 W
psdog-z1 t DONYEL 4 I N
pe-dog-Tl T LEATAL [ 1 W
rs-dog-21 t LML 1 1 W
S E-BL 4 19L 4 4 A
rePI-31 1 I T L4 b
renr-£1 z 9L T $ i
re £l 3 49t z < o
pemLEL z 49z z < A
¥EM-ST I doL 4 [ AN
PRI z 169 i $ IV
i1 1 169 ] < o i
13 s T 469 t 4 v |
w1 1 d6s I s A
rs-m-§1 z 469 1 4 A
[ ] 1 dse I $ o
P T 179 £ r i
PFT 1 e € ¥ by |
[ oauTe z dre £ ¥ §o’]
[ o  al 1 &y € » i
FE TP z e € ¥ b4
L3 1 dae £ r A
[T 8 T 1rs z ¥ A
rey-rL 1 Ir z ¥y Ad
o TUFL 4 a5 z ¥ Ad
rtryrl I drs T ¥ A
S YFL (4 drs z v AA
PPl 1 ars T ¥ Ad
oyl z Ler | ’ o |
Yo+l 1 16r ! r A
Y6101 z der I ¥ A
r5- w1 | a7 [ ¥ o
Y6101 [4 asy I r i
s+l 1 der 1 r p |
v M-£1 T 15 ¥ £ S |
€T 1 1sv y 3 X
Y€l 4 sy r 4 b |
Y6 M€l ] dsr r E A
Yemy-gl T ds¥ r £ AR

HIVOAVd IVOI'lddd NHI1IWYS 1071dNS Loy roud
#6651 1 paonnisto) spefoad 10} wie(] piok] (L6 1ofold NTHON



115

TZ¥9Dd g HOLvVE M o 4 1vv £6~Rd-10 1 S1HIOO na
TT+oDd g HoLvd M ol d LYV Fi-PI-10 E OTHAOO XL
TToDd 5 HaIvg N o 4 ¥y 569010 [4 S1HE00 X3
WoDd H Holvd N o 4 1¥Y Sif-qRd-10 1 S1HIOO IXL
TTroDd g HOLvd A 4 4 vy S6-9d-10 3 PADOEL r 1 (XL
LoD g Halvd A LS 4 vy s6ad-10 4 ¥AINUL F 1 IXL
Tr9Dd § Holvd A 4 d 1vy $Toa o H] 1 rAONdL r 1 XL
9 g HAvd A ES 4 vy $6Pd-10 13 EA0NL £ 1 1X1
rohdd 5 HOLvY A ! 4 vy bt u il 4 {20 )t.1) £ { X1
ZIvond g HIIyd A L q vy 6 d-i0 ] 4004l £ I X1
W¥ed 5 HOIvH A q 4 vy S6PA10 £ TANAL (4 1 X1
TZ¥oDd 4 HOIVH A d 4 Lyv L64pd-lo z TAONAL [ I (5.4
¥ ] H2IVH A a4 d vy S6PA10 1 SAIondl [4 I XL
ZTrod 5 H2LYE A 4 d vy $6 310 £ PIOMAL 1 1 1XL
TP ] HaIvg A a1 4 vy P10 T Bl 1 I IXL
Trohd 5 Hovg A 4 4 ¥y S6PE-10 I Ciowrdl L 1 i
TTr9d g Wl N i L W1 b i [4 VADNEL r 1 ]
Trotd B W N L) L L F6m{¥T 1 DML L4 3 il
ZTrobd 5 HWNBa N L] I [N S5 T [4 2Ny t ] b
TTHobd g WU N L) 1 Vi 6 imf4T 1 EADNNL t 1 14
TZ¥oDd £ HWOI¥d H 4 i vl FEun L 4 TATAL T 1 4
Trond 5 HWaa N d 1 vl S FT 1 TATIL T 1 T4
TT¥obd 1 WNIa N 4 i LA C5" NPT [4 oML 1 1 it
TT¥od - HWNEgJ N 4 1 vl F5-umL-pT 1 X004l 1 1 4
Zrand ] 3:109 HNEa A 4 k] vy P2 ANIED E FOOEL £ < YA
Trobd 5 19%8 gk A 4 4 vy ¥6200t0 (4 riAO0EL 3 § YA
TT¥obd 8 192§ W] A 1 4 vy H-20-£0) 1 FIRAOOEL £ ¥ VA
TI¥od g LL6F 4 /0L: 1 A 1 4 vy PG ED 13 EVAOMAL T ¢ YA
T ¥9d £ LLGF T A E) 4 vy PGED T £AL 4 § YA
TroDd s LLGP WKL A L] 4 vy FOI-E0 1 £LAONAL 11 5 YA
TI¥ad g 195t N A i 4 vy W50-£0 £ TUADOAL 1 § YA
TTF90d s 195F HWnya A L] .| vy s 3{I-£0 T TAMEL 1 s YA
TroDd s 195F R A 4 4 vy P65 1 TTHL 1 < YA
Lvohd g FIGE M X 4 4 vy F6MON-TT € 1ML 4 [ YA
Trood g FLGE WA A L] L vy FEMONZT z TML 4 4 YA
TTvoDd 5 ¥IGE WNEa A E) 4 vV 6-MON-TT 1 AL z r YA
T2¥9Dd g EESE HNEd A 4 E vy ¥6-WON-TT £ CIDOML 1 L4 YA
TreDd g EESE HHa A L) 4 vy FE-AeN-IT z e g 2.1 1 r YA
TL¥o0d s EESE HWNaEd A 4 L] vy L x4 1 OIX0AL 1 14 YA
TTPoDd 1 006T Ha A L) 4 vy FoAeN L1 £ 6HON4EL £ 1 YA
TTroDd g 06T WX A 4 4 vy FarAONELL [ 60Nl £ 1 YA
W¥9Dd 3 0067 HNEa A ) L] vy FEMN-LT 1 SADNAL £ 1 YA
TT oD g AT LLIp a i 4 4 vy WErAoNLY £ FAondl 4 1 YA
TroDd g 90T W A L) L] vy PSAoprLL T POl [4 1 YA
TTFPeDd g 0re N A 4 4 IvyY werAoN-L1 1 ML z 1 YA
IZv9Dd § 97T HNEd A 4 4 Y 5-AON-LL £ L0 1 1 YA
TLrod 8 L HWOEd A 4 ] vy re-AON-LL T L400dL 1 1 Ya
TTHobd s 144 WNIEd A 4 3 Ivy r6aoN-L L 1 [> oyt i 1 1 YA
Trend 4 w9l HOEJ N i 4 vy 6 POz £ SO0l € £ YA
TTroDd g el WAHd N ] 4 vy WO 1T T S00ML £ £ YA
TTobd g vl Hnaa H 4 4 ¥y RO IL 13 il z t YA
TTr9Dd 5 iirl AWNIa N 4 d vy RO 1T T PAoNEL 14 13 YA
TTroed 1 3Lrl HWNHa N 4 ] v Wi [ ¥AONAL T t YA
ZTrobd 8 1z Wndd N 4 i vy RO (T 13 A0NUEL 1 £ YA
LI90d B Iz1 Jaijt.io) N L LS ¥y RO 1T T £2L0N4L 1 13 VA
YHANIS M 9N HOYNMOL  INYId  HIVHEHEE  XIW YOLYER v HIVAAYd LVOITdHd NH1JNYS 1OTdns IO [0Bd

#661 W popansuod mafong 10§ M PILT 146 2{01d JIHON



116

ITreDd g HOIvVE N 2 q vy 692410 13 JUE e Xl
TP 4 HOLVY N 2 qd vy A 10 4 SHE0D faa}
TroDd g HOIVE H 2 S vy §69P4°10 1 EHE0D X1
ZTHoDd g HaIvY N o 4 R oo e z LTHOD fd §
T¥oid 4 HOIve 3 o g Ivy sEPdin 1 FEI0O XL
TTreDd g H2IvE H 2 4 1Y f6pd 10 £ EHIOD XL
ZThd s Hovd N 3 | Y $6-994-10 T THA0O IXL
TTrond g HIOIVE N o | v S69g-10 I TTEGD XL
LTHo0d |3 HXve A q L Lvy S6PX10 E 3. M 1.5 £ 1 i
TTroDd g HAIVE A 4 4 I¥yY SEPE10 4 o4l £ 1 i
TH90d 1) Havg A 4 4 vy 5610 1 RIo0EL £ 1 XL
TTPIDd $ HALVH A 4 4 vy $69Pd°10 13 TE0ML z 1 X1
TToid g HOIVE i L] 4 Ivy Coqed-10 4 Lonat 4 i fa )
Trond 5 HaLVE X L 4 vy $6994-10 1 TIONdL T i 441
TTrebd 3 HoLveE A 4 4 vy L6 10 £ gL 1 I oa
WHnd 5 HOoLvd A 4 L] vy $6-@d 10 z AL 1 I fa48
TTreDd 5 HOIVe A 4 4 L¥Y P10 1 CAONEL i 1 XL
weid § HOLVH N 2 a4 vy S6PI10 (4 T1HIOD XL
TTrobd 5 HOLVH K ju) 4 LYy SEPEI0 1 1Lt o) IXL
T90d - HOIVY N 3 | L¥yY S5~ PRI 10 4 STHIOD .4
TTroDd g HoIvVE K o) 4 vV S69PI 10 T FIHACD X1
tTheid g HOIVY N 2 L] Lyy £6-Pd-10 3 £1HI0O 1XL
MHONIE NI DI HOVNNOL  INVId  HLVEHHY  XIW JOLVHL av:  HIVOAYd IVOIiddd NEIONYS LOns 101 1044

#661 W pronRsu0D Noololg 30} R PR L6 WY TEHON



117

Zril o0l 66 o6 [l Tl Llé 601 o 60 ol SSPT Fi1 k4 r t A
99l L66 $16 g+ 71 rl L98 I o £l Fil T gri E 12 A
911 R'66 L86 6'RE [ LA ras ri zo £l m -4 18z E € A
LN 0001 1’66 96k 1 LA €16 801 00 &0 ol 37 44 [§1 44 £ £ Al
LT rom 166 168 1 rl s g0l o 60 6ol 65T e E 13 i
0Tl 66 L8 [ 3] [ ¥l rgg (] o £l 1 .34 44 4. 44 £ £ AR
TL E66 86 L'R8 FA | vl £68 o 1o Tl (1} [$3.44 1sre £ £ A
&TIL L6 (.32 reg [} ol o5 ol £0 Tl ou 53 A BrFZ z £ A
90 L1 685 588 Tl ot ros ol o [} [$1) I5¢7 et [4 £ AX
LT 666 £66 r6e Zl 01 [37)] Lol 10 L 0L 197 15 T £ i
L 000t 66 68 Tl ol (31 ol oo §0 Zor 9 8r7 4 £ A
ol 0001 66 1’68 A | ot rI6 $01 aa 80 601 34 A iwrT T 13 A
okl &'66 T66 1’68 il ol ¥i6 2ol 10 114 601 re HrT T 13 A
0§11 §66 86 1’68 £l LA Lag o o (4! &0l 11 k4 By 1 £ AL
st L'66 Eg ) T'eg £1 L4 Lie 't EQ ri 601 gerl 2 44 1 £ Ad
EriL 966 ris yie £l ri o'98 ELl ¥ 1 11 34 A £RFT 1 £ A
(310 6556 2is 063 £ ¥l L'38 on 1o [4) it 11 44 111 44 1 £ M
el 656 685 T’ £l ¥l 68 601 10 il 601 sri 31 44 1 £ F o |
L9l 66 065 (44 £l rl 06 B0l 10 ol ol wre [ 44 1 £ Fo |
911 £66 86 ris r ¥l ] 9t Lo il n T wri £ z A
51l 56 T 14 1] ¥l ¥l L3 Al %0 1 ¥l Lerl urT E [4 X
511 1] 065 LY+ [ L4 606 ol o ot 1 F24 44 oL 3 T A
b 341 LS 66 568 r ¥l 86 801 £0 g0 iy o urd E 4 b |
sl Ll 286 L'sg k1 ¥l 1'sg T o Tl £1l [44 4 wrt £ T Eo |
0%l 766 86 sag rt 1 £is i L4+ ol ¢l SPPT e X4 3 4 q
E€ll €56 vis o83 £l 71 LR 071 Lo Lk au FT urt (4 1 A
Lo 1’66 ie LY 4] £l 1 (4] 44 60 it 17 x4 44 sy i z &
<RI L56 £36 088 | FA 2% ] Bl £ [ ozl 3 Fe z [4 A
Trll 566 ¥36 88 £l [4) 9’68 £l 1o T1 o ri EFT T T AR
L3418 a8 €36 14 £l [ £43 - 44 e [ &1l Strl Brt T [4 ol
LEI 266 Fa5 588 £l i oig g1l L4y §1 $LE IrrT ®UrT i z A
rElL 1'66 Lis [ 4] ¥l 1 Tz 9zl 650 £L LTt Blrl 175 24 1 14 A3
Tl 166 L'is TLs rt Tl 13 LEA 60 [ 34 ¥l 3T re 1 T AR
yall 966 86 §ig r ol (3.1 441 4] EA) Tl i3 44 re 1 T A
&Ll §66 £15 0’82 ¥l 1 958 1zl §0 Ll 1x4] £Eri SLYT 1 L AX
Tl 66 86 &i8 L) i 678 Tl o 21 [ x4 0Ery SL¥T 1 i A
el B'66 ris 0'es r il 598 071 41} 91 LEA) fEFT 14 4 1 4 A
SEl E'66 ois 188 1 1 SER 44 (A1) oz 611 ¥Irl riri £ I FS |
6’111 66 036 (44 FA 1 134 rzl 0 oz 211 4 X Fi¥ L £ ] A
13181 66 Tis 188 [ [ 053 LAl ro 2 11 14 WrT £ ] Fo |
Ll ¥66 0'is 1'ss [l | L SEl (44} 90 ot &1l [ (< & ¥irg £ 1 po |
11 L66 986 vig ol Tl £s nl £0 LA ¥l 6Erd rrt £ 1 M
il 66 L6 L'88 (| il ra 1 o £l £l b4, x4 (x4 £ 1 po |
oSl L6 ti6 [ 4 £l £l [ %13 b4l [ ) LT (XAl vy 3rT [ 1 M
2511 13 696 1is £l £l 9L 61 L1 It 621 i 17 4 1 X
il (4] 8is s £l tl LR H [ 41 0 Tt EXA 9K 13re z 1 P |
£rlt 2 08 L8 tl €1 S'Es s [X] 0z [44) 1ere I8r'T z 1 po |
[¥A1) G656 (4 21 £l £ rri 1 ¥a 1 k4 9EKT 1mre [4 i XA
TELl o6 Uss Vi3 t €1 ors il 90 [ (44 rerl 13r'L T { FS |
(411 LBS (4173 Fit ¥l i il FZi 1] T 9zl LIFT Lir 1 1 o
o8l [ L3 Tig ¥l i LSl fa4) 8 I'E L14)! owre LT 1 i A
Lell 966 €36 188 LA [ 5 A1) 4] Lt 611 st LErFZ i 1 p. |
¥l 636 L6 rig ¥l Tl 127 441 [N} L34 L4 ) 114 & 2 g4 1 1 Al
srll T66 ris 9L ri il §$18 511 80 TT Tl 42 4 Lir T [ 1 Al
ELLL 66 &L6 s ¥l Tl [ ¥4 L 441 890 1T 1 x4 SEFT LT i 1 A
DHEH XV YHH BON NHQ ININ NSO qWOD¥ sgV OV 1ena Van YA MUNAY  SPNAY TNAY oo THND TWIND WO 10Tdns 1o [0dd

$561 Ut papansuo) spaford 10§ weq PRI L6 wold AHON



118

Lot
oot
¥ 0ol
2001
9001
o1l
101
¥Fiot
Lt
2L
csll
T
retl
Tm
sl
sl
oL
L
L3108
£611
ELR1
9911
€l
ol
E9n
sit1
$Ell
L9
[ §- 1]
o1l
€311
6¥U1
el
¥in
Toll
Totl
&s1t
L91l
TEl
sl
L340}
6€N1
9¥1
rn
o0
vl
gsll
LEI
rvell
Tsu
T
oL
rEll
[ 411}
€411

BEH XYW YAN NH

§L6
€86
66
966
Y66
965
L66
966
GL6
L5
£'L6
(413
ris
¥i6
€Ls
16
£86
TR6
§i6
oLs
366
L'66
ool
rool
000k
666
aoal
66
¥ool
ool
€001
oot
966
66
o0t
L'66
8’66
656
86
L'86
£'66
566
T66
£'56
ris
TES
i85
L9
¥86
(3]
856
666
E001
001
oo

L} 1)
696
r6s
(12

536 re
HON NACQ ININ NEQ dWD0V  §

oLl
fA ]
b ]
3 1]
Ll
6'LY
(4 1]
$'28
£88

{4 ]
88

L8

161
63
00Ds
106

06T
ot
oI5T
06T
ol6T
WL
3067
B06'T

Pt O i 100G D
cododooocoooCaooa

w e et
codd

TYXCOO SO0
TXI222222

DT ) e ——
— e o e mm m  am m

5—:—:—'—:—"0‘9.‘0'0“2
L R e s g

g
2

€1
&1
Fl
Fl

B B S B B B B B Wt Rt Bl it B i B o B B s R B B B et Bt B Rt Bt Bt R Rl B B R e Bl B Rl Rl i 5
e m anl o el ek et e et v gk g b b vl b pl el P v b e el b e vl et Pk P el e w e A R A s

o9
réL

(314
688
§88
L68
L'ss
LA

rsl
arl
orl
rrl
rrl
L'sl
51
¢l
¥YEl
$ET
$El
Lil
TEl
TEl
o€l
9tl
61
17l
et
6'El
Lol
8§01
rol
ol
a0l
Lol
n
on
901
i
ol
Lol
&1
(AT
Lit
Fl
1l
Tu
(&4
$TI
0Tl
(LA
(4}
[ 31
£l
&I
411
ey
[
(1
(A1)
11t
901
Lo
11l

YA XRENAY  SPNAY  TINAY

00

1
£€T
¥z
i
1
61
ol
LT
x4
9T
¢
5T
5T
zl
m
90
L
Tl

s01
(14}
[44)
[44)
171
BTl
vt
Bl
L
Al
rel
(31
a1l
601
701
Qo1
66
901

$Fsss

g
jqddeeidadaddedadadddeddaadddedadddad 3 EEEE LT ERES PIH

LrT
TN THHE WD LO1dns I01 oud

661 M papnnsuo)) spafoiy Jof v Y -6 ©ofoag TIHIN



119

OTH
o
rou
Y601
gotl
POTL
i
Ui
&0
(113
Lm
£
|3 41
in
il
17
¥l
il
&1I1
“in
7501
(4]
6ol
01
il
F901
vl
0801
g2
1ol
£l
o201
ol
101
<ol
1L
14 1]}
FE0l
5ol
LA
ol
U
8701
[0
0701
o
L1
I
L7010
ol
9T

OHH XV VNN NA  HON NBGJ NN NS4 SHOSV

€55
T56
k96
596
196
896
LS
Fo6
986
L26
986
T'e6
86
L6
996
96
596
(4]
§%6
666
ro6
56
196
€85
086
FRé
&85
L8s
£L6
LS

Bie

vis
(L33
L3
13}

['Ly

gav OV

e g e e e -

9'%9

£08
S5
S
Vi

il
£l
£zl
[ XA
g
LA
£T1
(X4
X4}
TEl
T'El
81
6
83
L4
Ls
ool
66
§6
13
€91
w9l
o9l
el
ool
£l
rsi
Ll
(31
el
Brl
¥l
el
(31
'l
91
6%1
6%l
(4]
£91
(34
sl
£91
091
L'rl
6rl
iyl
¥l
Lrl
§s1
£l

YA MRUN AV SPNAY  WUINAY

Lo
o1
ol
€0
50
(1]
0]
Lo
90
60
ot
§l
Lo
o
90
o
ol
o1
e
1o
9
Ly
ir
9t
€
[:33
[43
5T
9€
Tl
£l
LA
[ |
[4)
£l
vE
Tt
(%
ir
r
|54
9€
[4 4
6€
Ll
0z
91
$1
§1
T
£7

9t

x4
971
sZ1
0
[44)
ozl
[44)
1 x4
ril
Pzl
§T
PEl
6Tl
g1t
3T
(31
£rl
GEl
ozl
L
L<l
091
81
(341
6vl
(34
[§4)
el
(4]
07
L&A
1 x4
&1l
g1l
[ 31
¥l
srl
£rl
137
131
o4l
rrl
['§1
Byl
LTl
el
LTI
671
LTl
TEl
[ 34)

X1

XL

X1

IXL
ESPT [ 4 1 XL
ESPT ’ 1 1XLE
49 1 4 1 XL
et £ 1 XL
'l £ 1 1XL
IrrZ 4 1 1X1L
144 4 1 X1
S 4 i X1
st [4 i Xy
WL 1 1 i
wri 1 1 XL
Wy 1 1 1XL
0IET r i t !
0ItT r 1 T
WET E 1 e
WET 2 1 R’
43 %4 T I i*
FlEZ 4 L " |
0WET L L ot |
00f'T I 1 "
91LT E < YA
LT £ 1 i
oILT £ £ YA
LoL'e T 3 YA
ez 4 % YA
LT [4 13 YA
£ILT 1 3 YA
£ILT 1 s YA
LT 1 13 YA
397 4 4 YA
897 H r YA
1897 T ¥ YA
00LT 1 r YA
LT 1 r YA
0L T [ ¥ A
0T £ 3 YA
LT £ L YA
T 1 1 YA
x4 i 1 YA
8ILT [ 1 Yh
e i 1 YA
Lt 1 1 VA
iz 1 1 VA
[4F 4 1 1 VA
Wi t 3 YA
LT t £ VA
LeFT i £ VA
9T 4 13 YA
L69T T £ YA
669°T 1 £ YA
S69°T 1 £ YA

THND THND WD LOTENS o oud
$661 T papnnsuc) sos{od 10) bed PR L6 10Id TEIAON



120

oL

WL

XL

AL

TXL

e 4 8

fa o N

A d

¥ill 666 36 1’68 e %4 1T 598 68 i0 4] L) 4 154 e £ 1] fr o ¥
i 666 55 Tes 'y [T 1z 13 68 4] Tl 601 TET 1wz £ 1 fadl
rm 66 35 res i 1T iT 598 68 1) ot 301 w7 3144 £ 1 XL
i 666 536 (5] e It it 1 b Lo 't ol 63ET rFT T 1 (.43
il 06 &6 ret 41 44 1z it Ll 9% o 11 a0l 144 21 x4 z 1 XL
il 66 386 68 4 4 1T it 3] L 10 [ ol LT st [1 1 XL
m L66 L85 68 T 1T it &8 vi £ [} ol EGET TFT I 1 L
Tim L'66 L3S e T (x4 [44 (3] 98 t0 £l (Y E6ET 34 &4 I 1 X1
Lm ¥66 %6 L] 44 17 iT 658 1% ] ra 1 901 S6ET TrT 1 1 XL
X1

IXL

IX1

XL

XL

OFH XV VN NE SN NS ININNSQ DOV SEY OV Lena VA YHA BUNAY  SPNAV  TUWNAY awe ND g iatay WD Lomans o1 04d

$651 U1 parnnsuo) siosfolg 10§ wRd PRY ©L-6 0ofoN] JHHIN



121

NODI™ OV

rs
ONN OV ZINH OV

¢ 55 v € M
€S $§ £ € ]
£€c £e £ E s |
£ $s £ € XA
£s ¥e £ E pS |
€5 §s € € A
[ %3 131 £ 3 Lo |
€5 s z € A3
€S 55 z € KA
€S 5 t € A
€S 55 z € i
33 154 T E Fe |
€5 §% z € X
€5 5% 1 € o
€5 $% t £ X
€% £ 3 £ M
€5 5% 1 £ L
s §s 3 £ A
s §5 1 £ AX
134 s t 4 AX
5§ 5s £ z i
5§ 55 € z ¥
ss 5§ € z Fu
5s 55 € z A
$5 5% € z bt
§§ 5§ z z i
5§ 5 2 z o
5 5§ z z I
b33 s T [4 F.+
55 5 z z X
§% ¥y z t A
s §s 1 z 1
L5 g5 1 z I
Ls 5§ 1 z X
L5 gs 1 z T
Ls 56 1 z T
s 5§ 1 z Fol
s §g £ ( M
¢ §s £ 1 o
133 13 £ 1 A
§s 5§ £ | Ax
55 55 € 1 o
5§ §s € 1 A
ss §s z 1 X1
5§ §s z 1 A
s¢ 5¢ z 1 5
13 s T 1 A
55 §s z ' St
c'e 147 T 1 p.& |
$s §s 1 1 T
5 §§ 1 1 &
5% 55 1 1 X
5§ 55 | ] A
§s 55 1 1 o
- 5§ §s 1 [ X
xEOv IXE OV SEG OV lOTans Lol 1044

#5661 U1 paronnsuo) wpoford Jof ME PRI L6 Pold JHHON



122

NOI OV

| 33

£ 5 0 3 VA
T$ s £ z VA
¥¢ s z z YA
o5 Ly z z VA
o< s T z VA
09 LS 1 z VA
09 Ls 1 z YA
03 LS 1 z VA
1S s 1 3 T
1s 1S t 3 SN
s¥ Ts £ T s
6F TS 3 z s
g 18 z z SN
12 s z z N
o5 s 1 z W
oS 1 1 T N
oF 1% z 1 SN
or TS 4 1 s
e s 1 1 s
s s 1 1 sH
£ s's 4 5 A
£ 5 4 5 A
€% 5 z 5 L |
£ ss z 5 A3
£ % z s o
€5 s z 3 o
Ls s [ s a
s 5% 1 s A
e §s 1 s A
rs §'s 1 5 A
LS §s 1 $ X
Ls s t 3 KX
£S 5% 3 r A
€% 5 3 » X
€% 55 £ ¥ A
£5 §'s 3 r K
£ 5 3 ¥ XX
€% s £ v X
'3 s z v 3
v§ 'S T ¥ I3
9% 5 T ¥ A
g ¢ 4 ¥ A
95 5% z r A
95 ss T ’ A
(4 ¢ [ v pu-
TS s 1 v X
s £¢ 1 v X
133 o5 1 ’ X
75 5 1 » L
T< s t ¥ A
£ 55 r £ X
£ 5§ r € KX
£ £y r £ £
£ 5 r £ X
S _ _ £ 5 » £ i
ONN OV XY OV IIXE OV IXA OV s3dIV  1oMns 107 0%

#6561 T pIransUo)) spafarg 3o v PIRYT L6 walord JHHON



123

NOI'O¥ DN OV

TAXA oV

s 1%L
s XL
Ts b
s 1XL
oS s r 1 1%L
0§ s ¥ 1 X1
oS ¢ ¥ t XL
oS s £ i IXL
0§ g £ 1 XL
Y s £ I XL
is s T i %1
s T¢ z 1 XL
s s z 1 XL
£ s ] 1 XL
€% s i t XL
€5 s 1 1 X1
£ &€ r 1 u
€ 6% v 1 )
s 6 £ 1 u
re 6% £ 1 0
£¢ 6 z 1 .E
£ g T 1 LT
09 6% 1 1 u
09 6% 1 1 14
v s £ $ YA
Ty 55 £ $ A
& ¢ £ s YA
0§ 1 z $ VA
oS ¢ T g va
oS §¢ z g YA
6F 5S i 5 YA
&r 55 I $ YA
&r £s 1 5 VA
¥y € 4 » YA
¥ 55 4 r VA
s € 13 » VA
oS §g 1 v VA
o' €5 1 ¥ va
05 5¢ I » VA
I's s £ 1 A
s 55 € 1 YA
1S £ £ 1 VA
&b 55 T t VA
By 55 7 1 VA
oy g T 1 VA
6F % 1 1 YA
&r $'S I t VA
6F % 1 1 VA
s 55 € € VA
zs ss £ £ VA
£ §c 1 € VA
€S §s z € VA
£ s z 3 VA
£ §¢ I £ VA
~ €5 55 1 £ VA
IXH O¥ I¥d v SEQ OV lomEns 1ol 1084

P661 W papnRTU0) sofald Jof M PPN 146 P JUHON



124

43
rs
Fs
[ 41
re
e
rs
s
s rs
I's rs
s rE
s rs
s [ 41
s rs
s [ 33
(44 rs
s rs
(43

— o £ A
"

(47
5
T
_ _ _ (4
NDI oV ONNOV TIXd ov UUXEFov IXH OV SO oV 1omEns 101

$661 U1 pARTNSUOT) F3{01d J0J T PRI -6 PoId JHHON

CEREEERRRRRREERERRERERE



NCHRP Project 9-7: Field Data for Projocts Constructed in 1994
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NCHRP Project 9-7: Field Daia for Projectz Constructed in 1994
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NCHRP Project $-7: Ficld Data for Projects Constructed in 1994
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NCHRP Project 5-7

Project: FM 1604 Toxas

Performance Detx: Complex Moduhs from the SST Froquency Sweep ut Constant Faight Test
Mix Design Laborstory Sumples - Low Asphalt Contery

TX1FLD1

4C - Replicta #1

Froquency Period  Amop._shr_siress  Amp. shesr_strain  Comp._shr. mod.  Shr._phase wgle  Star._shr._mod Loss_shear_mod.
Hz nona pai none psi none pei pai

No Semples Maolded With Low Asphalt Content

TX1IFLD2

4C - Replicate #2

Frequency Peniod  Amp. shr. stress  Amp._shear strain Comp. shr._mod. Shr._phase angle Stor_shr mod  Loss shear mod

No Semples Molded With Low Asphalt Content

TX11FLEL

2DC - Replicate #1

Frequency Period  Amp._shr_stiess  Amp._shemr sirsin Comp._thr mod  Shr_phese angle Stor._shr. mod  Loss_shear mod.
Hz nore pei nons pai noe pst pai

No Sctiples Molded With Low Asphalt Content

TX1IFLE2

20C - Replicate #2

Frequency Period  Amp. shw._stress  Amp._shesr stuin  Comp._shr_mod.  Shr._phase mgle  Stor. shr mod.  Loas_shear mod.
Hz none i none: psi none [<H pi

No Samples Molded With Low Asphalt Content

TX11FLF]

40C - Replicate #1

Froquncy Peiod  Amp._shr. sress  Amp. shemr strain Comp._she_mod.  She_phase_mngle Stor_shr mod  Loss_shear mod,

No Semples Mokded With Low Asphalt Content

TX11FLF2

40C - Repliats #2

Froquency Period  Amp. abr. sicss  Amp. shear eiwin  Comp._she_mod  Shr_phass sngle Star sy mod.  Loss_shear_mod.

No Samples Molded With Low Asphalt Contens



NCHRP Project 9-7

Project: FM 1604 Texes

Performance Dieta: Camples Moduhss from the 38T Frequancy Sweep et Canstant Height Test
Mix Design Labarstory Samples - Madiun Avphalt Contont

TXI1FLD]
4C - Replicate #]
Frequescy Perdod  Amp_shr_sireas  Amp._show stmin Cowmp._shr. mod  She_phase engls Stor._zhr. mod  Loss shewr_mod
10 100 50.09 0.000083 GOD1ET 14.64 530689 15179
5 100 44.36 0.000081 549192 13.76 533422 130663
2 20 40.48 0.0000%3 457969 15.25 470783 128352
] 20 39.18 0.000051 L28759 1768 408510 130207
0s 10 36.82 0.000096 381785 1894 kIR EL ] 123909
02 10 30.67 0.000098 313596 245 289823 11971
ol ? 3568 0.000097 WSIN 321 240057 112956
0.05 4 .04 0.000096 218903 28.64 192111 104938
002 L] 15.48 0.000095 163399 33.2 136728 29470
0.01 4 12.04 0.000094 128440 k.79 102364 76914
TX11FLD2
4C - Replicate #2
Frequency Feried — Amp._shr_stress  Amp._shewr strain Comp_she._mod  Shr_phass angle  Stor_shr._mod. Loss_shear_mod.
Hz none pai none pei haone pai -1
i0 100 30.82 0.000045 X117 16.01 GE04T8 180470
5 100 5816 0.000088 560783 1216 645963 139186
2 20 4693 .000084 561193 15 542071 145246
1 20 .1 0.0000% 400775 18.01 466731 151734
0.3 10 .15 0.000095 421430 18.69 joniz 135029
0.2 10 33.58 0.000095 351349 no 326207 131880
01 7 2831 0.000095 297658 24.84 21114 125054
0.05 4 23.22 0LOM09S 2457 758 216715 113253
002 4 11.61 0000094 186528 30.79 160130 95494
0.01 4 144 G.000005 151452 3334 12506 84339
TX11FLEL
20C - Replicats #1
Froquency Feriod Amp._ghr _stress  Amp._shear stmin Comp._ahr._mod.  Shr._phase gngle Stor._shr._mod Loas_shear mod.
10 100 11.04 0.000064 172319 319.64 132689 100943
5 100 94 0.000074 126733 4199 04154 14736
2 20 157 0.000093 85319 45.03 G254 60365
1 20 593 0.000095 s2110 4178 41752 45982
0.5 10 41 0.000093 43870 4952 28480 33369
02 10 2.55 0.000053 27253 50.95 mn 21163
0.1 7 182 0.000094 19397 51.51 12072 15183
0.05 4 1.2 0.000094 12773 50.43 8137 9345
0 4 0s Q000092 5595 48.48 5764 6510
0.0} L] 0.66 0.000092 TI04 41,26 15 4751
TX11FLE2
20C - Replicate #2
Frequency Petied  Amp. shr stress  Amp shear simin Comp e mod  Shr_phese engle  Stor_shr._mod. Loas_shear_mod.
10 100 16.62 0.000047 357140 xT.15 e 162584
5 100 U7 0.000077 284177 18.41 249943 135221
2 20 181 C.000085 212718 3zl2 130162 113091
1 20 1579 0.000095 166321 3478 136602 94883
05 [ 1246 0.000098 127388 79 100433 78301
0.2 10 857 0.000097 88248 4132 I N
01 1 609 0.000094 646505 4402 46456 44895
005 4 4.45 0.000096 46423 46.18 ndl 33496
002 4 278 0.000096 29012 45.9% 19793 202
X+ 1 4 1.95 0.000095 20593 486 13619 15447
TX11FLF1
40C - Replicats #1
Froquency Perind  Amp_shr_stress  Amp._show_strain  Comp._ghe._mod  Shr._phsss_wngle  Stor._shr._wwod, Lop_shear_mod.
Hz nane e ;% i N pal =4
10 100 137 0.000102 T2457 574 38515 61309
5 100 514 0.000058 2457 5879 I71R4 44864
2 2 a5 0.000099 35230 521 21640 27800
1 20 .47 0.00005¢ 25803 5343 1537 20724
s 10 176 0.000091 19320 L% ] 12709 14551
a2 1¢ 1.05 0.000082 12764 4541 un 7
al 7 0.3 0.000084 10603 3853 8296 6606
0.05 4 o 0.000083 s g) 1229 %R 4961
0.02 4 093 0.000083 11229 .42 10216 4638
.01 4 0.8 Q000086 10531 248 9560 4413
TXWIFLF2
40C - Replicata #2
Froquency Period  Amp._shy stress  Amp_shesr_sinein Comp._shr._mod  Shr._phaso sngle  Stor._shr. mod  Loss_thesr mod.
Hz none P nans e none pai pai
to 100 629 0.600099 63751 sn 35858 52710
5 100 4.47 0.000097 45134 56 25826 KLy )
2 4] 29 0.000092 31843 1 16994 W5
1 0 2.08 0.000084 14595 57.01 13390 W0630
05 10 1.51 B.000088 17274 50719 10921 13384
a2 10 0.9 0.000083 11300 43.36 215 TI59
o1 7 Q.75 0.000081 228 k] T269 5680
0.05 4 0.69 0.000083 294 1 6385 4623
0.02 4 0.56 0.00008 6944 3146 5924 3624
0.01 4 0.54 0.000076 on .8 6570 2631



NCHRP Project 9-7

Project; FM 1604 Texas

Performance Deta: Complex Moduli froen the 35T Frequancy Swoep st Constant Height Test
M Design Labaratory Serples - High Asphalt Content

TX11FLD]
4C - Replicete #1
Fraquency Period  Amp._she. stress  Amp._shewr stoain Comp._she_mod  Sir,_phass_angle  Stor_shr._mod  Loss_shear mod
10 100 26.69 0.0000435 590714 193 557532 195194
5 100 4327 0.000082 528090 18712 500154 165484
2 n 36.66 0.0000%2 443236 2093 418674 160086
] 0 Hi4 0.00003 380972 2324 355584 152667
0s 10 3145 0.000097 125817 2542 93998 139738
0l 10 2461 0000098 periby) 0 217757 127083
01 7 19.39 0.000{96 201418 3185 167281 112150
0.05 4 15.03 0.000097 155344 R 122714 95252
0.02 4 10.11 0.000094 107282 4235 285 273
0.01 4 mn 0.000094 82167 451 56973 59207
TX1IFLD2
4C - Replicate #2
Frequency Period  Amp._shr._siress  Amp._shew_strain  Comp._shr_mod.  Shr._phase sngle Stor._shr._mod  Loss_shewr_mod.
10 100 2296 0.000042 542425 13.94 526459 130638
5 100 41.48 0.000082 506135 13.13 492912 114933
4 r1l 3814 0.000084 451536 1298 439996 101432
1 20 3539 0.000089 12776 14.47 399681 103147
0s 10 362 0.000096 176667 15.12 363619 98281
0.2 10 31.58 0.000067 326361 17.05 M0 95856
0.1 7 2195 0.000057 285233 19.18 I7HSS 95035
005 4 2428 0.000096 251738 2134 pLEL ) 93660
0.02 4 19.44 0.000056 202533 1442 184824 83918
001 4 16.11 0.000095 169334 26,52 151562 75630
TX11FLE1
20C - Replicats #1
Froquency Peiod  Amp._shr_siress  Amp_shew stin  Comp._she._mwod.  Shr_phase wngle Stor._ahr._mod  Loss_shew_mod
10 160 1316 0.000042 12164 35.52 254087 181345
5 {e1] 1742 0.000074 236938 369 189473 14266
2 20 131 0.000085 1650677 39.64 123729 102510
1 20 1067 0000052 116547 44.53 B3084 81733
05 111 07 0.000057 83087 4849 550M 62215
D2 10 4.85 0000023 52319 5135 52317 41145
01 T 3M Q000095 35289 53.96 20813 28458
0.05 4 2.4 Q000095 23515 5598 13157 19489
002 4 13 Q000094 13810 56.29 7664 11488
0.01 4 0.9 0.0000935 9565 58.04 5063 8115
TX1IFLE2
20C « Replicate #2
Frequency Period  Amp. shr._stress  Amp._shew strmin Coomp._she _mod  Shr._phass sngle  Stor_shr_mod  Losa_shear mod
Hz nons pai none psi nane pa pai
10 100 1087 Q.00003 361114 23.27 332664 143043
] 100 nn 0.000076 290971 24.63 70814 124169
2 20 19.28 0.000081 236300 27.27 210439 108432
1 20 1817 0.000093 194501 28.82 170758 93953
05 10 1544 0.000093 158112 3168 134549 B3043
02 10 11.05 0.000096 115079 k1] 92995 §TT88
01 7 834 0.000096 B&T62 »nn 67767 54254
0.0% 4 612 0.000095 64396 41.77 43026 42900
o602 4 401 0000056 41890 45.34 29447 We
.01 4 281 0000094 9929 46.13 20743 21575
TX11FLF1
40C - Replicato #1
Frequency Period  Amp. shr. stress  Amp. shew strein  Comsp._shr._ mod  Shr._phese_sngle  Stor_shr_mod Loax_shear mod.
Hz none P nane pai hane pai psi
13 100 6.04 0.000102 58679 1N 31343 496GT
5 100 414 0.0001 41453 5635 22970 4507
F 20 289 0.000096 30083 5438 17518 4455
i 2 211 0.00009 23334 5453 13541 19003
05 10 1.61 0.000089 14193 5202 11195 14340
02 10 111 0.000087 12032 #0.62 9740 8354
oi 7 101 0.000086 11488 33.02 9800 6370
005 ] 096 0.000087 11e 25 96577 5477
.02 4 102 0.000085 11980 15.09 11567 g
0.01 L] 094 0.000079 11354 2648 10611 7243
TX11FLF2
40C - Replicate #2
Froquency Period  Amp._shr stress  Amyp. shesr stran Comp. shr._mod  She_phess angle  Stor_shr._mod  Loss_shoar_mod.
10 100 45 0.000C24 53651 0.5 W37 45742
5 100 17 0.000072 38532 5538 21888 anz
2 20 191 0.000062 ol 54.54 13296 27920
1 20 102 0.000039 26328 5242 15053 W0eE4
05 10 L7 0.000C39 13127 7356 627 12615
02 10 1.06 0.000091 114652 59 6366 414
01 7 1 0.000095 10487 5439 6108 8526
0.05 4 095 0.000095 2999 45.44 6995 T4
0.02 4 091 0.000091 10078 3338 413 §543
0.01 4 098 0.00009 10839 30.53 9336 5307



NCHRE Projoct -7

Project: FM 1604 Teous

Performance Datx: Camplax Modulus frm the SST Froquancy Swaop & G Height Test
Plant Field Swmples - Trock #1 Mix #1

TX1IFLD1
4C - Replicats #1
Froquency Petiod  Amp. shr strees  Amp._showr strin Comp._shr_mod  Shr._phese sngle  Stor_ahr_mod  Loss_shesr mad
10 100 UL 0.000036 690454 1815 656089 15114
5 100 63.46 0.000093 681977 1408 661379 165935
2 20 51.46 0.00008% SBE017 no7 5TI067 112952
1 20 44.24 0.00009 493182 17.08 471426 144865
[ 10 40.36 0.000095 425205 19.97 399643 145207
a2 10 33.45 0000036 148607 2325 320283 137633
0.1 7 2849 G.000056 96949 i ) 257522 123884
0.05 4 nir 0.000055 245153 1164 218069 114130
G0z 4 177 G.0000R4 187761 e 161163 96337
.01 4 143 0.000053 153395 3367 128552 33692
TX11FLI2
4C - Replicate #2
Frequency Paicd — Amp._shr_stress  Amp. _shear atain Comp sty mod  Shr._phase_wngle  Stor_shr._mod  Loss_shear_mod.
Hz none pai nane psi none pai pei
w 10g 228 0.00008 285830 nz 244477 148087
5 100 16.58 0.0000M 233603 3145 199283 121889
2 0 14.78 0.000085 171924 3532 1402387 99385
1 20 12.52 0.000095 130269 ®2 102375 80557
05 10 9.59 0.000097 99117 41.46 TANE 65631
021 4 6.57 0.000098 67141 “7T 47665 47235
01 7 458 0.000092 43582 45.6] 34062 36030
D08 4 1y 0.000095 35633 4764 24007 26332
oo 4 217 0.000095 2295 4183 15406 17011
0.01 4 157 0000054 16637 4672 11444 t2148
TAI1FLE]
20C - Replicatc #1
Frequemcy Pericd  Amp._shr._stress  Amp shear sitwin Comp._she_mod  She._phase sngle  Stor shr, mod  Loss_shewr mod.
Hz none psi none psi none P i
10 100 ng 0.00008 285830 12 4477 148057
5 100 16,58 0000071 233503 31.4% 199283 121889
2 20 14.78 0.000026 1924 35.32 140287 99385
1 20 12.52 0.000096 130269 382 102375 80557
0s 10 959 0.000097 w7 41.46 Eirei] 65631
02 10 6.57 0.000098 67141 44.77 47665 47285
0.1 7 4.58 0.000092 49582 46.61 34062 030
0.05 4 137 0.000095 35633 4764 24007 26331
0.02 4 117 0.000095 22951 47.93 15406 17011
00 4 1.57 0.000024 15687 46,72 11441 12148
TX11FLE2
20C - Replicate #2
Froquency Period  Amp. whe stress  Amp._shear strain Cotp._shr._mod.  Shr._phase angle  Star_shr_mod. Loas_shear_mod.
10 100 19.66 0.00003 246050 3126 210330 127579
5 100 142 0.00007 w019 3s7 1532 106628
2 20 12,65 0.000085 148908 3454 121y 84488
1 20 1093 0.000095 115093 3109 o132 62405
0.5 10 87 0.000097 §9439 402 6831 577132
0.2 10 59 0.000097 1083 43,88 44029 42340
01 7 428 0.000053 45018 4515 32454 32625
0.05 4 116 0.000096 33041 46.67 26N 24035
0.02 4 21 0.000095 22145 46.63 15208 15097
0.01 4 1.56 0.000054 16533 47.28 11216 12147
TXilFLF1
40C - Replicats #]
Frequancy Pericd  Amp._shr_sress  Amp. sthew siain Comp. shr. mod  Shi_phass angle Stor_shr mod.  Loss_shewr_mod.
Hz nona pi e psi none Pai i
10 100 488 0.000098 49352 5498 283 40416
s 100 3.57 0.000023 36431 5564 20561 30075
2 20 P& 0.000057 23353 b5 N7 13820 13824
1 0 1.66 0.000098 17023 49.17 1113¢ 12881
0.5 10 127 0.000097 13066 L1 9304 74
02 i0 09 0.000095 9614 3641 ™ 5707
0.1 7 o 0.000056 3142 3511 5601 4766
0.0% 4 o7l 0.000056 3 anmn 6470 3546
0.02 4 .66 0000056 124 32 6094 3691
0.01 4 062 0.000095 6516 2869 5Né 3129
TX11FLF2
#0C - Replicats #2
Froquoncy Period  Amp._shr_streas  Amp._sheer stuin Comp. abr. mod  Shr._ghase angle  Stor_she_mod.  Loas_shoer_mod
10 100 4,10 0000059 42220 55.44 B4? M2
5 100 i 0.0001 20 5412 nwr 25948
2 0 198 0.000099 20119 50.99 12685 15632
1 0 145 0.000097 14365 346 9357 1niz
0.5 10 1.09 0.000055 11458 036 )] 7867
0.2 10 0n 0.00009& B39 n97 6552 5402
1} 7 064 0.000095 6703 W16 530 4011
0.05 4 08 0.000096 538 p<X o an 2158
002 4 0.52 0000055 5503 UM L ] i)
001 4 0.51 0.000095 5369 234 4966 040



NCHEP Project 97

Froject: FM 1604 Teovas

Parfocnence Dets: Compleo: Madulus from the 3ST Frequency Swoep st Constant Height Test
Plant Ficld Sumplos - Triack #2 Mix #1

TXIIFLDI
4C - Replicate #1
Frequency Peind  Amp._shr._stresy  Amp. shewr struin Comp. sy mod  Shr._phase mngle  Stor she mod Loy shear mod.
Hz nane psi none pai none psi [
10 100 30.14 0.000043 TOIE58 14.92 619543 1
5 100 8032 0.000037 £330 1143 &19561 137447
1 20 5229 0.000085 616526 10.0] 607144 107148
1 0 31.26 0.000091 360880 i2.48 626 121214
0s 16 4103 0.000095 wrs 15.02 430244 128837
02 ic 41.12 0.000097 423435 13.22 402264 13837
01 7 15.66 0.000096 7ol 19.98 348675 126788
005 4 3017 0.000095 314457 2N 290083 121388
0.02 4 ikt 0.000096 249809 2536 225688 107096
0.01 4 19.48 0.000005 205888 k]| 182779 MM
TXIIFLD2
4C - Replicate #2
Frequancy Peiod  Amp. sy sttess  Amp._shesr simin Comp._shr mod.  Shr_phese_mngle  Stor_shr._mod Loas shear mod
10 100 l.42 0.000041 63623 1589 TI445] 209051
5 100 T0.58 0.000092 T13880 16.28 T42847 216882
2 N 60.32 0.000037 904645 1275 673612 152437
1 20 55.33 0.000083 520346 202 GOG749 129170
05 10 49.99 0.000094 537 1? S0R061 155625
02 10 42.08 0.000097 434756 20.42 407434 151691
0.1 7 35.82 0.000096 173397 2218 M55 146972
0.05 L] 2069 0.000095 312728 %M 28628 133367
062 4 2263 0.000095 239294 it 200814 115065
0.01 4 1811 0.000094 191212 3.06 164314 9858
TX11FLE1
20C - Replicate #1
Frequency Petiod  Amp_shr_stress  Amp._shewr strin Comp._gw. mod  Shr._phase angle Stor._ahr. mod  Losx_shear mod.
Hz rone psi none psi e pai i
10 160 2081 0.000076 15536 30.61 2137133 140314
5 100 15.54 0.000059 23N 31.86 190038 118083
P) w0 1472 0.000092 160728 3597 130078 94404
1 20 12.16 0.000058 1542 38.31 9724 TT205
0.5 10 941 0.000059 95433 41,85 TL08s 53674
0.2 10 6.34 Q.0D0098 64594 47 45057 457
0l ki 456 0.000096 47295 46.35 32645 kLrril
0.05 4 i 0.000095 34493 4123 13421 2531
0.2 4 215 0.000056 22341 473 15152 16418
0.0] 4 1.59 0.000095 16119 44.26 12018 11709
TX11FLE2
20C - Replicate #2
Frequency Period  Amp._shr. stress  Amp._shear strain Comp._shr. mod  Shr_phate angle  Stor_shr._mod  Loss_shear mod,
Hz none psi none psi hona pei psi
10 100 21.61 0.000075 289938 nis 253020 141683
5 106 1514 0.000067 239891 31.35 04875 12477
2 20 15.31 0.000088 173635 34.55 143007 98479
1 0 133 0.000098 115982 37.18 108342 82177
0.5 10 1017 0.000097 105098 40.64 oMy 6845]
0.2 10 693 0.000097 niaz .15 50516 50072
18] 7 5.03 0.000057 51942 a2 ELry,) 3812
0.05 4 s 0.000096 36545 .11 23588 27702
002 4 piesl 0.000095 24006 03l 15330 18473
01 4 1.63 0.000054 17292 4331 11500 12914
TA1IFLF1
40C - Replicate #1
Froquency Period  Amp. shr stress  Amp. sheer srain Coop. shr. mod  Shr_phase_wigle Stor_shr._mod  Loss_shemr mod
Hz none pai none psi none pei M
10 100 421 0.000096 4397 5104 25882 35547
5 100 292 0.000004 30009 53.66 18314 24899
1 20 1.93 0.000098 1981% 49.58 12851 15088
1 20 15 6.000057 15433 45.54 10825 11070
0.5 10 12 6.000097 12353 20 Nnw el
02 10 oo 6000095 10166 - 139 5092
(4] 1 08 0.000097 8237 3316 6396 4506
005 4 07 0.000096 7239 N4 6179 im
0.2 4 065 0.000095 &218 w3l £002 3135
0.0t 4 Q.61 0000096 &34 25,58 5760 2852
TXI11FLF2
40C -Replicats #2
Frequarcy Petiod — Amp. ahr stress Amp._shewr stfain Comp. ghr_mod  Shr._phase sngle Stor. ahy mod  Loss_shewr mod
10 100 47 £.000099 41530 59.42 4180 40920
5 100 3.43 0.000000 34766 55.69 19595 2878
2 0 108 G.000097 21397 5234 13072 16940
1 0 L G.00009% 16213 437k {igrs] 12241
05 10 123 0.000097 12735 4435 9107 090
02 10 092 0.000097 9561 36.66 1618 513
ol ? 0.81 0.000097 B394 3558 5827 4384
005 4 0N 0.000095 T4t »ae 6397 kY]
002 4 0.65 0.00000% 6820 3035 897 326
0.01 4 06 2000094 6344 2396 5351 wn



WCHRP Project 9.7

Projoct: FM 1504 Texss

Peeforrsance Dats; Complme Modubus from the 33T Frequency Sweep st Constant Height Test
Plant Fisld Semples - Track #3 Mix #1

TX11FLD1
4C - Raplicata #1
Frequency Period  Amp. shr_sivers  Amp._shear cisin  Comp. shr mod,  Shr phasc wngle  Stor_shr. mod  Loss shewr mod.
0 100 3235 0.00004 21410 1442 795517 204614
5 100 ns 0.000089 ST241 16.54 £35303 248571
2 n L6 0.000]8% 802405 1316 781320 181136
1 20 64.01 0.00009 709628 10.17 698486 125261
05 10 61.27 0.000093 560684 1.1% 655547 82129
02 10 52.44 0.000097 531995 12.37 526450 115432
al 7 45.0% 0.000097 464706 1571 447357 125790
0.05 4 855 0.000097 400054 18.45 I7494 126598
.02 4 31.13 0.000096 325656 20.39 304254 18112
0.01 4 2639 0.000095 1545 .17 255167 106186
TXNFLD2
4C - Replicutc #2
Froquancy Pariod  Amp._ghe_stress  Amp._shewr stain Comp._shr._mod  Shr._phase_sngle Stor_shr. mod  Loas_shear mod.
10 100 %713 0.000013 R 17.35 583472 215056
3 100 45,28 0.000031 FH0656 151 540973 154542
2 20 43.24 0.000034 516005 15.56 491009 133399
] W0 42,49 0.0000% A746506 16.5 455064 134787
0.5 10 40.65 Q.000095 428358 1727 49057 127135
0l 10 3537 0.000097 366142 19.43 35300 12170
01 T 31.08 0.000057 320611 2l.64 TGRNG 118253
0.05 4 26.51 0.000095 277295 23.95 253417 112573
0.02 4 21.02 0.000094 222636 26.95 1984560 100899
0.01 4 17 0.000095 185518 876 163859 BI936
TX1IFLE!
20C - Replicuts #1
Frequency Period  Amp._shr_stess  Amp._shear_strain  Comp._she._mod  She _phase wigle Stor_shr_mod.  Losa_shear mod
Mz none o nons pe none pi psi
10 to0 30.4 0.000079 184394 26.1 345206 165091
5 100 243 0.000073 132091 2652 WTL4S 148287
2 20 273 0.000089 255343 2392 223934 123730
1 20 19.34 0000097 205040 31.07 175620 105825
05 10 16.06 0.000098 163648 3318 136802 9810
02 10 11.67 0.000098 118951 ».37 95780 0538
01 7 B34 QA000PS 91693 3816 TH09% 56652
.05 4 6.656 0.000096 £3578 913 53932 43960
002 4 462 0.000034 48895 aHe 36956 3016
001 4 3155 0.000095 n20 42.05 27638 14529
TA1IFLE2
20C - Replicate #2
Frequency Period  Amp._shr_stress  Amp. shear strain Compy_shr. mod  Shr._phase sngle Star shr_mod.  Loss_shesr mod
10 100 30.01 0.000081 36252 24.21 36778 151419
5 100 2383 0.000076 315460 2483 286292 132483
2 20 2175 000087 249581 26.75 pririi] 112501
1 20 19.02 B.000053 204027 26.52 172543 100526
s 19 15.84 0.000096 165122 2.2 139706 83019
02 10 11.47 0.000056 119799 38.87 9085 0138
01 7 B.58 0.000053 92939 Is43 e 571762
0.0% 4 682 0.000057 70187 4018 53627 45261
602 4 462 0.000055 4ET21 41.98 8217 32590
0.1 4 352 0.000095 36899 40.59 28021 24007
TXI1IFLF1
40C « Replicate #1
Frequency Period  Amp_shw._stress  Amp._sheer stain Comp._the mod.  Shr_phme engle Stor_thr_mod.  Loss_shesr_mod
Hz none pai none psi none pei pai
10 100 1097 0.0000%4 116418 46.52 0390 84753
5 100 591 .O00059 E9900 4157 60538 66452
2 P+ b 5.1 0.000097 59759 LNl ansn 46511
1 21 413 0.000099 43652 5232 28682 34549
o5 HH i 0.000099 nns 5067 19232 12
02 1 2.06 0.000097 AN 51.58 13220 16665
0.1 7 1.5 0.000097 16026 ©.16 10431 121
0.0% 4 115 Q000097 11928 L2 857 8975
002 4 0.88 0.000097 911s 45.56 6334 6510
001 L] on 0.000096 R 4623 1% S405
TXIIFLF2
40C - Replicsto #2
Froquency Poriod  Amp. she sipess  Acy. show simin Comp. shr_mod.  She_phase wngle  Stor_she_mod,  Loss_shear_mod,
Hz “no pai none pei e pa pai
10 100 .85 0.0001 8035 51.28 55130 85701
5 100 6.4 0.00009% 465101 5276 39395 51n2s
2 20 424 0.60009% 43048 5439 25064 34998
1 20 3.06 0000099 1044 5464 17965 2518
05 ¢ 22 0.00009¢ n 53.54 13339 18146
02 10 153 0.000096 15358 49.85 10267 12085
0.1 7 1.1% 0.000097 11475 4124 8063 e
0.05 ] 092 0.000097 1116 £.13 By 5916
002 4 0.31 0000097 339 3807 6740 4910
001 4 oM 0.000096 6T 437 6337 33



NCHRP Projoct -7

Projoct: FM 1604 Texas

Perfarnence Dets: Complex Modulos frooe the SST Frequency Swoep st Constent Height Test
Plarit Fiekd Samples - Truck #4 Mix #1

TX1IFADL
#C - Replicate #1
Frequency Pariod  Amp. sir. _stress  Amp._shoar strain Comp. shr._ mod  Shr._phese sngle Stce_shr mod  Loxs_shear mod
10 100 25 0.000037 168467 15.87 IO 210163
5 100 64.61 9.000053 596731 14.23 675346 171295
2 20 60.1 0.000092 652879 14.38 632459 162123
1 PO 54.32 0.000054 530444 15.24 550038 152554
03 10 486 0.000096 508316 17.25 435440 150775
03 10 4115 0.000097 424354 20.77 395817 150487
i8] 1 15.08 0.000097 350527 ns 330365 144356
0.05 4 2895 0.000006 30103 2641 2H305 134239
0.02 4 21.57 0.000003 234128 20.95 202868 116378
0.0 4 17.54 0.000094 190732 3254 160782 102606
TX11FLD?
4C .« Replicate #2
Frequency Peariod  Amp_shr_stress  Amp._shes strain  Comp._shr._mod.  Slr._phese_angle Stor_shr._mod.  Loas_shear mod
Hz nons pai none psi none pai pei
10 100 3113 0.000044 11320 14.36 689110 176362
5 100 66.82 0.000092 70 13N 709011 173255
2 Pl 5856 0.000039 859247 10.52 S48551 120450
i 0 5395 0000062 586037 11.04 575198 112188
03 10 8.9% 0.000094 522176 131 508693 118337
02 10 43.02 0.00009% 40712 16.82 421863 127510
01 7 3662 0.000095 J857385 187 165405 123732
o5 4 32 0.00009%6 3132358 2116 309547 119976
0.02 4 255 0.000095 267627 242 44115 105652
0.01 4 21.45 Q000095 225205 26.51 201528 100518
TX1IFLE]
20C - Replicata #1
Frequency Pericd  Amp _shr. wress  Amp._shear strain  Comp. shr mod  She phwse angle  Star_shr_mod.  Loas_shear mod
Hz none psi nons pai nopa psi psi
10 100 3443 0.0000§1 4IM1s 244 3IB0025 176464
5 100 2754 0.000075 Freiisy 4.8 338722 156573
2 0 2728 0.000092 295301 27.04 263470 134468
1 0 415 0.000059 M43z 3022 211158 123020
035 ] 1913 0.00005% 194923 Mz 161374 109331
02 14 13.37 0.000058 141300 3857 110315 88296
a1 1 10.1% 0.00009¢ 1056713 42,61 11998 T1740
0.05 4 147 0.000097 76634 4542 53788 54585
0.02 4 475 0.000097 49101 .27 2041 37205
.01 4 319 0.0000%4 33808 4913 22124 25564
TX1IFLE2
20C - Replicats #2
Frquency Paicd  Amp._shr._stress  Amp._shear strain  Coop._shr_mod.  Shr_phase_mgle Stor. shr mod  Loss_shesr_mod.
Hz none psi none e none pai pei
10 100 25.56 0.000079 323264 74 B399 148765
5 100 1299 0.000073 721 28.69 239588 131119
2 4 1821 0.000089 205349 3128 175502 106616
1 20 1598 0.000053 163396 3417 135183 21775
05 10 1266 6000099 127258 krkil 100545 73007
0.2 10 261 0.000097 88432 4221 65536 50449
0.1 T 633 0.000097 65414 4543 45905 45501
0.05 4 4.56 0.000097 46804 48.08 31285 34811
0.02 4 29 0.000097 30214 017 19351 23204
o0t 4 2.04 0.000094 21630 5038 13647 16741
TXUFLF]
40C - Replicata #1
Froquency Peiod  Amp. shr._stress  Amp._shewr strain Comp. v mod.  Shr._pheso angle  Sior_shr._mod.  Loss_shesr mod
Hz nons pei none =] nonz i psi
10 100 ? 0.000] 69875 456 43385 49923
5 100 535 0.000099 53800 45,4 ITNS 3594
1 20 384 0.000009 387190 4543 26735 28106
1 0 2.88 0.000099 2110 4754 19652 21475
0s 10 218 0.000098 22154 4609 15365 15960
02 10 1.55 0.000098 15812 425 11642 10699
a1 7 (] 0.00003% 1373 39.8% 2496 7933
0.0% 4 1.2 0.000097 10561 N4 180 6418
113 4 [(<.2) 0.000097 8682 3352 7239 4794
001 4 o 0.000096 Jouz 2808 7043 3757
TX1IFLF2
40C - Replicate #2
Froquency Paiod  Amp._shr_simas  Amp. sthear etrsin  Comp._she. mod  Shr_phass sngle  Stor. shr. mod.  Loas shear mod.
10 100 671 0.0001 67254 51.63 41755 I
3 100 434 0.00009% A9050 513 332 3847
3 20 33 0.000099 33375 51.2% 20889 26029
1 20 239 0.000099 24154 495 15549 13497
0.5 i L8l 0.000098 18455 «.4 12432 13507
02 1% B 2000007 13452 4219 9968 033
13} T 1.04 0.000096 10436 40.1 288 6041
0.05 4 o.e? 0000096 9113 346.03 FE10] 5361
002 4 0.78 0.000095 8135 2969 067 029
9.0 4 a7l 0.000095 T4E4 nn 5622 3487



NCHRP Project %7

Prujoct: FM 1604 Texas

Parfonnence Duta: Coenplex Modathus from the SST Froquency Sweep st Constant Height Tost
Extracted Rosdway Cares - Cores | £ 2

TX11FLDI
AC - Core #1
Froquersy Perind  Amp_sh_stesz  Amp, shewr stmin Coop._thr. mod  Shy._phase_angle  Stor._shy. mod. Loss_shear_maod.
Hz nane i fans i none pai pal
10 100 4253 0.000079 53Ty 16.35 515502 151289
5 100 40.14 0.000079 507058 15 430785 13219
2 0 3788 0.000084 452759 1572 435819 132588
i 20 S5 0.000088 412579 16.57 395443 17672
53 10 3434 0000092 N5 it.52 352053 117913
02 1 951 0.000095 311233 21.63 89320 114724
a1 7 2501 0.000094 265453 M7 243063 111356
0.0% 4 20.66 0.000094 220451 .14 194406 103963
o 4 1522 G.000092 165543 3281 139117 wnRe
0.01 4 11.69 0.000052 126861 36.91 101432 76193
TXINFLD2
AC - Core #2
Frequency Peiod  Amp_shr_stress  Amp._shear stmin Comp._ahr_mod  Shr._phase_wngle  Stor._she. mod  Lots_sheer_med
10 100 4153 0000621 513416 11.74 S266% 104302
5 100 3673 0.000076 480282 1373 465565 113967
2 20 3358 0.000081 413224 16.93 395323 120307
I 0 3263 0.00009 363651 17.04 MT6E7 106563
ns 10 a 0.000092 335194 18.1 18615 104112
02 10 27.24 0.000094 268795 2118 269342 104199
ol 7 801 0.000092 251317 24.03 51 102352
0.05 4 ji:% rl 0.000093 212653 prAc] 138231 98947
0.02 4 14.57 0.000091 183027 32.59 137351 #7821
0.01 4 1.9 0.000092 130011 35.32 106085 75158
TX11FLE!
20C - Core #1
Frequency Period — Amp._shi_stress  Amp._shear_strain Comp. _shr_mod.  Shr_phass_angle Stor_shr mod  Loss_shear mod.
Hz nona pei none psi fume. psi psi
10 100 1654 0.000078 216999 33.98 179944 121279
5 100 128 0.000073 174635 35.46 142287 101356
2 p1] 1069 Q000088 120847 40.34 22118 78219
1 20 B39 0.000092 13202 44.06 65538 63423
0.5 10 593 0.000091 65249 48.11 43530 48588
02 10 3166 0.000094 39311 5297 2676 31381
01 7 243 0.000092 26517 5541 15053 21830
0.05 4 157 0.000092 17158 566 9444 14325
0.02 4 0.93 0000092 10168 5139 MM 8356
661 4 0.61 0.00009 6723 5092 138 5220
TX11FLE2
20C - Cors #2
Frequency Penod  Amp._she_stress  Amp_sheer_stnain  Comp._shr._mod  Shr._phase_sngle Stor_zshs_mod  Loss_shear_mod
Hx none pei none psi nono psi psi
10 100 16714 0000073 28715 59 185319 134145
5 100 14.96 0.000085 175003 EES] 139576 105568
2 20 1133 0.000092 123050 41.86 9164) 82117
1 0 %13 0.000091 29383 44.38 63335 63071
T3] 10 582 0.000092 3586 4707 43312 46554
03 10 364 0.000091 39982 4176 205875 29603
131 7 261 0.000092 284462 47176 19134 210M
0.05 4 1.92 0.000052 2359 45,69 14308 15179
0.02 4 1.27 0.000091 13833 4178 10353 9250
0.0l 4 0y 0.0000% 10701 o d 5T 6399
TX1IFLF1
40C - Core #1
Frequency Pericd  Amp. sthr steess  Amp._shewr strain Comp._shy._mod  Shr._phase_angle  Stor_shr,_mod.  Loss them wod
Hr none psi none pat none Pl .21
10 160 119 0.00009 35405 6031 17534 30758
5 100 238 0.000092 24739 56.65 13600 0665
2 0 1.58 0.0000593 16895 49.52 10962 12851
1 20 125 0.000054 13233 4483 9424 9358
05 10 1.0 0.000092 11143 3903 2457 o7
0.2 10 0.85 0.0000m 9135 nn 7685 4940
0.1 7 076 0.000092 8254 o4 w0 4158
0.05 4 on 0.000092 7690 il 6710 3757
003 4 0.64 0.000092 6921 14.95 8275 2920
0.1 4 0.63 0.00009 o 24.14 &385 2861
TX11FLF2
40C + Core #2
Froquency Pericd  Amp. _shr strees  Amp _shear sirsin  Cotwp. she. mod  Shr_phese mgle Stor. abe mod  Lom shew mod
10 100 281 0.000091 g 58.59 16165 25474
5 100 1.97 Q.000092 21395 553 12154 17607
2 20 1.23 0.000092 13420 500 3614 10291
1 0 0.96 ©.0000% 10625 £2.96 ™s 7241
41 10 077 0.000091 8539 nn 5309 5153
0.2 10 0.63 0.000089 0N B 5359 3369
01 T 0.5 0.00009 6437 Y 5575 213
0.05 4 051 0.000039 5714 n.o4 5044 2686
LLis) 4 .49 0.00003 5510 259 4957 2407
0.0 4 0s 0.00009 5599 558 5033 2453



NCHRP Project 9-7

Project: FM 1604 Texas

Perfonmence Dets: Compilex Moduhe from the 33T Frequency Swoop et Canstent Feight Test
Bxiracted Roadwey Cores - Cores 3 & 4

TX1IFLDI
4C - Core #3
Froquency Period — Amp._shr._stess  Amp._shew strain Comp._shr._mod  Shr_phawo_wngle Stor._shr. mod.  Loss_shear_mod
10 100 %13 0.000078 F128 16.24 359204 1046514
5 100 25.63 0.000071 363181 15.62 349871 9195
2 20 25.47 0.000079 23372 14.52 312609 32735
1 20 27.05 0.00003% 303281 1478 293243 TR
0.5 10 28.52 0.000091 180437 15.56 220164 75208
02 10 259 0.000093 243855 1805 231350 75501
0.1 7 15.89 C.000092 15532 201 202403 4075
0.05 4 1707 0.000092 184930 23.33 169809 73240
0.02 4 13.36 0.000051 147082 27.58 130371 68093
0.01 4 10.95 0.000092 119127 R Rer 102035 61484
TXIIFLD2
4C - Core #4
Frequancy Period  Amp._shr_stress  Amp. shear strain  Comp._shr. mod.  Shr_phase angle  Stor_ahr._mod  Loss shear mod
10 100 3268 0.000079 4212 14.14 /TN 1007IE
5 100 9 0.000072 3990 14.18 376167 925050
H n 822 0.000081 349028 14.52 3 §7504
1 0 1887 0.000088 3rTAzY 14.47 317031 81233
05 10 7.8 0.000052 301762 1632 282605 34786
0.2 [ 24.49 0.000094 80677 19.t6 245239 855350
01 7 213 0.000093 229005 21.53 217764 85243
0.05 4 17.88 0.000092 194017 479 176133 21361
0.02 4 13.3% 0.000093 150049 E k) 129502 T573%
0.01 4 11.03 0.000092 120474 3363 100306 65722
TX1IFLE]
20C - Coce #3
Frequency Period  Amp. shy stress  Amp._shear steain Comp._shr_wod.  Shr._phase_sgle  Stor_shr mod.  Loss_shear_mod.
Hz none psi nons pai nons pei pesi
10 100 12.07 0.000074 163123 271 141686 BOR34
5 100 11.06 0.000084 131814 s 111875 8005
3 W 261 0.000034 102463 36.05 T2845 50253
1 by 113 0.000032 TIE5 3996 61087 51183
0.5 10 547 0.000033 58762 44.07 42219 40372
02 10 35 0.0000593 31602 4338 24978 28104
01 ? 233 0.000092 25937 50.718 16400 0004
0.05 4 1.67 0.000091 18305 5129 11447 14284
0.02 4 1 0.000097 10953 50.16 024 8417
0.01 4 073 0.000051 BO28 4.7 5503 5345
TX11FLE2
200 - Core ¥4
Frequency Period  Amp. shr strest  Amp. sher sirein  Comp. shr._mod  Shr._phass angle  Stor._shr_mod.  Loss_shear mod.
Hz nene psi nche pei nons psi pai
10 100 14.5 0.000082 1 1z 149939 4479
5 100 2.79 0.000069 141213 3P 117358 78538
2 0 865 0.000086 101062 06 20648 G004
1 20 6.65 0.0000% T 44.38 29N 51840
0.5 10 504 0.000093 54350 47.46 NS 40046
0.2 10 07 0.000092 33264 528 wmn 26496
13 ] T 208 0.000092 22211 54.66 12447 18119
0.08 4 136 0.000093 14614 56.08 8155 12127
0.02 4 083 0.000093 8925 5384 5266 TI06
om 4 0.49 000092 5292 5226 Eral) 4183
TXIIFLF1
&0C - Cote #3
Frequency Feriod — Amp _shr_sress  Amp. shear simain  Comp._shr_mod.  Shr._phase mngle Sior_shr mod.  Loss_shewr mod.
10 100 249 0.000086 29084 61.47 13890 28553
5 100 1.53 0.000052 21002 55.38 11931 17284
2 20 1.28 0.000093 13761 51 BS12 10813
1 20 099 0.000054 10576 “y T8 465
05 10 041 0.000091 LS 40.56 6750 b
02 10 057 0.00002 Tags kRAL 035 4255
01 7 061 0.000092 6636 3011 5740 3330
005 4 0.54 0.000092 5804 2137 5235 e
.02 4 0.5 0000089 5581 747 4951 2575
0.01 4 05 0.00005 5524 25.78 4975 40
TX1iFLF2
40C - Core #4
Frquoncy Pericd — Amp._shr._stress  Amp._shewr_stain  Comp._shr. mod  Shr_phase wngle  Stor._shr_mod  Loss_shear mod.
10 100 26 0.000095 27400 61.26 13173 24006
5 100 L63 0.000093 171s 5912 o148 15298
2 bl 1 0.000094 10672 5552 5998 3829
1 0 0.69 0.000093 7445 514 11 5347
a5 19 0.49 0.000091 5411 4108 3685 3982
02 10 3% 000089 4138 4454 3092 3043
01 7 0.38 0000081 418 3132 3183 25
0.05 L] 0.33 0.000093 559 3343 293 1980
0.02 4 0.3 0.000092 3233 2102 2380 1469
0.01 L] 0.3 0.000091 118 6.7 2961 149



NCHRF Project 9-7

Project: FM 1604 Texas

Performanes Dats: Complex Modulus from the SST Froquancy Swoop st Constant Height Test
Bxtractsd Roadway Coros - Cores 5 & 6

TXIFIDL
4C « Core #5
Froquency Period  Amp_she stress  Amp. shear stnin Comp._shr. mod  Shr_phass engle  Stor. sty mod  Loss_shesr mod
10 100 kR 0.00008 3I8L619 14.53 36192 97493
H) 100 26.11 0.000073 359207 13.99 348633 36890
2 20 26.82 0.000082 326257 1427 6196 30395
1 0 743 0.000071 301459 1433 9234 TI580
0.5 10 26.41 0.000096 IT5TI0 15.76 2565403 74903
0.2 10 27 0.000094 235108 18.04 224495 B30
01 ? 201 0.000007 206611 2063 193352 72806
0.05 4 16.98 0.000096 177686 B4 163004 T8
6.02 L 13.15 0.000054 139849 2132 124184 64314
0.0 4 10.66 0.000094 113778 2988 98651 56687
TX1IFLD2
4C - Core #6
Froquency Period  Amp._shr_stress  Amp. shewr stain Comp._abw._mod  She_phase_wngle  Stor_shr._mod. Loas_shesr_mod
Hz none pai none poi none pai pai
10 100 2571 0.000078 Errp) 1576 316897 83431
5 100 2311 0.000076 304014 1139 295753 TnIg?
2 20 21.73 0.00008 e 1483 261785 69591
1 20 21.61 G.O000B7 247182 5% 237851 &7I75
0.3 10 WM 0.000054 221493 16.98 211843 BAGGG
02 o 17.95 0.000095 157957 19.98 176641 64231
Q1 1 15.38 0.000055 161740 22.65 149251 et ]
005 4 12.83 0.000053 135281 2842 123083 58507
002 4 .69 0.000093 104531 25 90981 514M
0.0 4 778 0.000094 82752 3254 69759 44515
TX11FLE1
2C - Core #5
Froquency Pemiod  Amp._shr stress Amp shoer strain Comp. shr_mod.  Shr_phmse engle  Stor_shr. mod  Lous shear mod
10 100 12.21 0.000065 135502 n4a 158296 96712
5 100 10.72 0.000072 148673 33.46 124020 1977
2 20 911 0.000086 106415 37 4983 GAD4B
1 0 733 0.000021 W3S LI BL] T2 53207
L8] 10 56 0.000096 58203 $397 41891 40408
02 10 3.55 0.0000%4 17684 45.93 25733 15
12} 7 53 0.000095 26476 4776 1797 19603
0.05 4 1.3 000005 19068 4757 12925 14030
002 4 12 0.000054 12824 45.84 8933 9201
001 4 0.59 0.000093 9544 44.28 G5 6734
TX11FLE2
0C - Core #6
Frequency Peiod  Amp._shr_stress  Amp._shear stain  Comp._shr._mod  Shr_phase angle  Stor._shr._mod.  Loss_shewr mod
Hz none pai none pai rone Pl pai
10 100 12.09 0.0000H 164774 a7 135509 93743
5 100 59 0.000069 129477 Y 105627 1’12
2 20 794 0.000089 89287 2.3 66115 50009
1 20 S84 0.00009 S4504 73 45886 454631
1% 10 L b 0.000053 45225 4744 266 34047
0.2 o 268 0.000093 W8I 4919 18797 BN
o1 7 1.84 0.000092 24073 49.62 13004 15251
0.0% 4 1.29 0.000053 13938 416 9399 10792
002 4 0.8 0.000091 .1} 7} %691 5599 6413
0.01 4 0.51 0.000092 5617 4324 4828 4540
TX11FLFt
40C - Core 45
Frequency Pericd  Amp._shr._siress  Amp._sheer srain  Comp._shr_mod  Shr._phase_agle Stor_she_mod  Loss_shear_mod
10 100 248 0.00009& 25590 59.38 13033 2023
5 100 L7 0.000058 12252 5598 10218 15136
2 0 (B 0.000058 N314 523 a9 3951
1 20 0.33 0.000058 3452 4261 5589 634]
0.5 10 0.63 0.000097 6535 4.03 4598 4542
02 10 0.5} 0.000095 5340 394 4128 3390
ol 7 0.43 0000095 4508 33163 3754 2497
005 4 037 0000095 827 2.1 32 034
0.02 4 0.34 0.000054 k4] nn 3206 1684
401 4 033 0.000054 3474 2995 3010 1735
TX11FLF2
40C - Care #5
Frequency FPeriod — Amp._she._stess  Amp._shomr_simin  Comp, she._mod.  Shr._phase angle  Stor_shy._mod. Losa_shear_pwod,
Hz ~ne pi nono pai o pai pai
10 1% 1.85 0.000054 19699 59.52 9902 17030
5 100 119 0.000089 13389 58.16 064 11374
2 2 0.5 0.000093 " 50.35 S50 6769
I 20 062 0.000092 5636 46,92 4557 433
Q.5 10 0.5 0.000094 5367 41.52 019 3558
0.2 10 039 0.000092 4213 35.62 fxisd 516
ol 7 031 0.00009 3498 un N 1997
0.0 4 0 0.000091 396 3136 s 1653
0.02 4 029 0.00009% s .07 2831 1335
(L1} 4 07 0.00009 2943 264 2635 1309
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PROJECT AND POOLED STANDARD DEVIATIONS

(1994)
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APPENDIX E

SUMMARY OF INFORMATION FOR PROJECTS
CONSTRUCTED IN 1995

Appendix E isnot published hereinin its completeform as The following sections have been selected from Appen-
submitted by the research agency but isavailablefor loanon  dix E for publication:
request to the NCHRP. Project Data—1995 Projects

Project and Pooled Standard Deviations (1995)
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PROJECT DATA

1995 PROJECTS
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NCHRP Project 9-7: Ficld Data for Projects Constructed in 1993
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NCHREP Project 9-7: Ficld Data for Projects Constructed in 1995
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NCHRP Project 9-7: Ficld Data for Projects Constructed in 1995
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NCHRP Project 9-7: Field Daia for Projects Constructed in 1935
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NCHRP Project 9-7: Field Data for Projects Constructed in 1995
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PROJECT AND POOLED STANDARD DEVIATIONS

(1995)



176

10 29 Lt L1 9l a4 £F 12 £ o1 ¥0 o0 AT PIS PR[Oed $6. F 16

60 R0 60 It rl a6l LT ZZ £l | £0 1)) LolwAaC] PIRPARIS PoTocd
! L ’ . ’ : oo a1 £X1

o0 03 4u 11
1 10

09 00 oo oo o0 o0 oo o0 oo 00 AN TS Pefocd $6, F P
00 20 oo 0o 09 oo o0 00 oo oo UOTIRIAS(] PRPURIG pajeod

s X1
of TN
ot Tan
- - - - [~4 (4% |
zl A
4 Vo
9z T
iz

30 30 e ¢l 1z T £€ L 44 60 e A PIS PTOC CA W PE
oQ 4] 00 on L] 00 00 o0 oo oe batriadc] PIPUELS PAIOCd)

80 L] e o L] 0 50 60 o'l o oo 1100 Ad PIS P0G €6, F b6
olo LLO o 0 £e 9 50 &0 ol Zigo ST0Q 1100 wolisivg pRpuwns po[ocd

G661 U1 patanmsunyy s120fold wox) paindwe) sucnBiAs( pIRpLES £-6 199(01] JUHON



177

APPENDIX F

SUMMARY OF INFORMATION FOR VERIFICATION OF
VERSION 2.0 QC/QA PLAN

Appendix F as submitted by the research agency is not
published herein but is available for loan on request to the
NCHRP.
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APPENDIX G

COMPARISON OF QUALITY CONTROL AND ACCEPTANCE TESTS

INTRODUCTION

In many state specifications, quality assurance proce-
dures require contractors to perform quality control (QC)
tests and the state to perform acceptance tests. Fregquently,
these tests measure the same engineering properties, e.g.,
gradation and asphalt content. However, it is known that
these results vary, even when taken from the same popula-
tion. Thus, the contractor’s results should not be expected
to be identical to those of the state. When they differ, the
question becomes “How different can they be and still be
considered to have come from the same population?’
Another factor entering into the issue is the fact that the
sample sizes are usually different for the state and the con-
tractor test results. The number of QC tests is often larger
than the number of acceptance tests.

It is therefore advantageous to have a method for compar-
ing the sample statistics, mean, and standard deviation (or
variance), of the QC data with those of the acceptance data.
Thistype of analysis may be done in an effort to verify that
the two sets of test results were from the same materials or
that the sampling and testing are being performed correctly.
If the results alow, the two sets of test results might be com-
bined to provide a better estimate of the population that was
produced. The statistical test used to make the comparisons
of the two data sets are called hypothesis tests and they are
described in the following paragraphs.

ANALYSIS

To compare two populations that are assumed normally
distributed, it is necessary to compare their centers (means)
and their variabilities (standard deviations or variances). A
different hypothesistest is used for each of these properties.
The F-test provides a method for comparing variability by
comparing the variances of two sets of data. Possible differ-
ences in means are assessed by at-test.

The F-test is based on the ratio of the variances of two sets
of data. Inthis case, the F-test isbased on theratio of the vari-
ances of the QC test results, S, and the acceptance test
results, $%. The t-test compares sample means, and in this
case, is based on the means of the QC test results, X,, and the
acceptance test resullts, X..

Hypothesis tests, i.e., the F-test and the t-test, are con-
ducted at a selected level of significance, a. Thelevel of sig-
nificance is the probability of incorrectly deciding the data

sets are different when they actually come from the same
population. Thevaue of « istypically selected as either 0.05
or 0.01. Thefollowing analysisisbased on an « of 0.01 so as
to minimize the likelihood of incorrectly concluding that the
test results are different when they are not.

For the analysis to be meaningful, al the samples must be
obtained in a random manner, the two sets of test results must
have been sampled over the same time period, and the same
sampling and testing procedures must have been used for both
QC and acceptance tests. If it is determined that a significant
differenceislikely between either the mean or the variance, the
source of the difference should be identified. Although it is
beyond the scope of the analysis presented here, a computer
program could be developed that could identify the existence
of significant differences once the test results are inpuit.

If the analysis indicates that there is no reason to believe
the results came from different populations, then the mean
and variance (or standard deviation) could be determined
from the combined set of test results to provide a better esti-
mate of the population’ s parameters than would be obtained
from either of the setsindividually.

PROCEDURE

F-Test for the Sample Variances

Since the values used in the t-test depend on whether the
variances are equal for the two sets of data, it is necessary to
test the variances of the test results before the means. The
intent is to determine whether the difference in the variabil -
ity of the contractor’s QC tests and that of the state’s accep-
tance tests is larger than might be expected from chance if
they came from the same population. In this case, it does not
matter which variance is larger. After comparing the test
results, one of the following will be concluded.

» Thetwo setsof datahavedifferent variances becausethe
difference between the two sets of test resultsis greater
than islikely to occur from chanceif their variances are
actualy equal.

 Thereisno reason to believe the variances are different
because the differenceisnot so great asto be unlikely to
have occurred from chance if the variances are actually

equal.

First, compute the variance (the standard deviation
sguared) for the QC tests, $%, and the acceptance tests, S2.



Next, compute F, where F = $2/S, or F = $,/S%. Always
use the larger of the two variances in the numerator. Now,
choose «, the level of significance for the test. As mentioned
previously, the recommended « is 0.01. Next, a critical F
value is determined from Table 1 using the degrees of free-
dom associated with each set of test results. The degrees of
freedom for each set of resultsisthe number of test resultsin
the set, less one. If the number of QC testsisn, and the num-
ber of acceptance tests is n,, then the degrees of freedom
associated with % is (n. — 1) and the degrees of freedom
associated with %, is(n, — 1). Thevaluesin Table 1 are tab-
ulated to test if there isadifference (either larger or smaller)
between two variance estimates. This is known as a two-
sided or two-tailed test. Care must be taken when using other
tables of the F distribution, because they are usually based on
aone-taled test, i.e., testing specifically whether one vari-
anceislarger than another.

Once the value for Fg;; is determined from Table 1 (be
sure the appropriate degrees of freedom for the numerator
and denominator are used when obtaining the value from
Table 1), if F = F;, then decide that the two sets of tests
have significantly different variabilities. If F < Fg;;, then
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decide that there is no reason to believe the variabilities are
significantly different.

T-Test for Sample Means

Once the variances have been tested and assumed to be
either equal or not equal, the means of the test results can be
tested to determine whether they differ from one another or can
be assumed equal. The desire isto determine whether it isrea
sonable to assume that the QC tests came from the same pop-
ulation as the acceptance tests. A t-test is used to compare the
sample means. Two approaches for the t-test are necessary. If
the sample variances are assumed equal, then the t-test is con-
ducted based on the two samples using a pooled estimate for
the variance and the pooled degrees of freedom. This approach
isCase 1 described below. If the sample variances are assumed
to be different, then the t-test is conducted using the individual
samplevariances, theindividual samplesizes, and theeffective
degrees of freedom (estimated from the sample variances and
sample sizes). This approach is Case 2 presented below.

In either of the two cases discussed in the previous para
graph, one of the following decisions is made:

TABLE 1 Critical values, F;, for the F-test for alevel of significance, @ = 0.01

DEGREES OF FREEDOM FOR NUMERATOR

1 2 3 q 5 6 7 3 9 10 11 12
| 16 200 20 Q00 21 600 22 5G40 23 100 23 400 23 700 23 900 24 {00 24 200 24 300 24 400
2 198 199 199 199 199 199 159 199 199 195 159 199
3 556 49.8 47.5 46.2 454 44.% 44.4 44,1 439 437 435 434
o 4 i3 26.3 243 232 225 220 216 214 211 209 208 207
E 5 228 18.3 16.5 15.6 149 14.5 14.2 14.0 138 13.6 135 13.4
= & 18.6 14.5 129 12.0 15 111 0.3 10.5 0.4 10.2 161 10.0
g 7 16.2 12.4 109 140 .52 8. 16 R.89 %11 851 8318 8.27 518
E 3 14.7 11.0 5.60 §.81 8.30 7.55 7.69 7.50 734 7.2 710 7.01
2 by 136 101 872 708 747 7.13 688 669 .54 6.42 6.31 623
8 10 128 943 8.08 T34 6387 6.54 6.30 612 597 5.85 575 5.66
g 11 12.2 89 7.60 6.88 6.42 6.10 5.86 5.68 554 5.42 532 524
8 12 18 a.51 7.23 6.52 6.07 576 552 5.35 5.20 509 4.99 4.9
g 15 10.8 770 6.43 580 537 507 4.85 4.67 454 q4.42 433 425
5 20 %94 6.99 5.82 17 4.76 4.47 4.26 4.09 396 385 376 168
wl 24 9.55 6.66 5.52 1.89 4.49 4.20 399 1.83 3.69 359 3.50 142
g 30 918 6.35 524 4.62 4.23 3.93 374 3.58 345 3.34 3.25 3.18
8 40 283 6.07 3,98 4.37 399 3.7 3.31 335 322 32 3.03 2495
e a0 .49 380 4.73 4.14 3Ye l4g 329 383 EXH] 2.50 282 14
120 518 5.%4 4.50 ER 338 328 EXi 293 28! 271 262 1.54
oo 758 334 428 372 335 309 2.90 274 262 2.52 243 236
Mote:  This is for a two-tailed test with null and altemate hypotheses shown below:
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» The two sets of data have different means because the
difference in the sample means is greater than is likely
to occur from chance if their means are actually equal.

» There is no reason to believe the means are different
because the difference in the sample means is not so
great as to be unlikely to have occurred from chance if
the means are actually equal.

Case 1: Sample Variances
Assumed To Be Equal

To conduct the t-test when the sample variances are
assumed equal, equation 1 is used to calculate the t value
from which the decision is reached.

t = Rc - ial
2 2
S S €y
n, n,
where

X. = mean of QC tests

X, = mean of acceptance tests

2 = pooled estimate for the variance (described below)
n. = number of QC tests

n, = number of acceptance tests

The pooled variance, which istheweighted average, using

the degrees of freedom for each sample asthe weighting fac-
tor, is computed from the sampl e variances using equation 2.

2 _ scz(nc B l) +Sa2(na _l)

S 2
) o+, -2 2

where

&%, = pooled estimate for the variance

n. = number of QC tests

n, = number of acceptance tests

s, = variance of QC tests

s%, = variance of acceptance tests

Once the pooled variance is estimated, the value of t is
computed using equation 1.

To determinethe critical t value against which to compare
the computed t value, it is necessary to select thelevel of sig-
nificance, o. Asdiscussed above, avalue of o = 0.01 isrec-
ommended. Next, determine the critical t value, t;;, from
Table 2 for the pooled degrees of freedom. The pooled
degrees of freedom for the case where the sample variances
areassumed equal is(n. + n, — 2). If t = t.;,, then decide that
the two sets of tests have significantly different means. If
t <t then decide that there is no reason to believe that the
means are significantly different.

Case 2: Sample Variances
Assumed To Be Not Equal

If the sample variances are not assumed to be equal, then
the individual sample variances, rather than the pooled vari-
ance, are used to calculate t, and the degrees of freedom used
are an estimated effective degrees of freedom rather than the
pooled degrees of freedom.

To conduct the t-test when the sample variances are
assumed not equal, equation 3 isused to calculate thet value
from which the decision is reached.

Rc B Xal

Jscj L5 (3)

N Ny

t =

where

X. = mean of QC tests

X, = mean of acceptance tests
&%, = variance of QC tests

s%, = variance of acceptance tests
n. = number of QC tests

n, = number of acceptance tests

To determine the critical t value against which to com-
pare the computed t value, it is necessary to select the level
of significance, o. Asdiscussed above, avalue of « = 0.01
is recommended. Next, determine the critical t value tg;,
from Table 2 for the effective degrees of freedom. The
effective degrees of freedom, f, for the case where the sam-
ple variances are assumed not equal is determined from
equation 4.

§2+Sazg )

B R

n,+1 E
Where all the symbols are as described previously.
If t = t;; then decide that the two sets of tests have signif-
icantly different means. If t < t.;, then decide that thereisno
reason to believe that the means are significantly different.

Example Problem: Case 1

A Contractor has run 21 QC tests for asphalt content and
the State Highway Agency (SHA) has run eight acceptance
tests over the same period of time for the same material prop-
erty. The results are shown below. Is it likely that the tests
came from the same population?



TABLE 2 Critical values, t.;, for thet-test for variouslevels of significance

Degrees of Freedem «=0.01 «=0.05 =0.10
1 63.657 12.706 6314
2 9.525 4.303 2,920
3 5.841 3182 2.363
4 4.604 2,776 212
5 4.032 2571 2.015
6 3.707 2447 1.943
7 3499 2.365 1.805
8 3.355 2.306 1.860
9 3.250 2.262 1.833
10 31149 2.228 1.812
11 3.106 2.201 1.786
12 3.055 2179 1.782
13 12 2.160 1.771
14 29717 2.145 1.761
15 2947 2131 1.753
16 2921 2120 1.746
17 2,898 2110 1.740
18 2.878 2.101 1.734
19 2861 2.093 1.729
10 2.845 2.086 1.725
21 2.831 2.080 1.721
22 2.81% 2074 1.717
23 2.807 2069 1.714
4 2.797 2.064 1.711
15 2.787 2.060 1.708
26 2779 2.056 1.706
27 2.771 29052 1.703
28 2.763 2.(48 1.701
29 2.756 2.045 1.699
30 2.750 2.042 1.697
40 2,704 2021 1.684
60 2.660 2,600 1.671
120 2617 1.980 1.658
- 2.576 1960 1.645

Note:  This is for a two-tailed test with the nuli and altemate hypotheses shown below:

H.
H,:

3

XX
L P

I Xl
-
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QC Test Results Acceptance Test Results
6.4 5.4
6.2 5.8
6.0 6.2
6.6 5.4
6.1 5.4
6.0 5.8
6.3 5.7
6.1 5.4
59
5.8
6.0
5.7
6.3
6.5
6.4
6.0
6.2
6.5
6.0
5.9
6.3

First, use the F-test to determine whether to assume the
variances of the QC tests differ from the acceptance tests.

Step 1.  Compute the variance, s%, for each set of tests

&, = 0.0606 ¢, = 0.0855

Step 2. Compute F, using the largest s? in the numerator.

Step 3. Determine F;; from Table 1 being sure to use the
correct degrees of freedom for the numerator (n, — 1 =
8 — 1 = 7) and the denominator (n, — 1 = 21 — 1 = 20).
From Table 1, F.;; = 4.26.

Conclusion: SinceF < Fg; (i.e.,, 1.41 < 4.26), thereisno
reason to believe that the two sets of tests have different vari-
abilities. That is, they could have come from the same popu-
lation. Since we can assume that the variances are equal, we
can usethe pooled variance to calcul ate the t-test statistic and
the pooled degrees of freedom to determine the critical
t value, ty;

Step 4.  Compute the mean, X, for each set of tests.
X, = 6.15 X, = 5.64

Step 5.  Compute the pooled variance, %, using the sample
variances from above.

2 Scz(nc _1) +Sa2(na _1)
n.+n, -2

S,

P

o2 - (0.0606)(20) + (0.0855)(7)

: = 0.067
21+8-2

Step 6. Compute the t-test statistic, t.

Rc ~ ial

2 2
s
S, S

Yn.  n,

t =

16.15-564 _ 051
/0067 0067 00116
V21 8

=4.735

Step 7. Determine the critical t value, t., for the pooled
degrees of freedom.

degrees of freedom= (n, + n,—2) = (21 + 8- 2) = 27

From Table 2, for « = 0.01 and 27 degrees of freedom,
toie = 2.771.

Conclusion: Since 4.735 > 2.771, we assume that the
sample means are not equal. It is therefore probable that the
two sets of tests did not come from the same population.

Example Problem: Case 2

A Contractor has run 25 QC tests and the SHA has run 10
acceptance tests over the same period of time for the same
material property. The results are shown below. Is it likely
that the test came from the same popul ation?

QC Test Results  Acceptance Test Results
214 34.7
20.2 16.8
24.5 16.2
24.2 27.7
231 20.3
227 16.8
235 20.0
155 19.0
17.9 113
24.1 22.3
18.6
15.9
17.0
20.0
24.2



QC Test Results
14.6
19.7
16.0
23.1
20.8
14.6
16.4
22.0
18.7
24.2

First, use the F-test to determine whether to assume the
variances of the QC tests differ from the acceptance tests.

Step 1. Compute the variance, s%, for each set of tests.

& = 1150 &, =43.30

Step 2. Compute F, using the largest s? in the numerator.

Step 3. Determine F;; from Table 1 being sure to use the
correct degrees of freedom for the numerator (n, — 1 =
10 — 1 = 9) and the denominator (n, — 1 = 25 — 1 = 24).

Conclusion: SinceF > F; (i.e., 3.76 > 3.69), thereisrea
son to believe that the two sets of tests have different vari-
abilities. That is, it islikely that they came from populations
with different variances. Since we assume that the variances
are not equal, we use the individual sample variancesto cal-
culate the t-test statistic and the approximate degrees of free-
dom to determine the critical t-value, tg;.

Step 4. Compute the mean, X, for each set of tests.

X, = 20.1 X, = 205
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Step 5. Compute the t-test statistic, t.

t = ‘|Xc2 - Xa|2
1S 4 Sa
V nc na
(= ‘|2o.1— 205 _ 04 _ 0.183
/1150 4330 479
V 25 10

Step 6. Determinethecritical t value, t;, for the approximate
degrees of freedom, f. Remember that the calculated effective
degrees of freedom is rounded down to awhole number.

2 2
gcn;sag

f: c''a

c+1tn, +1
(1150 43.30(f
_ U5 100 __ @479  _
= = 2=11
[Hl1.50f [¥3.30(f0 1.713
25 U N U 10 DQ
26 11

From Table 2, for « = 0.01 and 11 degrees of freedom,
toic = 3.106.

Conclusion: Sincet < t, (i.e.,0.183 < 3.106), thereisno
reason to assume that the sample means are not equal. It is
therefore reasonable to assume that the sets of test results
came from populations that had the same mean.
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APPENDIX H
QUALITY CONTROL TESTING OF ASPHALT BINDERS
Appendix H as submitted by the research agency is not

published herein but is available for loan on request to the
NCHRP.
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SENSITIVITY OF SUPERPAVE MIXTURE TESTS TO CHANGES

IN MIXTURE COMPONENTS

OBJECTIVE

NCHRP 9-7 was established to address the implementa-
tion of the asphalt products developed by SHRP from 1987
to 1992. The focus of this research was the development of
procedures and equipment, if necessary, for quality control
(QC) and quality assurance (QA) of Superpave asphalt mix-
tures. As part of the research program, avariety of testswere
utilized in the field production of asphalt mixtures. NCHRP
9-7 focused research on mixtures that were designed and
constructed using the Superpave mix design system on 11
projects in Kentucky, Mississippi, Virginia, Florida, Texas,
Kansas, Maryland, and Alabama. Testing on these projects
will provide data on mixture components, volumetric prop-
erties, and performance properties that will be analyzed to
determine the appropriate level of QC/QA for projectsusing
the Superpave mix design system.

The goal of the research of NCHRP 9-7 is to recommend
the appropriate tests, test procedures, and testing frequency
to assure that the produced mixture will perform satisfacto-
rily as apart of the total pavement structure. The Superpave
system uses a series of mixture tests that will yield the fun-
damental mechanical properties of a compacted mixture
specimen. These test results may be analyzed to provide a
determination of material properties. The original intent of
many of these tests was that they would be input into perfor-
mance models developed during SHRP that will output a
prediction of various forms of pavement distress as a func-
tion of time or traffic. This level of prediction was formerly
referred to as a Superpave Level 3 mix design.

Superpave performance tests utilize the Superpave Shear
Tester (SST) and Indirect Tensile Tester (IDT). A complete
characterization of material properties using the Superpave
performance tests would involve an extensive testing pro-
gram requiring much time and expense. The equipment alone
may cost a laboratory in excess of $250,000.

Since there is a substantial investment of time and money
required to perform advanced performance testing in Super-
pave, it is not likely that these tests can be routinely used for
QC/QA operations. Consequently, it is the goal of the
research plan to identify those mixture tests, and properties,
which can be used to assure adeguate performancein lieu of
the advanced performance tests. It is possible that the perfor-
mance tests can be simplified for routine use. The question
then remains “How sengitive are these mixture tests to
changes in key mixture components?’ In other words, if

asphalt binder content was increased by 0.5 percent (within
the normal production tolerance range established by some
agencies), will the Superpave mixture tests detect the change
and result in achange in material properties? If so, isit suffi-
cient to specify only these tests as the basis for the assurance
of performance of a mixture? Or, possibly can other tests be
specified as “surrogate” performance tests or performance-
related tests that will assure adeguate mixture behavior?

The purpose of thisresearch isto analyze whether labora-
tory changesin mixture componentswill result in significant
mixture property (volumetric and mechanical) changes. The
tools used to execute this research will be the Superpave
Gyratory Compactor (SGC) for volumetric properties, and
the SST for mechanical properties. Low-temperature testing
using the IDT will not be considered in this research.

This experiment is designed to investigate changes in the
following input variables:

« Asphalt binder content;

e Changein coarse aggregate gradation (material retained
on the 4.75-mm sieve);

» Change in intermediate aggregate gradation (material
passing the 4.75-mm sieve and retained on the 0.3-mm
sieve);

» Changein fine aggregate gradation (material passing the
0.3-mm sieve); and

e Changeinratio of natural and crushed sands.

The SGC will be used to evaluate the effects of changes in
theinput variables on the response variablesindicated bel ow:

e Percent of densification (G,.,) or air voids (V,), at
Naesign

* Percent of densification (Gym) at Ninitia @1d Niagmam; @nd

« Densification slope (G, as a function of number of
gyrations).

The SST will be used to evaluate the effects of changesin the
input variables on the response variables indicated below:

» Complex shear modulus and shear loss modulus (fre-
quency sweep);

e Maximum and final shear strain (simple shear);

e Permanent shear strain (repeated simple shear-constant
height); and

 Rate of change in permanent shear strain with loading
cycles.
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TABLE 1 Controlled variablesin field
sensitivity experiment
Controlled
Variable
Asphalt Binder Coitent
Coarse Aggragate Gradation
Intermediate Aggregate Gradation
Fine Aggregate Gradation

Ratio of Natural and Crushed Sands

Number
of Lavels

[0 SV N V3 N ]

EXPERIMENT DESIGN

The experiment consisted of compaction of several varia-
tions of one asphalt-aggregate combination. The number of
controlled variables and levels are shown in Table 1. A brief
description of each variable and level follows.

Baseline Mixture Design

One mixture design was used as the control. Properties of
the selected mix design were the medium (baseline) valuefor
each variable listed in Table 1.

The baseline mixture design selected for this study was a
19.0-mm nominal mix consisting of crushed limestone (coarse
and fine) and natural sand. This mixture is representative of
onethat might be used in Kentucky. Two fine aggregateswere
used in thismixture, onenatural, the other manufactured. Gra:
dation of the control mixtureis shown in Figure 1.

Asphalt Binder Content

The design asphalt binder content of the control mixture
is 4.7 percent. Mixtures in the field sensitivity experiment

100
g0
80
70
60

50

% Passing

40

30

20

10

TABLE 2 Définition of asphalt content levels

Level Value
1. Low 4.2%, {Design minus 0.5%)
2. High 5.2%, {Design plus 0.5%)

have two asphalt content levels: high and low as shown in
Table 2. These levels are representative of normal, accept-
able production tolerances.

Coarse Aggregate Gradation

The control mixture has a high percentage of coarse aggre-
gate: 30 percent limestone no. 57s and 38 percent limestone
no. 8s. As aresult, the percent passing the 2.36-mm sieve is
near the minimum control point for a 19.0-mm mixture. Dur-
ing production, it would be possible that the coarse aggregate
gradation would change. Production tolerances on the coarse
sieve set (2.36-mm sieve and greater) aretypicaly =6 percent.
Table 3 showsthetwo levelsused in this experiment for coarse
gradation. Thegradation onthe 19.0-, 12.5-, 9.5-, and 4.75-mm
sieves was adjusted above and below the design values.

Intermediate Aggregate Gradation

Production tolerances on the intermediate sieve set (2.36-,
1.18-, and 0.6-mm sieves) are typically anywhere from =4
percent to =6 percent. Two levels were used in the experi-
ment. The gradation on the 2.36-, 1.18-, and 0.6-mm sieves
was adjusted above and below the design values (Table 4).

0.075 2,36
Sieve Size (mm) raised to 0.45 power

19 25

Figurel. Gradation of control mixture for field sensitivity experiment.



TABLE 3 Definition of levelsfor coar se aggregate gradation

Gradation, % Passing
Level 19.0 mm 12.5 mm 2.5 mm 475 mm
1. Low 922 80.4 65.0 32.8
2. High 100.G 924 77.0 44 8
TABLE 4 Déefinition of levelsfor intermediate
aggr egate gradation
Gradation, % Passing
Level 2.36 mm 1.18 mm 0.6 mm
1. Low 19.1 13.7 8.6
2. High 31.1 217 16.6

TABLE 5 Définition of levelsfor fine aggregate
gradation

Gradation, % Passing
Lewvel 0.3 mm .15 mm 0.075 mm
1. Low 4.8 33 2.6
2. High 10.8 7.3 6.6

Fine Aggregate Gradation

Fine aggregate gradation comprises the fine sieve set
(0.3-, 0.15-, and 0.075-mm sieves) as shown in Table 5.
Specification control pointsfor the 0.075-mm sievein a19.0-
mm nominal maximum gradation are 2 percent to 8 percent.
Normally, an increasein the dust content of amixture (mate-
rial finer than 0.075-mm) results in similar increases in the
percents passing the 0.3- and 0.15-mm sieves. Two levels
were used for the experiment to represent normal, acceptable
production tolerances for the fine set of sieves.

Ratio of Natural and Crushed Sand

Table 6 shows that the proportion of fine aggregate (smaller
than 2.36-mm sieve) was varied between natural and manufac-
tured sand while maintaining the same design percentage of
total fine aggregate (32 percent). Two levels of natura
sand/manufactured sand were used for the experiment.

Replicates

Three replicate specimens were produced for testing the
volumetric and mechanical properties of the mixture. For
each cell of the partial factorial experiment, the following
were produced:

TABLE 6 Dsfinition of levelsfor ratio of natural and
crushed sand

Level Value
1. Low 0%/32%, (Lower propontion of natural
sand than design mixture)
2. High 20%/12%, (Higher proportion of natural
sand than design mixture}
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e Three SGC specimens compacted t0 Npgimum (VOIU-
metric properties);

« Two G, specimens (volumetric properties); and

* Five SGC specimens compacted to 7 percent air voids
and 140-mm height (materials tests).

The SGC compacted specimens for performance testing
(140-mm height) were sawed into two test specimens
(50-mm height).

Experimental Design

The experiment was designed as a quarter factoria of a
25 design; a2, fractional factoria with acenter point (con-
trol). A full factorial 2° design required a total of 256 com-
pacted specimens (32 cells, plus one center point, withamin-
imum of eight compacted specimens per cell). The 2,52
fractional factorial design reduced the number of compacted
specimens to 72. Table 7 indicates the experimental design.
Gradations for each of the 9 blends are indicated in the
appendix.

High and low levels of each of these variables were
described previously. The center point (Blend 1) is not
shown in the testing matrix. Table 8 describes the experi-
mental design with alias structure.

If al third-order and higher interactions are considered
negligible, then the 2,52 experimental design provides data
on main effects aliased with second-order interactions
involving variable A (asphalt content).

Specimen Preparation and Testing

Specimens prepared with the SGC for determination of
mixture volumetric and densification properties had dimen-
sions of 150-mm diameter and 115-mm height. Specimens
were compacted to Nyaimum- The Superpave compaction pro-
tocol (AASHTO TP4) was used.

Mixing temperature was selected at a viscosity of the
unaged asphalt binder of 0.17 = 0.02 Pascal-seconds. Com-
paction temperature was selected at a viscosity of 0.28 =
0.03 Pascal-seconds. The asphalt binder used in this experi-
ment was a PG 64-22. The mixing and compaction tempera-
turerangesfor thisasphalt binder were 155 to 161°C and 143
to 148°C respectively. All mixtures were subjected to short-
term oven aging for 4 hin aforced draft oven at 135°C.

Densification curves were generated for each specimen
from Niyga (8 gyrations) t0 Nyaimm (152 gyrations). The
design number of gyrations was 96 gyrations. The densifica-
tion slope was calculated as the change in percent G, as a
function of the change in number of gyrations from Nia tO
Ndesign-

Three compacted specimens and two G, Specimenswere
produced for determination of mixture volumetric and den-
sification properties for each of the nine cells in the experi-
ment.
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TABLE 7 Field sensitivity experiment: Experimental matrix

B,

B,

C, C,

C. Cy

<

Rl Bl o

Blend 3. ete.

Vanable A s asphalt binder cortent,
Variable B s ine aggegate gradalion,
Variable O71s coarse aggregate gradation.

Yariable I is intermedinie aggrezale gradation.

Whers Ay s the low level of vanable A, B, is the high level of variable B, ete. B3 s

Variable E is ratio of natueal and crushed sands.

Specimens prepared with the SGC for determination
of mixture mechanical propertieshad dimensions of 150-mm
diameter and 140-mm height. The mass of the mixture was
varied to produce specimens with 7 percent air voids.

A minimum of five compacted specimens were produced
at approximately 7 percent air voidsfor each of the ninecells
in the experiment. These specimens were cut to produce
specimens with dimensions of 150-mm diameter and 50-mm
height. The percent air voids of each specimen was deter-
mined in accordance with AASHTO T 166.

Although AASHTO TP7 does not have any tolerances on
the percent of air voids, it was desired to produce specimens
with air voids between 6.5 and 7.5 percent. This range was
selected to reasonably minimize variations in mechanical
properties due to changesin air voids. During production of
the specimens it was discovered that maintaining a 0.5 per-
cent tolerance on air voids resulted in approximately 50 per-
cent of the produced test specimens being discarded as out of
tolerance. Consequently, the number of compacted speci-
mens required to complete the 9 cells of the experiment
increased from 72 to 90. In addition, during testing some
specimens, approximately 10 to 20 percent, were destroyed

or provided unusable data. This necessitated further test
specimens. Asaresult of these difficulties, the tolerance was
generally increased to allow a 1.0 percent tolerance from the
7 percent air voids target.

For each blend, three specimens were tested using the
procedures described in AASHTO TP7 for Smple Shear at
Constant Height (SSCH) and Frequency Sweep at Constant
Height (FSCH) at two test temperatures (26°C and 41°C). The
output of the SSCH test isameasurement of shear deformation
as a shear load is increased, held, and decreased. The maxi-
mum and final shear strainswill be analyzed. The output of the
FSCH test is a determination of the response of the complex
shear modulus, G*, and phase angle to frequency of loading.

Three specimens were also tested using the procedures
described in AASHTO TP7 for Repeated Simple Shear at
Constant Height (RSST-CH) at 54°C. The output of the
RSST-CH is a determination of the permanent shear strain
after anumber of load cycles. The slope (mgssr) Of the curve
(permanent shear strain asafunction of load cycles) wasalso
evaluated for each test specimen.

The recommended procedure for performing the RSST-
CH (SHRP A-698) requires specimen air voidsto be approx-

TABLE 8 Experimental design and alias structure

Yariable
At B | C | D=AB | E=AC | Treatment | Blend | Effect
L|L|L H H (1) {de} 2 -
H|L | L L L 3 {, = A+BD-CE+ABCDE
L|IHKH|L L H b (e} 4 1y = B+AD+CDE+ABCE
H|H L H L ab (d} 5 Ian = AB+DHBCE+ACDE
L|L|H H L c(d) 6 I = C+AE+BDE+ABCD
H{L|H L H ac (&) 7 {.c = AC+E~BCD+ABDE
L |H|H L L be 8 {3 = BC-DE+ACDHABE
H|H|H H H abe {de) 9 !,5c = BE+CD+ABCHADE
The alas steucture 18 determined from the delining relanon [ = ABD = ACE = BCDE:
A =RD =CE =ABCDE
B=AD =ABCE =CDE
C=ABRCI} =AR =RBDE
I7= AR =ACDE =BCE
E=ARBDE =AC =BCD
BC=ACD =ABE =DE
RE=ADE =ABC =D



imately 3 percent. For practical reasons described later,
RSST-CH specimens had the same air voids asthe other per-
formance specimens (approximately 7 percent).

EXPERIMENTAL RESULTS

Phase 1: Volumetric and
Densification Properties

Phase 1 testing examined the response of mixture volu-
metric and densification properties for the 2,52 fractional
factorial. Table9indicatesthetest valuesfor the average vol-
umetric and densification properties for the nine mixturesin
the experiment.

Table 9 indicates that the percent air voids at Nesgn Varied
from 0.0 percent to 8.6 percent. If asphalt binder content alone
affected the percentage of air voids at Ngesign, the range would
have been from approximately 3.0 percent to 5.4 percent.
These expected values come from the Superpave equation for
estimating the design asphalt content from trial specimens

Pb = Pbi - [04* (4 - Va)]
where

P, = estimated design asphalt content;
P, = tria asphalt content; and
V., = trial specimen air voids.

Solving for the percent of air voids, V,, and substituting
the actual design asphalt content (4.7 percent) and design air
voids (4.2 percent) yields

V.= [25%(4.7—-R)] + 4.2
where

P, = trial asphalt content (4.2 percent or 5.2 percent).

Since the percentage of air voids was | ess than 3.0 percent
for two mixtures and greater than 5.4 percent for three mix-
tures, itislikely that some of the other variables contributed
to the mixture volumetric properties.

TABLE 9 Mixturevolumetric and densification properties

%G
Blend Wi N Mour Slope HAIT VA
Voids
1 85.1 858 97.4 .93 4.2 137
2 BE4 96.3 97.5 734 3.7 126
3 23z 4.6 96.3 10.52 5.4 155
4 834 040 956 o.76 6.0 142
5 §9.9 100.0 100.2 235 0.0 10.8
1] 842 942 93 8 926 58 139
7 8.4 9.4 92e 9.3] 86 18.3
8 80.8 9L.8 G35 1024 82 15.9
9 89.4 29.46 999 943 0.4 1L.5
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Percent G at Neesign

An analysis was performed on the set of eight mixturesin
the fractional factorial experiment to determineif any of the
five experimental variables had a significant effect on the
densification at the design number of gyrations, percent G
a Ngesgn- The ninth mixture, Blend 1, was the center point or
the control mixture and provides areference for the analysis.

An estimate of the effect of the variables can be deter-
mined by combining the datain Tables 8 and 9 and ignoring
third-order and higher interactions

ln =A+BD+CE = 0.083*(—96.3 + 94.6 — 94.0
+100.0 — 942 + 91.4 — 91.8 + 99.6) = 0.775

ls =B+AD = 0.083*(—96.3 — 94.6 + 94.0
+100.0 — 942 — 914 + 91.8 + 99.6) = 0.742

las =AB+D = 0.083*(96.3 — 94.6 — 94.0
+100.0 + 942 — 91.4 — 91.8 + 99.6) = 1.525

lc =C+AE = 0.083*(—96.3 — 94.6 — 94.0
—100.0 + 94.2 + 91.4 + 91.8 + 99.6) = —0.658
lac =AC+E = 0.083*(96.3 — 94.6 + 94.0

—100.0 — 942 + 91.4 — 91.8 + 99.6) = 0.058
lsc = BC+DE = 0.083*(96.3 + 94.6 — 94.0
—100.0 — 942 —-914 +91.8+ 99.6) = 0.225

lasc = CD+BE = 0.083*(—96.3 + 94.6 + 94.0
—100.0 + 942 — 91.4 — 91.8 + 99.6) = 0.242

The estimate of effects determined above indicate that the
significant effects appear to be as follows (ranking from
highest significant effect to lowest):

1. Variable D (intermediate gradation) aliased with the
interaction of A (asphalt content) and B (fine grada-
tion).

2. Variable A (asphalt content) aliased with the interac-
tions of B (fine gradation) and D (intermediate grada-
tion), and C (coarse gradation) and E (ratio of natural/
crushed sand).

3. VariableB (fine gradation) aliased with theinter action
of A (asphalt content) and D (intermediate gradation).

4. Variable C (coarse gradation) aliased with theinterac-
tion of A (asphalt content) and E (ratio of angular/
natural sand).

As can be seen from the estimate of effects, the 2,52 frac-
tional factorial results in every main variable being aliased
with at least one second-order interaction. From this analy-
sis, it appears that the main effects of variables A, B, C, and
D are significant, as well as most of the interactions involv-
ing variable A (asphalt binder content). The greatest value
occurs with the D+AB effect. Thisisamixed effect of vari-
able D (intermediate aggregate gradation) and theinteraction
of variables A and B (asphalt binder content and fine aggre-
gate gradation). The only nonsignificant effect apparently
comesfrom variable E (ratio of natural/crushed sands). Since
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TABLE 10 Experimental design and alias structure for complementary

fraction
Variable

Al B C|D=-AB| E=-AC | Treatment { Blend | Effect
L|L|L L L 48 il -
H|L|L H H a{de} 1t 1§, = A-BD-CEA+ABCDE
LIH|L H L b (d) 13 {4 =B-AD+CDE-ABCE
H|{H|L L H ab (g) 12 I =-AB+D+BCE-ACDE
LIL|H L H ¢ (e} 15 I =C-AE+BDE-ABCD
H|L | H H L ac {d) 14 I =-AC+E+BCD-ABDE
LIH|H H H be (de) 17 !5 =BC+DE-ACD-ABE
H!H|H L L abe 16 f'pe = BEACD-ABC-ADE

The alias strnctie is determined from ihe defining relation | = -ABD =-ACE = BCDE:

A=BD =-CFE = ARCIIE
B =AD =—-ABCE =(CRE
C=ABCD =-AFR =RDE
D= AB =-ACDE =RBCE
E=ABDE =-AC =Hh(CD
BC=ACD =-ARBE =DE
BE=ADE =-ABC =D

al the main effects are aliased with a second-order interac-
tion, itisvirtualy impossible to separate the significant vari-
ables contributing to the percent Guy at Nesgn USing only the
data from the 2,52 fractional factorial.

Rather than continuing the analysis, it was desired to per-
form testing on a complementary fractional factorial. The
combination of the two fractions would allow the main vari-
ables to be isolated along with some second-order interac-
tions. By reversing the levels of variable A in Table 8, and
testing a second set of eight mixtures, the analysiswould iso-
late all the main variables as well as the second-order inter-
actionsinvolving variable A (asphalt content). The resulting
experimental matrix isindicated in Table 10.

Test results for the complementary fraction (Blends 10 to
17) areindicated in Table 11.

Table 11 indicatesthat the percent air voids at Ngeqn Varied
from 1.210 9.4 percent. Asnoted previoudly, if asphalt binder
content alone affected the percent of air voids at Ngeggn, the
range would have been from approximately 3.0 to 5.4 per-
cent. Again, since the percentage of air voids was less than
3.0 percent for three mixtures and greater than 5.4 percent for
three mixtures, it is an indication that some of the other vari-
ables contributed to the mixture volumetric properties.

An analysiswas performed on the second set of eight mix-
turesin the complementary fraction to determineif any of the
five experimental variables had a significant effect on the
densification at the design number of gyrations, percent G,
a Nd&ﬂ’ n-

An gsti mate of the effect of the variables can be deter-
mined by combining the datain Tables 10 and 11, and ignor-
ing third-order and higher interactions.

'’ = A—BD—-CE = 0.083*(—96.3 + 94.6 — 94.0
+100.0 — 942 + 914 — 91.8 + 99.6) = 0.542
5 =B—-AD = 0.083*(—96.3 — 94.6 + 94.0
+100.0 — 942 — 91.4 + 91.8 + 99.6) = 0.608
I''e = —AB+D = 0.083*(96.3 — 94.6 — 94.0
+ 100.0 + 942 — 914 — 91.8 + 99.6) = 1.525
Ic =C-AE = 0.083*(—96.3 — 94.6 — 94.0
—100.0 + 94.2 + 91.4 + 91.8 + 99.6) = —0.542

I''c = —AC+E = 0.083*(96.3 — 94.6 + 94.0
—100.0 — 942 + 91.4 — 91.8 + 99.6) = 0.208

I'sc =BC+DE = 0.083*(96.3 + 94.6 — 94.0
—100.0 — 942 — 914 + 91.8 + 99.6) = 0.092

asc = CD+BE = 0.083*(—96.3 + 94.6 + 94.0
—100.0 + 942 — 91.4 — 91.8 + 99.6) = —0.208

TABLE 11 Mixturevolumetric and densification propertiesfor

complementary fraction

CaGinm
Blend Ny N Moo Slope VoAl UVMA
Voids
10 §9.9 98.8 998 827 12 123
11 82.3 926 94.1 9.48 74 152
12 85.8 96 4 8.0 981 36 143
13 86.8 98.1 99.6 10.50 19 102
14 86.2 96.9 98.5 9.90 31 13.5
15 81.2 30.6 92.1 872 9.4 17.6
16 829 9318 95.4 10.15 6.2 16.3
17 87.9 98.0 99.4 941 20 1.0




Continuing the analysis of the complementary fraction of
the experiment alows the complementary fractions to be
analyzed together to isolate main effects. The data are indi-
cated in Table 12.

By ignoring third-order interactions, Table 12 isolates all
main variables and all second-order interactions including
variable A (asphalt content). The estimate of effects deter-
mined above indicate that the significant effects appear to be
asfollows (ranking from highest significant effect to lowest):

1. The interaction of variable A (asphalt content) and
variable B (fine gradation).

2. Variable B (fine gradation).

3. Variable A (asphalt content).

4. Variable C (coarse gradation).

From thisanalysis, it appears that the main effects of vari-
ables A, B, and C are significant, aswell astheinteraction of
variables A and B. The greatest value occurs with this AB
interaction. There appear to be two distinct groups of effects.
The estimate of effect for the AB interaction is twice the
value of the next highest estimates (B, A, and C). The B, A,
and C variables likewise have estimates of effects that are
three times greater than the next highest effect (CD + BE).
It appearsthat al other variables and interactions, including
the main variables of D (intermediate gradation) and E (ratio
of natural/crushed sands), either do not have a significant
effect on the percent Gym at Naesgn, OF affect percent G, at
Ngesgns BUt NOt asmuch asthe other effects (AB, B, A, and C).
Of thetwo possibilities, thelatter isthe most likely—that the
other variables and interactions have an effect on percent
Gm @t Ngesign, UL NOt @simportant an effect.

Examining the blends as being composed of three vari-
ables (A, B, and C) and ignoring the D and E variables can
prove this theory. In this instance there are pairs of blends
that have the same levels for the A, B, and C variables. The
dataareindicated in Table 13.

As indicated in Table 13, paired blends with the same
asphalt content, coarse gradation and fine gradation, but dif-
ferent intermediate gradation and ratio of natural-to-crushed
fine aggregate can result in values for percent Gym at Ngesgn
varying by approximately 3 to 6 percent. The datain Table
13 indicate that both intermediate gradation and the ratio of

TABLE 12 Analysisof percent Gy at Nesgn: Blends 1 to 17

Estimate of Estimate of
i Effect Effect Effect Effect

A 0,658 A+ ABCDE 0116 BD +CE

B 0.675 B+ CDE 0.067 AD + ABCE
AB 1.525 AB +ACDE 0.000 D +BCE

C -0.600 C -BDE -0.058 AE + ABCD|
AC (133 AC+ ABDE -0.075 E +BCD
BC 0.158 BC ~DE 0.066 ACD + ABE
ABC 0.7 ABRC + ADE 0.225 CD +BE
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TABLE 13 Comparison of blendswith variablesD and E
eliminated

Variable Paired Blends ¥olimm At Nugyign
A B C {(x.¥) Blend x Blend v
L L L (2,11} 96.3 92,6
H L L (3,10} 94.6 988
L H L (4,13} 940 98.1
H H L (5,12) 100.0 6.4
L L H {6,15) 942 906
H L H (7,14} 91.4 95.9
L H H (8,17 91.3 98.0
H H H £9.16) 9.6 93.8

natural-to-crushed fine aggregate appear to affect the percent
air voids, or the percent G at Ngesgn- If Variables D and E
had an insignificant effect on the percent Gn, @ Neesgn, the
paired blendsin Table 13 would have similar values. Thefact
that the paired blends have very different values indicates
that variables D (intermediate gradation) and E (ratio of
natural/crushed sands) have a potentially strong effect on the
percent Gy at Neesgn. With thisconclusion, it appearsthat the
assumption of ignoring al third-order and higher interactions
isincorrect.

The analysis of the data (indicated in Table 12) does not
change with the change of assumption regarding al third-
order and higher interactions. However, if dl interactionsare
included, the significant effects change dightly for the data.
The estimate of effects determined in Table 12 indicates that
the significant effects appear to be as follows (ranking from
highest significant effect to lowest):

1. Theinteraction of A (asphalt content) and B (finegra-
dation) aliased with the fourth-order interaction of A,
C (coarsegradation), D (intermediate gradation), and E
(ratio of natural/angular sand).

2. Variable B (fine gradation) aliased with the third-order
interaction of C (coarse gradation), D (intermediate
gradation), and E (ratio of natural/crushed sand).

3. Variable A (asphalt content) aliased with the fifth-
order interaction of all five variables—A, B, C, D,
and E.

4. Variable C (coarse gradation) aliased with the third-
order interaction of B (fine gradation), D (intermedi-
ate gradation) and E (ratio of natural/crushed sand).

As can be seen, the D and E variables are apparent in each
of these four “significant effects’ as part of third-order or
higher interactions. Based on thisinformation, it appearsthat
al interactions are potentially significant and cannot be
ignored. Consequently, to isolate all the variables, afull fac-
torial would be necessary. Since the experiment had already
doubled in effort to add a complementary fraction, it was
decided to analyze the existing data without completing the
remaining two fractions of the full 25 factorial.

By selecting variable A asthe main factor for analysis, the
selection of the complementary fraction (with levels of A
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TABLE 14 Comparison of complementary paired
blends: Percent G at Ngesgn

Complementary
Paired Blends %G 8T Nyesign
) Blend x Blend y Difference
(2,107 963 938 75
(11,3} 92.6 94.6 20
(4,12) 94,0 96.4 2.4
{13,5) 98.1 100.0 1.9
(6,14) 94.2 96.9 2.7
{15,7) 0.6 1.4 0.8
{8,16) 91.8 938 2.0
17,9 98.0 90.6 1.5

' Blend with low level of variable 4 listed first.

reversed) resulted in variable A being isolated, with only one
alias—the fifth-order interaction among al five variables,
ABCDE. There are paired, complementary blends with the
same levels of variables B, C, D, and E, but with the asphalt
content, variable A, at different levels. Table 14 indicatesthe
data for the percent Gum at Neesgn fOr the complementary
paired blends.

As indicated in Table 14, complementary paired blends
with the same gradation (coarse, intermediate, and fine) and
ratio of natural/crushed sand, but asphalt contents different
by 1.0 percent show differences in percent Gum & Ngesgn OF
0.8 to 2.7 percent. In all cases the low level of asphalt con-
tent produces values of percent Gpm at Ngesgn [OWer than the
high level of asphalt content. The valuesin Table 14 are con-
sistent with the equations used in a Superpave volumetric
mix design (1.0 percent change in asphalt content is approx-
imately equal to 2.5 percent change in air voids).

Percent G, at Ninitia

A similar analysis was performed on the set of 17 mixtures
in the fractional factorial experiment to estimate the effects of
changesin the five experimental variables on the percent G,
a Ninsa- The analysis of the dataisindicated in Table 15.

The estimate of effects determined in Table 15 indicates
results similar to those obtained in the analysis of the percent
Gmm at Neesign. The significant effects appear to be as follows
(ranking from highest significant effect to lowest):

TABLE 15 Analysisof percent G, at Niniia: Blends 1to 17

Estimate of Estimate of
i Effect Effect Effect Effect

A (1560 A+ ABCDE 0.035 BD + CE

B {419 B+ CDE 0122 AD + ABCE
AR 1.738 AR+ ACDE 0.190 D+ BCE

C -0.658 C +BDE -0.106 AE + ABCD
AC 0.468 AC + ABDE -0.0%6 E+BCD
BC 0.233 BC+DE 0.003 ACD + ABE
ABC -0.060 ABC+ ADE 0043 CD + BE

1. Theinteraction of A (asphalt content) and B (finegra-
dation) aliased with the fourth-order interaction of A,
C (coarsegradation), D (intermediate gradation), and E
(ratio of natural/angular sand).

2. Variable C (coarse gradation) aliased with the third-
order interaction of B (fine gradation), D (intermedi-
ate gradation) and E (ratio of natural/crushed sand).

3. Variable A (asphalt content) aliased with the fifth-
order interaction of all five variables—A, B, C, D,
and E.

4. Theinteraction of A (asphalt content) and C (coarse
gradation) aliased with the fourth-order inter action of
A, B (fine gradation), D (intermediate gradation), and
E (ratio of natural/crushed sands).

5. Variable B (fine gradation) aliased with the third-order
interaction of C (coarse gradation), D (intermediate
gradation), and E (ratio of natural/crushed sand).

Once again, the AB interaction aliased with the ACDE
interaction appears to be the most significant effect. The
effect of variable C aliased with the BDE interaction appears
to have more of an effect on the percent G, a Ninisa than it
did at Neesgn. This is consistent with expectations as coarse
asphalt mixtures typically have lower values of percent G,
at Niniia than fine mixtures.

Table 16 indicates the datafor the percent G, at Niia fOr
the complementary paired blends.

As indicated in Table 16, complementary paired blends
with the same gradation (coarse, intermediate, and fine) and
ratio of natural/crushed sand, but asphalt contents different
by 1.0 percent show differencesin percent G, a Njiq Of 0.2
to 3.1 percent. In al cases the low level of asphalt content
produces values of percent G, a Niniia lOWer than the high
level of asphalt content.

Percent G, at Nisimum

Theanalysiswas continued on the set of 17 mixturesinthe
fractional factoria experiment to estimate the effects of
changesin the five experimental variableson the percent G,
a Niaimum- The analysis of the dataisindicated in Table 17.

TABLE 16 Comparison of complementary paired
blends. Percent Gy, at Ninitia

Complementary
Paired Blends 39 m 2t Ny
(x5} Blend x Blend y Difference
(2,10 534 9.9 1.5
(11,3) 82.3 83.2 0.9
4,12) 83.4 858 24
(13,5) 568 809 3l
(6,14) 84.2 §6.2 20
(15,7) 81.2 $1.4 02
(8,16) 80.8 829 2.1
{17,%) 879 804 1.5

! Blend with low level of variabie A listed first.



TABLE 17 Analysisof percent G, at Nyaximum: Blends 1
to 17

Cstimate of Estimate of
i Effect Fffect Effect Effect

A 0.561 A+ ABCDE 0.022 BD +CE

B 0.608 B+ CDE -0.053 A + ABCE|
AB 1.364 AB + ACDE -0.108 D+ BCE

C -0.558 C + BDE -0.058 AE ~ ABCDy
AC 0.081 AC+ ABDE -0.064 E +BCD
EC 0.122 BC+DE 0089 ACD + ABE]
ABC 0011 ABC + ADE 0.278 CD+BE

The estimate of effects determined in Table 17 indicate
results identical to those obtained in the analysis of the per-
cent G at Ngesign The significant effects appear to be asfol-
lows (ranking from highest significant effect to lowest):

1. Theinteraction of A (asphalt content) and B (finegra-
dation) aliased with the fourth-order interaction of A,
C (coarsegradation), D (intermediate gradation), and E
(ratio of natural/angular sand).

2. Variable B (fine gradation) aliased with the third-order
interaction of C (coarse gradation), D (intermediate
gradation), and E (ratio of natural/crushed sand).

3. Variable A (asphalt content) aliased with the fifth-
order interaction of all five variables—A, B, C, D,
and E.

4. Variable C (coarse gradation) aliased with the third-
order interaction of B (fine gradation), D (intermedi-
ate gradation) and E (ratio of natural/crushed sand).

Once again, the AB interaction aiased with the ACDE
interaction appearsto be the most significant effect. Table 18
indicates the data for the percent Guy at Ngesgn fOr the com-
plementary paired blends.

As indicated in Table 18, complementary paired blends
with the same gradation (coarse, intermediate, and fine) and
ratio of natural/crushed sand, but asphalt contents different
by 1.0 percent show differencesin percent Gy, at Nmaximum Of
0.5 to 2.7 percent. In all cases the low level of asphalt con-
tent produces values of percent Gy a NyaimumlOWer than the
high level of asphalt content.

TABLE 18 Comparison of complementary paired
blends: Percent Gym at Nimaximum

Compiementary
Paired Blends %G, at N,
(Y Blend x Blend y Difference
(2,100 97.5 99.8 2.3
(11,3) %4.1 96.3 22
(#12) 95.6 93.0 2.4
(13,5} 99.6 100.2 0.6
(6,14} 95.8 98.5 27
(15,7} 92.1 92.9 0.8
(8,16) 93.5 95.4 19
(17,9) 994 99.9 0.5

" Blend with low level of variable A listed first.
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Densification Sope

Theanalysiswas continued on the set of 17 mixturesinthe
fractional factoria experiment to estimate the effects of
changes in the five experimental variables on the densifica-
tion slope (Mmssc). This slope is calculated as the rate of
change of percent G, versus the log of the number of gyra-
tions from Niqitia t0 Neesgn. The analysis of the data is indi-
cated in Table 19.

The estimate of effects determined in Table 19 indicate
some different results than those obtained in the previous
analyses. The significant effects appear to be as follows
(ranking from highest significant effect to lowest):

1. Theinteraction of A (asphalt content) and C (coarse
gradation) aliased with the fourth-order inter action of
A, B (fine gradation), D (intermediate gradation), and
E (ratio of natural/crushed sands).

2. Variable B (fine gradation) aliased with the third-order
interaction of C (coarse gradation), D (intermediate
gradation), and E (ratio of natural/crushed sand).

3. Theinteraction of A (asphalt content) and B (finegra-
dation) aliased with the fourth-order inter action of A,
C (coarsegradation), D (intermediate gradation), and E
(ratio of natural/angular sand).

4, Variable D (intermediate gradation) aliased with the
third-order inter action of B (fine gradation), C (coarse
gradation) and E (ratio of natural/crushed sand).

5. Theinteraction of C (coarse gradation) and D (inter-
mediate gradation) aliased with the interaction of B
(fine gradation) and E (ratio of natural/crushed sands).

This analysis provided severa interesting bits of informa
tion. Although the AB interaction aiased with the ACDE
interaction appeared to be the most significant effect for the
densification parameters (percent Gum & Ninita, Neesgns @nd
N maximum)» 1t Was not as significant in affecting the densification
dope (mssc). Also, while variable A (asphalt content)
appeared to have a significant effect on all the densification
parameters, it appeared that it did not significantly affect the
densification slope. Once again, thisis consistent with expec-
tationsin Superpave mix design, as densification lopeismore
strongly affected by changes in aggregate structure than by
changesin asphalt content. The presence of variable D aliased

TABLE 19 Analysisof densification slope: Blends1to 17

Estimate of Estimate of
i Effect Effect Effect Effect

A 0.090 A+ ABCDE 0.077 BD + CE

B 0.245 B+ CDE -0.049 AD + ABCE
Al -0.188 AB + ACDE -.183 D+ BCE

C 0.057 C+BDE 0.049 AE + ABCD
AC -0.307 AC+ ABDE 0.013 E + BCD
BC -0.069 BC +DE 0.055 ACD + ABE
ABC 0.069 ABC + ADE 0.139 D + BE
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TABLE 20 Comparison of complementary paired
blends: Densification slope

Complementary
Paired Blends Densification Slope
xy) Blend x Blend y Difference
(2,10 7.34 8.27 0.93
(11,3} 9.48 10.52 1.04
(4,12) 976 281 0.05
(13,5) 105 9.35 -1.15
(6,14) 9.26 9.90 .64
(15,71 8.72 9.31 0.59
(8,16) 10.24 10.15 -0.09
(17.9) 9.41 9.43 0.02

""Blend with low level of variable A listed first,

with the BCE interaction as a potentialy significant effect is
also interesting. For the first time, the intermediate gradation
appears to have an effect on asphalt mixture densification
properties. Since this effect is aliased with the BCE interac-
tion it isdifficult to tell which effect is more significant.

Table 20 indicates the data for the densification slope for
the complementary paired blends.

As indicated in Table 20, complementary paired blends
with the same gradation (coarse, intermediate, and fine) and
ratio of natural/crushed sand, but asphalt contents different
by 1.0 percent show differences in mgsc of 0.02 to 1.15.
Unlike the other comparisons, the low level of asphalt con-
tent did not always produce densification slope values lower
than the high level of asphalt content.

Phase 2: Mechanical Property Testing

Phase 2 testing examined the response of mixture mechan-
ical propertiesfor complementary fractions of the 2,52 frac-
tional factorial. Tables 21 and 22 indicate the test values for

TABLE 21 Mixture mechanical properties:
Repeated and simple shear

RSST-CH' S$8.CH?
Biend V00 78 MgssT Ymss sl
1 428 0.2589 2712 2082
2 747 03372 4751 3810
3 06.65 0.2914 4726 3838
4 553 0.2857 3045 2366
5 6.42 0.2475 6060 4958
i) 4.14 0.,2379 2095 1541
7 4.41 0.2544 4319 31524
2 4.15 0.2528 1272 918
9 10.90 0.3250 3580 2795
10 9.05 0.4178 4740 3699
11 332 02177 2251 1702
12 7.80 0.3832 4294 3524
13 422 1.2950 2363 1813
14 403 0.2642 1828 1418
15 3.60 02286 1601 1240
16 3.54 0.2573 2 2487
17 6.16 0.3435 15498 1478

1 RSST-CH test cxecuted at 54°C.
2 §S-CH test executed at 26°C.
3 Smain values reported as microsmain.

TABLE 22 Mixture mechanical properties. Frequency
sweep

10 Hz! 0.1 He!

Blend G*, kPa G, kPa G*, kPa G", kPa
1 {,069,%07 570,088 177,164 126,830
2 247,794 454 459 141,356 97,087
3 216,905 450,550 105,563 82,230
4 907,350 502,838 135,996 102,022
5 747 098 470,102 85,583 66,510
[ 1,120,624 354,996 204,707 140,259
T 876,484 473,121 132,676 97614
g 1,607,628 767588 205 872 211,062
b 933,193 504,378 138,012 100,765
[£4] 746,226 449,143 99,567 73,638
11 1,280,180 626,638 226,672 164,251
12 861,836 506,223 113,267 58,626
13 1,316,647 714,379 192,942 146,473
14 1,296,443 618,575 159,134 156,007
15 1,569,446 897 442 270,987 208,473
16 1,018,974 362,820 151,542 112,215
17 1,303,125 563,907 214,238 156,160

' FS.CH tesr execated ac 26°C.

the average mechanical propertiesfor the 17 mixturesin the
experiment.

Repeated Shear Test: Constant Height (RSST-CH)

The 17 mixtures in the fractional factorial experiment
were analyzed to estimate the effects of changesin the five
experimental variables on the permanent shear strain at 5000
cycles (yson) and the slope of the shear strain curve (Mgssr).
The analysis of the dataisindicated in Tables 23 and 24. A
graphical representation of the dataisillustrated in Figures 2
and 3.

TABLE 23 Analysisof yspo from RSST-CH: Blends1to 17

Estimate of Estimate of
i Effect Effect Effect Effect

A 0.595 A + ABCDE 0.001 BD +CE

B .254 B +{DE 0111 AD+ ABCE
AR 0.561 AB + ACDE 0127 D~ BCE

C -0.400 C +~ BDE 0.189 AL - ABCD
AL 0.766 AC + ABDE -0.192 E + BCD
BC 439 BC + DE 0.259 ACD + ABE
ABC 0.159 ABC + ADE 0.234 D+ BE

TABLE 24 Analysisof mgssr from RSST-CH: Blends1to 17

Estimate of Esthimate of
1 Effect Effect Effect Effect

A 0.0101 A+ ABCDE -0.0097 BD + CE

B 0.0059 B+ CDE -0.0067 AD+ ARCE
AB 0.0124 AB + ACDE -0.0071 D +BCE

C -0.0130 C +BDE 0.0053 AE + ABCD
AC 0.0213 AC+ ABDE -0.0069 E+BCD
BC 0.0103 BC +DE 0.0048 ACD + ABE]
ABC 0.0016 ABC + ADE 0.0024 CDh+BE
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Figure2. Permanent shear strain from repeated shear test.

The estimate of effects determined in Tables 23 and 24
indicates similar results. The significant effects appear to be
as follows for the yspo (ranking from highest significant
effect to lowest):

1. Theinteraction of A (asphalt content) and C (coarse
gradation) aliased with the fourth-order inter action of
A, B (fine gradation), D (intermediate gradation), and
E (ratio of natural/angular sand).

2. Variable A (asphalt content) aliased with the fifth-
order interaction of all five variables—A, B, C, D,
and E.

3. Theinteraction of A (asphalt content) and B (finegra-
dation) aliased with the fourth-order inter action of A,
C (coarsegradation), D (intermediate gradation), and E
(ratio of natural/crushed sands).

4. Theinteraction of B (asphalt content) and C (coarse
gradation) aliased with the interaction of D (interme-
diate gradation), and E (ratio of natural/crushed sands).

5. Variable C (coarse gradation) aliased with the third-
order interaction of B (fine gradation), D (intermedi-
ate gradation) and E (ratio of natural/crushed sand).

The significant effects remain the same for the analysis
of the mgssr. The ranking changes only dlightly with the
A+ABCDE effect switching ranking position with the
C+BDE effect.

There are two observationsthat can be made regarding the
results of the repeated shear test. First, the most significant
effect appears to be the interaction of asphalt content and
coarse aggregate gradation. This effect isrelatively insignif-
icant inthe analysis of the volumetric and densification prop-
erties. However, the AC interaction is the most significant
effect in the analysis of the densification slope, Mssc. The
second observation is that, like the volumetric analysis, the
D and E variables either are insignificant or do not have as
great an effect on the results of the RSST-CH as the other
main variables. Again, this hypothesis may be tested follow-

0.BO

0.45

0.40

0.35

MessT

0.30
0.257

0.20
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Figure3. Shear strain slope from repeated shear test.
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TABLE 25 Comparison of blendswith variablesD and E
eliminated

Variahle Paired Blends RSST-CH:
A B C {x,¥) Blend x Biend y|
L L L {2,11) 747 332
H L L {3,10 6.65 9.05
L H L (4,13) 5.53 4.22
H H L (5,12) 6.48 7.80
L L H 6,15) 4.14 .60
H L H (7,14) 4.41 4,03
L H H (8,17} 4.15 616
H 11 H {3,14} 10.90 3.54

ing theanalysis performed in Table 13. Examining the blends
as being composed of three variables (A, B, and C) and
ignoring the D and E variables completestheanalysis. Inthis
instance there are pairs of blends that have the same levels
fortheA, B, and C variables. Thedataareindicated in Tables
25 and 26.

As indicated in Tables 25 and 26, paired blends with the
same asphalt content, coarse gradation, and fine gradation
but different intermediate gradation and ratio of natural-to-
angular fine aggregate can result in values for sy Varying
by 0.38 to 7.36 percent. From Table 26, paired blends had
results for mgssr varying by 0.0093 to 0.1357. The data in
Tables 25 and 26 indicate that both intermediate gradation
and the ratio of natural-to-crushed sand appear to have some
effect on the permanent shear strain (‘ysq0) and slope (Mgsst).
However, some of the paired blends, such as the 7,14 pair,
indicate very little difference in the ysu and mgssr results.
Thisindicatesthat the D (intermediate gradation) and E (ratio
of natural-to-angular fine aggregate) variables may not
always have a significant effect on the RSST-CH results for
some asphalt mixtures.

As noted before, the interaction of asphalt content and
coarse aggregate gradation appears to be a significant effect
in the densification slope (Mssc) and the RSST-CH results
(vs000 @nd mgssr results). This is a potentialy significant
result. The SGC isashear compactor that operates by impart-
ing aconstant vertical pressure (600 kPa) at a specified angle
(1.25 degrees) and speed of rotation (30 rpm) to create den-
sification in the asphalt mixture specimen. The vertical pres-
sure and angle create both normal and shear stresses in the
asphalt mixture. The speed of rotation relates to the fre-
quency of loading. This process is very similar to the re-

TABLE 26 Comparison of blendswith variablesD and E
eliminated

Variable Paired Blends RSST-CH: Myeer

A B C (%3} Blend x Blend v
L L L (2,11) 1.3372 0.2177
H L L (3,10 0.2914 0.4178
L H L 4,13) 0.2857 0.2950
H H L 5.12) 0.2475 03832
L ! H (6,13) 02379 02285
H L H (7,14) 0.2544 0.2642
L H H [CAY)] 02528 03435
H H H (9,16) 0.3250 02573

peated shear test, which imparts a shear stress at a specified
frequency, along with acorresponding normal stressto main-
tain a constant specimen height. It is reasonable to assume
that the rate of densification in the SGC (mgsc) may be
related to the shear resistance of a mixture, which in turn
could relate to some parameter inthe RSST-CH. Figures4 to
6 illustrate the relationships between the densification slope,
permanent shear strain, and shear strain sope from the
RSST-CH.

Figure 4 indicates that there is some relationship between
the permanent shear strain and the shear strain slopefrom the
RSST-CH. Thisis an expected relationship since the perma-
nent shear strain at 5000 cycles is typically included in the
regression to determine shear strain slope. Figures 5 and 6
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indicate no relationship between results of the RSST-CH
("ys000 @nd Mgssr) and the densification slope (msgc) from the
SGC for the mixturesin this research.

There are severa possible reasons for the lack of relation-
ship between the densification slope and the results of the
RSST-CH that could be explored. First, the RSST-CH as
developed by the A-003A SHRP contract, wasintended to be
performed on specimens with approximately 3 percent air
voids. Research during SHRP indicated that the permanent
shear strain increased asthe percentage of air voidsin aspec-
imen increased. Because the 17 blends in the research had
significantly different air voids at Ngesqn (O to 9 percent), pro-
duction of specimens at 3 percent air voids for all blends
would be difficult. Consequently, to eliminate the effect of
air voids as a variable, all mixtures were compacted to
approximately 7 percent air voids. It is possible that a more
apparent relationship will exist between the RSST-CH
results and the densification slope at a lower air void level.
Some internal research at the Asphalt Institute has indicated
this effect (i.e., no relationship at 7 percent air voids, good
relationship at 3 percent air voids).

A second possible reason that no relationship exists may
be because of the effect of asphalt content (A+ABCDE) on
the densification slope and the RSST-CH test results. As
indicated in Table 19, asphalt content does not have a strong
effect on the densification slope. As noted in the text follow-
ing Table 19, this result corresponds well with the concepts
in the Superpave volumetric mix design procedures. How-
ever, asphalt content appears to have an important effect on
the permanent shear strain and shear strain slope from the
RSST-CH. Tables 27 and 28 indicate the data for ysu and
Mgsst fOr the complementary paired blends (blends with all
variables the same except for asphalt content).

As indicated in Table 27, complementary paired blends
with the same gradation (coarse, intermediate, and fine) and
ratio of natural/crushed sand but asphalt contentsdifferent by
1.0 percent show differencesin permanent shear strain from
0.11to 4.74 percent. In six of the eight pairs, the low level of
asphalt content produces values of vy, lower than the high
level of asphalt content. Increasing asphalt content appears

TABLE 27 Comparison of complementary paired
blends: Permanent shear strain

Complementary
Paired Blends Y000
(Ly) Blend x Blend y Difference|
(2,10} 7.47 2.05 1.58
(11,3) 332 6.65 3.33
(4,12 533 7.80 2.27
(13,5) 422 6.48 2.26
(6.,14) 4.14 4.03 Q.11
(15,7} 3.60 4.41 0.81
(8,16) 4.15 3.54 0.61
(17.9) 6.16 10.90 474

! Blend with low leve] of variable A listed first.
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TABLE 28 Comparison of complementary paired
blends: Shear strain slope

[Compiementary
Paired Blends MigggT
(x,y) Blend x Blend y Difference
{2,10) 0.3372 64178 0.0806
{11,3) 0.2177 0.2914 0.0737
(4,12} (.2857 (.3832 0.0975
(13,5) 0.2950 0.2475 0.0475
{6,14) 0.2379 (.2642 0.0263
(15,7} 0.2286 0.2544 0.0258
(8,16} 0.2528 0.2573 0.0045
(17.9) 0.3435 (3250 0.0185

¢ Blend with low ievel of variable A listed first.

to increase the permanent shear strain. This result matches
expectations. For two pairs (6,14 and 8,16) the high level of
asphalt content has a lower permanent shear strain than the
low level. However, the differences between the high and
low asphalt contents for these pairs are small. Testing error
may have resulted in the differences.

Datain Table 28 indicate a similar response as Table 27.
Complementary paired blends show differences in shear
strain slope from 0.0045 to 0.0975. Again, in six of the eight
pairs, the low level of asphalt content produces values of
Mgsst lOwer than the high level of asphalt content. Increasing
asphalt content appears to increase the rate of accumulation
of permanent shear strain. This result matches expectations.
For two pairs (13,5 and 17,9) the high level of asphalt con-
tent has a lower shear strain slope than the low level. Once
again, testing error may have resulted in the differences.

Finally, many of the apparent anomaliesin the analysis of
the data from the RSST-CH may be explained by testing
error. Coefficients of variation (CV) for permanent shear
strain (yso0) @veraged 30 percent for al 17 mixtures. The
median CV for al mixtures was 29 percent. The single mix-
ture CV varied from 7 to 78 percent. These differences are
substantial when attempting a statistical analysis. The CVs
for shear strain slope were not as high as those for the per-
manent shear strain. Coefficients of variation for shear strain
slope (mgssr) averaged 14 percent for al 17 mixtures. The
median CV for all mixtureswas 10 percent. The single mix-
ture CV varied from 2 to 45 percent.

Smple Shear (Constant Height)

The 17 mixtures in the fractional factorial experiment
were analyzed to estimate the effects of changes in the five
experimental variables on the results of the simple shear test
at constant height (SS-CH)—maximum shear strain (Yma)
and final shear strain (ysna). The data are indicated in Table
21 for the 17 mixtures at 26°C only. Valuesrange from 1272
to 6060 pstrain for the 17 mixtures. An analysis of the datais
indicated in Tables 29 and 30. A graphical representation of
the dataisillustrated in Figures 7 and 8.
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TABLE 29 Analysisof vy, from SS-CH (26°C):
Blends1to 17

Estimate of Estimate of
i Effect Effect Effect Effect
A 357 A+ ABCDE 6y BD +CE
B 221 B+ CDE -140 AD+ ABCE
AR 113 AB+ ACDE 147 D +BCE
C -514 C+ BDE -95 AE + ABCD
AC 189 AC + ABDE <61 E + BCD
BC 38 BC+DE -137 ACDH+ ABE
ABC -59 ABC + ADE -187 CD+BE
TABLE 30 Analysisof ys,a from SS-CH (26°C):
Blends 1to 17
Estimate of Estimate of
1 Effect Effect Effect Effect
A 474 A+ ABCDE 66 BD +CE
B -18 B+ CDE -122 AD + ABCE
AB hist] AB +ACDE 125 D+ BCE
C -430 C+BDE -87 AE + ABCD
AC 157 AC + ABRDE -33 E+BCD
BC 14 BC+DE -104 ACD + ABE
ABRC -65 ABRC+ ADE -158 CD +BE

The estimate of effects determined in Tables 29 and 30
indicatesidentical results. The significant effects appear to be
asfollowsfor the yma and yiing (ranking from highest signif-
icant effect to lowest):

1. Variable A (asphalt content) aliased with the fifth-
order interaction of all five variables—A, B, C, D,
and E.

2. Variable C (coarse gradation) aliased with the third-
order interaction of B (fine gradation), D (intermedi-
ate gradation), and E (ratio of natural/crushed sand).

The A+ABCDE and C+BDE effects appear to be much
more significant than the other effects. Other potentially sig-
nificant effectsinclude the interaction of asphalt content and
coarse gradation (AC+ABDE). Intermediate gradation
(D+BCE) may have some effect on the shear strain values
but not as much effect as the asphalt content and coarse
gradation.

Theresultsfrom the SS-CH tests at 26°C match the results
from the RSST-CH at 54°C. In each case, the effects in-
cluding asphalt content (A+ABCDE), coarse gradation
(C+BDE), and their interaction (AC+ABDE) appear to
affect the shear strain developed in the mixture.

Asphalt content appears to have an important effect on the
maximum shear strain and final shear strain from the
SS-CH. Tables 31 and 32 indicate the data for vy, and
vina fOr the complementary paired blends (blends with all
variables the same except for asphalt content).

As indicated in Table 31, complementary paired blends
with the same gradation (coarse, intermediate, and fine) and
ratio of natural/crushed sand but asphalt contents different by
1.0 percent show differences in maximum shear strain from
510 3,697 pstrains. In six of the eight pairs, the low level of
asphalt content produces values of v, lower than the high
level of asphalt content. Increasing asphalt content appears
to increase the maximum shear strain. This result matches
expectations. For two pairs (2,10 and 6,14) the high level of
asphalt content has a lower maximum shear strain than the
low level. However, the differences between the high and
low asphalt contents for these pairs are small (5 and 267
pstrains, respectively). Testing error may have resulted in
the differences. It should be noted that the 6,14 pair also
exhibited anomalous behavior in the RSST-CH. For this
complementary pair, the permanent shear strain decreased
dlightly as the asphalt content increased.

Datain Table 32 indicate a similar response as Table 31.
Complementary paired blends show differences in fina
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Figure7. Maximum shear strain from simple shear test (26°C).
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Figure8. Final shear strain from simple shear test (26°C).

shear strain from 111 to 3,145 pstrains. Again, in six of
the eight pairs, the low level of asphalt content produces
values of s lower than the high level of asphalt content.
Increasing asphalt content appears to increase the fina
shear strain. This result matches expectations. The same
two pairs (2,10 and 6,14) exhibit behavior where the high
level of asphalt content has a lower final shear strain than
thelow level. Once again, testing error may haveresultedin
the differences.

CVsfor maximum shear strain ('yma) averaged 22 percent
for al 17 mixtures. The median CV for al mixtures was 18
percent. The single mixture CV varied from 3 to 66 percent.
The CVs for final shear strain were virtually identical to
those for the maximum shear strain. CVsfor final shear strain
(yiina) averaged 24 percent for al 17 mixtures. The median
CV for al mixtures was 18 percent. The single mixture CV
varied from 4 to 76 percent.

Although it was intended, a statistical analysis could not
be performed on results of the SS-CH test at 41°C. Despite
repested attempts, several mixtures could not be accurately
tested. These mixtures typically were destroyed during test-
ing as LVDTs went out of range or the applied shear load

TABLE 31 Comparison of complementary paired
blends: Maximum shear strain

Complementary
Paired Blends Yo

(x,y) Blend x Blend y Difference
(2,10) 4751 4726 5
{11,3) 2251 4726 2475
(4,123 045 4294 1249
{13,5) 2363 60a0 3697
(6,14} 2085 1828 267
(15,7} 1601 4319 2718
(8,16) 1272 3201 1929
{17.9) 1998 3580 1582

' Blend with low level of variable A listed first.

sheared the specimen during the test. Table 33 indicates the
results of the SS-CH tests at 26°C and 41°C. Despite the lack
of statistical analysis, the effect of test temperatureon agiven
mixture can be noted. Thisisillustrated in Figure 9.

Frequency Sweep (Constant Height)

The 17 mixtures in the fractional factorial experiment
were analyzed to estimate the effects of changes in the five
experimental variables on the complex shear modulus (G*)
and phase angle (8) of the mixtures. The product of G*
and the sine of the phase angle yields the loss modulus
(G*sind or G"). Thedataare indicated in Table 22 for the 17
mixtures at 26°C only. Values for G* at 10 Hz range from
746,226 to 1,607,628 kPafor the 17 mixtures. The analysis
of the dataisindicated in Tables 34 to 37. A graphical rep-
resentation of the dataiisillustrated in Figures 10 to 13.

The estimate of effectsdetermined in Tables 34 to 37 indi-
cate virtually identical results. The significant effects appear
to be asfollows for the G* and G” at 10 and 0.1 Hz (ranking
from highest significant effect to lowest):

TABLE 32 Comparison of complementary paired
blends: Final shear strain

Complementary
Paired Blends Yol
(xy) Blend x Blend y Difference
(2,10 3810 3699 111
(11,3} 1702 3838 2136
(4,12} 2366 3524 1158
(13,5} 1813 4953 3145
{6,14) 1541 1418 125
{15,7) 1240 3524 2284
{8,16) 918 2487 1569
(17.8) 1478 2795 1317

' Blend with low level of variabie A listed first.
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TABLE 33 Simpleshear test results
at 26°C and 41°C

| ¥ e ([LSTrAINS)
Blend 26°C 4i°C
1 2712 na
2 4751 5649
3 4726 na
4 nds 4377
5 G060 7990
& 2095 3688
7 4319 12975
8 1272 2700
9 3580 na
10 4746 n/a
11 2251 3561
12 4204 n'a
13 2363 3814
14 1828 6503
15 1601 4980
16 azrm 4986
17 1998 3179

1. Variable A (asphalt content) aliased with the fifth-
order interaction of all five variables—A, B, C, D,
and E.

2. Variable C (coarse gradation) aliased with the third-
order interaction of B (fine gradation), D (intermedi-
ate gradation) and E (ratio of natural/crushed sand).

The A+ABCDE and C+BDE effects appear to be much
more significant than the other effects. Other potentially sig-
nificant effectsinclude the interaction of asphalt content and
coarse gradation (AC+ABDE) and the mixed third-order
interaction of ACD+ABE. Much like the results of the sim-
ple shear test, the fine gradation (B+CDE) appears to have
little effect on the test resullts.

The results from the FS—CH tests at 26°C match the
results from the RSST—CH at 54°C and the SS—CH tests at

TABLE 34 Analysisof G*,4, from FS-CH (26°C): Blends

1to17
Estimnate of Estimate of
i Effect Effect Effect Effect

A -16036 A + ABCDE 2634 BD + CE

B 856 B+ CDE 5586 AD + ABCE
AB -3790 AB + ACDE -29569 D +BCE

C 13295 C+ BDE 1423 AE + ABCD
AC -6999 AC + ABDE -1787 E+BCD
B -857 BC+DE 7548 ACD + ABE
ABC -2363 ABC+ ADE -1272 CD+ BE

TABLE 35 Analysisof G*y44, from FS-CH (26°C):

Blends1to 17
Eslimate of Estimate of
i Effect Effect Effect Eiffzct

A -3970 A+ ABCDE 152 BD+ CE

B -3 B+(CDE 1181 AD+ ABCE
AB 997 AB+ ACDE -313 b +RBCE

C 3009 C + BDE 551 AF + ABCD
AC -1304 AC+ ABDE -431 E+ BCD
BC 227 BC + DE 1245 ACD + ABE
ABC 413 ABC + ADE -151 CD+BE

TABLE 36 Analysisof G"jo4, from FS-CH (26°C): Blends

1to 17
Estimate of Estimalte of
i Effect Effect Effect Effect

A -35339 A+ ABRCDE 1292 BD + CE

B 2037 B +CDE 1366 AD + ABCE|
AB -1131 AB + ACDE -1770 D+BCE

C 3855 C+ BDE 8150 AE + ABCD|
AC -3286 AC + ABDE -B02 E+ BCD
BC -170 BLC+DE 2657 ACD + AB
ABC -689 ABC + ADE -791 CD+BE
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Figure9. Effect of test temperature on simple shear test.




TABLE 37 Analysisof G"y14, from FS-CH (26°C):
Blends1to 17

Estimate of Estimate of
i Effect Effect Effect Effect

A -2682 A+ ABCDE 227 BD +CE

B -192 B+ CDE 954 AD + ABCE|
AB -758 AB +ACDE =308 D+ BCE

[w 2208 C+ BDE 229 AE + ABCD
AC =310 AC + ABDE =329 E+BCD
BC -To BC+DE 1099 ACD + ABE
ABC ~406 ABC + ADE -162 CD +BE

26°C. In each case, the effects including asphalt content
(A+ABCDE), coarse gradation (C+BDE), and their inter-
action (AC+ABDE) appear to affect the complex shear
modulus (G*) and shear loss modulus (G”) developed in the
mixture.

Asphalt content appears to have an important effect on the
complex shear modulus and shear loss modulus from the
FS-CH. Tables 38 and 39 indicate the data for G* and G” at
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Figure 10. Complex shear modulus (G*) at 10 Hz from
frequency sweep test (26°C).
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Figure11. Complex shear modulus (G*) at 0.1 Hzfrom
frequency sweep test (26°C).
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Figure12. Shear loss modulus (G”) at 10 Hz from
frequency sweep test (26°C).
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Figure 13. Shear loss modulus (G”) at 0.1 Hz from
frequency sweep test (26°C).

10 Hz for the complementary paired blends (blends with all
variables the same except for asphalt content).

As indicated in Table 38, complementary paired blends
with the same gradation (coarse, intermediate, and fine) and
ratio of natural/crushed sand but asphalt contents different by
1.0 percent show differencesin complex shear modulusfrom
45,464 10 692,962 kPa. In seven of the eight pairs, the low

TABLE 38 Comparison of complementary paired
blends: Complex shear modulusat 10 Hz

Complementary
Paired Blends G* (kPa)

{x,y)' Blend x Blend ¥ Difference
(2,10} 847,796 746,226 L10L,570
(15,3} 1,280,180 B16,905 463,275
{4,12) G07.330 861,886 45,464
(13,5) 1,316,647 747,098 569,549
(6.14) 1,128,624 1,296,443 175,819
(15,7) 1,569,446 §76,454 692962
{%,16) 1,607 628 1,018,974 588,654
(17.9) 1,303,125 933,193 369,932

' Blend with low level of variable A listed first.
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TABLE 39 Comparison of complementary paired
blends: Shear loss modulusat 10 Hz

Complementary
Paired Blends G’ (kPa)

(xy) Blend x Blend ¥ Difference
(2,1 454,459 449,143 5316
{11,3) 626,638 480,550 146,048
{4,12) 502,838 506,223 3,385
{13,%) 714,379 470,102 244 277
(6,14) 554,996 618,575 63,579
{15,7) 697,442 473,121 224321
(8,16) 767.588 562,826 204,762
(17.9) 663.907 504,376 159,531

" Blend with low level of variable A listed first.

level of asphalt content produces values of G* higher than
the high level of asphalt content. Increasing asphalt content
appears to decrease the complex shear modulus. This result
matches expectations. For one pair (6,14) the high level of
asphalt content has a higher complex shear modulus than the
low level. It should be noted that the 6,14 pair also exhibited
this anomalous behavior in the RSST-CH and SS-CH tests.
For this complementary pair, the permanent shear strain
decreased dlightly as the asphalt content increased.

Datain Table 39 indicate a similar response as Table 38.
Complementary paired blends show differencesin shear loss
modulusfrom 3,385 to 244,277 kPa. In six of the eight pairs,
thelow level of asphalt content produces values of G” higher
thanthe highlevel of asphalt content. | ncreasing asphalt con-
tent appears to decrease the shear loss modulus. This result
matches expectations. Two pairs (4,12 and 6,14) exhibit
behavior where the high level of asphalt content has a higher
shear loss modulus than the low level. Testing error may
have resulted in the differencesin the 4,12 pair.

CVs for complex shear modulus (G*) at 10 Hz and 26°C
averaged 11 percent for all 17 mixtures. The median CV for
all mixtures was 9 percent. The single mixture CV varied
from 3 to 42 percent. The CVswere essentially the same for
the 0.1-Hz data. The CVsfor shear loss modulus (G") were
virtually identical to those for the maximum shear strain.
CVsfor G” at 10 Hz and 26°C averaged 9 percent for al 17
mixtures. Themedian CV for al mixtureswas9 percent. The
single mixture CV varied from 0 to 35 percent.

Although it was intended, a statistical analysis could not
be performed on results of the FS-CH test at 41°C. Table 40
indicatestheresults of the FS-CH tests (G* at 10 Hz) at 26°C
and 41°C. Despite the lack of statistical analysis, the effect
of test temperature on a given mixture can be noted. Thisis
illustrated in Figure 14.

SUMMARY

Variables and levels were selected to represent normal
variables and allowabl e production tolerances in the produc-
tion of an asphalt mixture. The following variables were
selected:

TABLE 40 Frequency sweep test
resultsat 26°C and 41°C

| G*one {KP2)
Blend 26°C 41°C
1 1,069,907 192,077
2 547,796 267917
k) 816,905 na
4 907,350 331,138
5 747,098 132,924
3 1,120,624 270,195
7 876,434 191,480
B 1,607,628 518,486
9 933,193 217,999
Iy 746,226 §4,453
11 1,280,180 323,055
12 461,886 na
13 1,316,647 501,699
14 1,296,443 272,328
{3 1,568,446 390,027
16 1,018,974 304,279
17 1,303,125 na

» Variable A: Asphalt content;

» VariableB: Finegradation (0.3-mm sievesand smaller);

» Variable C: Coarse gradation (4.75-mm sieves and
larger);

* Variable D: Intermediate gradation (2.36-, 1.18-, and
0.6-mm sieves); and

» Variable E: Ratio of natural and crushed sand.

High and low values for these variables were established
based on normal production tolerances. These tolerances are
asfollows:

» 6 percent on al sieves 2.36 mm and larger;
* *4 percent on 1.18- and 0.6-mm sieves,

e =3 percent on 0.3-mm sieve;

e *=2 percent on 0.15- and 0.075-mm sieves;

» *0.5 percent on asphalt content; and

» *10 percent on natural sand.

Volumetric and densification properties were analyzed
including: percent Gpm at Ngesgn (OF percent of air voids), per-
cent Gy at Ninia, percent Gum at Niaximum, @Nd densification
slope (Msgc). Mechanical propertieswere analyzed including
permanent shear strain (ysqo) from the RSST-CH, rate of
accumulation of permanent shear strain (Mgssr) from the
RSST-CH, maximum shear strain (ym«) from the SS-CH,
final shear strain (ysng) from the SS-CH, complex shear
modulus (G*) from FS-CH, and shear loss modulus (G”)
from the FS-CH.

Blends 2 to16 are variations, within acceptabl e tolerances,
of the control mixture (Blend 1). It is important to note that
the blends used in testing are artificially created to meet the
requirements of the experiment to study the effects of the
variablesonmaterial properties. Many of these blendswould
not occur naturally during production.
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Figure 14. Effect of test temperature on frequency sweep test.

CONCLUSIONS

The conclusions of this study pertain to the specific com-
bination of materials used in the experiment. Itisvery likely
that different aggregates and gradations will have different
sensitivitiesto changesin material components. For instance,
a9.5-mm gravel mixture may have a different sensitivity to
changes in intermediate gradation than the study mixture. 5

Volumetric and Densification Properties

1. The 17 blends resulted in compacted specimens with
air voidsfrom 0.0 to 9.4 percent at Ngesgn. The control
mixture (Blend 1) had 4.2 percent air voids. TheVMA 6.
varied from 10.2 to 18.3 percent at Ngesgn. The control
mixture had 13.7 percent VMA.

2. Complementary pairs (all variables with same levels
except for asphalt content) indicated air void differ-
ences from 0.8 to 2.7 percent. In al cases, the blend
with the higher asphalt content resulted in the higher
percent Gy at Ngesgn @nd lower air voids. The differ-
ences between complementary pairs are consistent
with expectations from the Superpave mix design
equations. Superpave equations relate 1 percent
change in asphalt content to 2.5 percent changein air
voids.

3. Initial analysis of percent Gy, at Ngesqn indicated that
the main effects of asphalt content, fine gradation, and
coarse gradation, as well as the interaction of asphalt
content and fine gradation, have significant effectson
the percent Gom at Nesgn (PErcent of air voids).

4. The main effects of intermediate gradation and ratio 7.
of natural and crushed sand appeared to have an
insignificant effect on the percent Gy, a Ngesign (P€r-
cent of air voids). However, comparison of identical
blends (ignoring the intermediate gradation and ratio
of natural and crushed sand as variables) indicated a

differencein air voids of 3 to 6 percent. These differ-
ences indicate that either the intermediate gradation
and ratio of natural and crushed sand have an effect on
the percent Gpm a Ngesgn (percent of air voids),
athough not as significant as other variables, or the
third-order interactions aliased with these variables
have an effect.

. Based on the analysis, it appears to be an incorrect

assumption that all third-order and higher interactions

can be neglected. It is likely that all interactions are

potentially important. Testing the remaining two
quarters (16 blends) of the factoria could prove this
hypothesis.

Theanalysisof percent G, at Niniria indicated the fol-

lowing significant effects:

— Theinteraction of asphalt content and fine gradation
aliased with the fourth-order interaction of asphalt
content, coarse gradation, intermediate gradation,
and ratio of natural and crushed sand (AB+ACDE).

— Coarse gradation aliased with the third-order inter-
action of fine gradation, intermediate gradation,
ratio of natural and crushed sand (C+BDE).

— Asphalt content aliased with the fifth-order inter-
action of al five variables (A+ABCDE).

— Theinteraction of asphalt content and coarse grada-
tion aliased with the fourth-order interaction of as-
phalt content, fine gradation, intermediate gradation,
and ratio of natural and crushed sand (AC+ABDE).

— Fine gradation aliased with the third-order interac-
tion of coarse gradation, intermediate gradation,
and ratio of natural and crushed sand (B+CDE).

The analysis of percent Gm a Npaimum 1Ndicated the

following significant effects:

— Theinteraction of asphalt content and fine gradation
aliased with the fourth-order interaction of asphalt
content, coarse gradation, intermediate gradation,
and ratio of natural and crushed sand (AB+ACDE).
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— Fine gradation aliased with the third-order interac-
tion of coarse gradation, intermediate gradation,
ratio of natural and crushed sand (B+CDE).

— Asphalt content aliased with the fifth-order inter-
action of al five variables (A+ABCDE).

— Coarse gradation aliased with the third-order inter-
action of fine gradation, intermediate gradation,
and ratio of natural and crushed sand (C+BDE).

. The analysis of densification slope (mssc) indicated

the following significant effects:

— Theinteraction of asphalt content and coarse grada-
tion aliased with the fourth-order interaction of as-
phalt content, fine gradation, intermediate gradation,
and ratio of natural and crushed sand (AC+ABDE).

— Fine gradation aliased with the third-order interac-
tion of coarse gradation, intermediate gradation,
ratio of natural and crushed sand (B+CDE).

— The interaction of asphalt content and fine grada-
tion aliased with the fourth-order interaction of
asphalt content, coarse gradation, intermediate
gradation, and ratio of natural and crushed sand
(AB+ACDE).

— Intermediate gradation aliased with the third-order
interaction of fine gradation, coarse gradation, and
ratio of natural and crushed sand (D +BCE).

. The interaction of asphalt content and fine gradation

appears to have the most significant effect on all vol-
umetric and densification properties. Blendswith high
levels of asphalt content and fine gradation have
higher densification (percent Gy, &t Ninitia, Naesign, @nd
N maximum) @Nd lower air voidsthan blendswith low lev-
€els of asphalt content and fine gradation.

Asphalt content has a significant effect on all volu-
metric and densification properties except for densifi-
cation slope. This is consistent with the Superpave
mix design equations, since compaction curves are
trandlated as asphalt content is changed rather than
rotated.

Mechanical Properties

Repeated Shear Constant Height (RSST-CH)

11

12.

The 17 blends resulted in specimens with permanent
shear strain (yso0) Values from 3.32 to 10.90 percent
at 7 percent air voids. The control mixture (Blend 1)
had a ys Of 4.28 percent. Seven blends had perma-
nent shear strains|essthan the control and nine blends
had permanent shear strains greater than the control.
The 17 blends resulted in specimens with rates of
accumulation of permanent shear strain (mMgssr) from
0.2177 to 0.4178. Blend 1 had an mgssr Of 0.2589.
Seven blends had mgssr values less than the control
and nine blends had mgssr values greater than the
control.

13.

14.

15.

16.

17.

Complementary pairs (all variables with same levels
except for asphalt content) indicated differences in
vso00 from 0.11 to 4.74 percent and differences in

Mgsst from 0.0045 to 0.0975. In six of eight cases, the

blend with the higher asphalt content resulted in the

higher yso0 @nd Mgsst Values. In the other two cases
the differences were minor. Testing error may have
resulted in the differences.

The analysis of permanent shear strain (ysg) indi-

cated the following significant effects:

— The interaction of asphalt content and coarse gra-
dation aliased with the fourth-order interaction of
asphalt content, fine gradation, intermediate grada-
tion, and ratio of natural and crushed sand (AC+
ABDE).

— Asphalt content aliased with the fifth-order inter-
action of al five variables (A+ABCDE).

— Theinteraction of asphalt content and fine gradation
aliased with the fourth-order interaction of asphalt
content, coarse gradation, intermediate gradation,
and ratio of natural and crushed sand (AB+ACDE).

— Theinteraction of fine gradation and coarse gradation
aliased with theinteraction of intermediate gradation
and ratio of natural and crushed sand (BC+DE).

— Coarse gradation aliased with the third-order inter-
action of fine gradation, intermediate gradation,
and ratio of natural and crushed sand (C+BDE).

The analysis of the rate of accumulation of shear

strain (Mmgsst) indicated the following significant

effects:

— The interaction of asphalt content and coarse gra-
dation aliased with the fourth-order interaction of
asphalt content, fine gradation, intermediate grada-
tion, and ratio of natural and crushed sand (AC+
ABDE).

— Coarse gradation aliased with the third-order inter-
action of fine gradation, intermediate gradation,
and ratio of natural and crushed sand (C+BDE).

— Theinteraction of asphalt content and fine gradation
aliased with the fourth-order interaction of asphalt
content, coarse gradation, intermediate gradation,
and ratio of natural and crushed sand (AB+ACDE).

— Theinteraction of finegradation and coarse gradation
aliased with theinteraction of intermediate gradation
and ratio of natural and crushed sand (BC+DE).

— Asphalt content aliased with the fifth-order inter-
action of al five variables (A+ABCDE).

The interaction of asphalt content and coarse grada-

tion appears to have the most significant effect on the

results of the RSST-CH.

Themain effects of intermediate gradation and ratio of

natural and crushed sand appeared to have an insignif-

icant effect on the permanent shear strain (ysp) and
rate of accumulation of shear strain (Mgssr). However,
comparison of identical blends (ignoring the interme-
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diate gradation and ratio of natural and crushed sand as
variables) indicated a difference in permanent shear
strain of 0.38 to 7.36 percent. These differences indi-
cate that either the intermediate gradation and ratio of
natural and crushed sand have an effect on the results
of the RSST-CH, although not as significant as other
variables, or the third-order interactions aliased with
these variables have an effect. However, some of the
paired blends (such as the 7,14 pair) did not indicate
any differences in permanent shear strain or rate of
accumulation of shear strain.

A hypothesis was made that results of the RSST-CH
would relate to the densification slope, mgsc. This
hypothesis was proven incorrect as there was little
rel ationship between the permanent shear strain or rate
of accumulation of shear strain and densification slope.

Smple Shear Constant Height (SS-CH)

19.

20.

21.

22.

23.

The 17 blends resulted in specimens with maximum

shear strain (yma) valuesfrom 1,272 to 6,060 pstrains.

The control mixture (Blend 1) had a vy Of 2,712

pstrains. Seven blends had maximum shear strains

less than the control and nine blends had maximum
shear strains greater than the control.

The 17 blends resulted in specimens with final shear

strain (yrina) Values from 918 to 4,958 pstrains. The

control mixture (Blend 1) had a+yji.a Of 2,082 pstrains.

Seven blends had final shear strains less than the con-

trol and nine blends had final shear strainsgreater than

the control.

Complementary pairs (all variables with same levels

except for asphalt content) indicated differences in

vmax from 5 to 3,697 pstrains and differences in v

from 111 to 3,145 pstrains. In six of eight cases, the

blend with the higher asphalt content resulted in the
higher shear strain values.

The analysis of maximum and final shear strain indi-

cated the following significant effects:

— Asphalt content aliased with the fifth-order inter-
action of al five variables (A+ABCDE).

— Coarse gradation aliased with the third-order inter-
action of fine gradation, intermediate gradation,
and ratio of natural and crushed sand (C+BDE).

Although a statistical analysis was not performed on

SS-CH results at 41°C, a strong temperature effect

was noted. Maximum shear strains at 41°C increased

by 1.2 to 3.5 timesthe maximum shear strainsat 26°C.

Frequency Sweep Constant Height (FS-CH)

24,

The 17 blends resulted in specimens with complex
shear modulus (G* 14,) valuesat 10 Hz and 26°C from
746,226 to 1,607,628 kPa. The control mixture (Blend

25.

26.

27.

28.
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1) had a G* 4, Of 1,069,907 kPa. Nine blends had

complex shear modulii lessthan the control and seven

blends had complex shear modulii greater than the
control.

The 17 blends resulted in specimens with shear loss

modulus (G" 1) Valuesfrom 449,143 to 767,588 kPa.

The control mixture (Blend 1) had a G",44, of 570,088

kPa. Ten blends had shear loss modulii less than the

control and six blends had shear loss modulii greater
than the control.

Complementary pairs (all variables with same levels

except for asphalt content) indicated differences in

G* 104, from 45,464 to 692,962 kPa. In seven of eight

cases, the blend with the higher asphalt content

resulted in thelower complex shear modulus (G* 101,).

Theanalysisof complex shear modulus and shear loss

modulus at 10 and 0.1 Hz indicated the following sig-

nificant effects:

— Asgphalt content aliased with the fifth-order inter-
action of all five variables (A+ABCDE).

— Coarse gradation aliased with the third-order inter-
action of fine gradation, intermediate gradation,
and ratio of natural and crushed sand (C+BDE).

Although a statistical analysis was not performed on

FS-CH results at 41°C, a strong temperature effect

was noted. Complex shear modulii at 41°C were 0.11

to 0.38 times the complex shear modulii at 26°C.

General

29.

30.

The 16 blends that represented variations of Blend 1
indicated changes in mechanical properties as fol-
lows:
e RSST-CH: 0.75 to 2.5 times the permanent shear
strain;
* SS-CH: 0.5t0 2.25 times the maximum shear strain;
and
e FS-CH: 0.7to 1.5 timesthe complex shear modulus
at 10 Hz.
Volumetric and densification properties appear to per-
form adequately in estimating mixture mechanical
properties but may not be absolutely reliable. In six of
eight caseswhere the mixture had lower air voids (from
volumetric analysis) than the control, the mixture also
had higher permanent shear strain. Infive of eight cases
where the mixture had lower air voids than the control,
the mixture also had higher maximum shear strainsand
lower complex shear modulii. Two exceptions are
Blend 3and Blend 13. Blend 3 had higher air voids (5.4
percent) than the control, but higher permanent shear
strain (6.65 percent), higher maximum shear strain
(4,726 pstrains), and lower complex shear modulus
(816,905 kPa) than the control. Blend 13 had lower air
voids (1.9 percent) than the control but lower perma
nent shear strain (4.22 percent), lower maximum shear
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strain (2,363 pstrains), and higher complex shear mod-
ulus (1,316,647 kPa) than the control.

In general, asphalt content appears to have the most
significant effect on volumetric and mechanical prop-
erties. The ratio of natural and crushed sand did not
appear to significantly effect mechanical properties.
For the combination of aggregatesin the research, the
percent of natural sand in the mixture did not have as
significant an effect on mechanical properties as
expected.

FIELD SENSITIVITY BLEND GRADATIONS
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Blends 3 and 11
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