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1.0 INTRODUCTION

1.1 BACKGROUND

The Strategic Highway Research program (SHRP) is a highly focused, five year, $150 million
research program which grew out of recommendations contained in Transportation Research Board
Special Report 202, America’s Highways: Accelerating the Search for Innovation. The report

documented the serious neglect of highway research in the United States and recommended a
concerted research effort to address six high-priority research areas which were later consolidated
into four areas: 1) Asphalt, 2) Concrete and Structures, 3) Highway Operations, and 4) Pavement
Performance.

The highway community responded to the report with quick resolve and continuing commitment
and action. Pre-implementation activities focused on the preparation of a final research program
which culminated with the publication of the Strategic Highway Research Plans for each of the
original six research areas (SHRP 1986). Part of SHRP's Asphait Program is designed to investigate
how the chemical and physical properties of asphalt binder relate to pavement performance. The
results are expected to include improved characterization of materials, improved product testing
methods, and improved construction procedures. Other parts of the asphalt program involve the
development of accelerated tests for asphalt-aggregate mixtures to better predict the performance
of the pavements. Improved understanding of asphalt-binder characteristics and the availability of
new asphait-aggregate tests would also permit the development of more performance-oriented
specifications.

In order to accomplish these goals, a series of research contracts have been developed by
SHRP to implement the research plans identified in the 1986 report. One such contract is SHRP
Project A-003A entitled *Performance Related Testing and Measuring of Asphalt-Aggregate
Interactions and Mixtures," of which this report forms a part.

SHRP Project A-003A seeks to:

1. Develop methods to analyze asphalt-aggregate interactions which significantly affect
pavement performance,

2, Develop accelerated performance related tests for asphalt-aggregate systems that
successfully model construction and service conditions, and
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3. Develop a database derived from laboratory investigations that can be used to verify the
asphalt chemical and physical characteristics significant to the performance of asphait
paving mixtures.

The project will focus -on three of the many technical tasks which were identified in the 1986
Research Plan. These tasks include Research Plan (SHRP) Tasks 1.4, 2.2 and 2.3.

SHRP Task 1.4 (Relationships of Asphalt Chemical and Physical Properties to Pavement
Performance) has two major objectives. The first objective is to assimilate information in the technical
literature relating chemical and physical properties of asphalts to' pavement performance and mixture
properties and to accumuiate test data for incorporation in the national data base. An effort will be
made in this task (1.4) to evaluate and rank various asphalt properties as they affect pavement
performance. Such evaluations will initially be based on information in the technical literature and,
in later stages, will include additional information from unpublished information-or on-going research
including SHRP asphalt-related contracts. The second objective is to provide information which will
be: useful in planning and evaluating activities and resuits relevant to Task 2.2.

The major objective of SHRP Task 2.2 (Testing and Measuring for Asphalt-Aggregate Systems
With and Without Asphalt Modification) will be to describe and standardize test methods for
measuring those properties which characterize fatigue cracking, permanent deformation and low
temperature cracking in asphalt-aggregate mixtures. A wide range of tests will be included in this
part of the investigation inciuding provisions for aging, moisture sensitivity, and temperature
conditions representative of a range of field conditions.

The major objective of SHRP Task 2.3 (Relationship of Asphalt Chemical and Physical Properties
to Asphalt-Aggregate Mixture Properties) will be to establish the relationship between asphalt
chemical and physical properties, mixture properties and performance for a range of asphalts and
aggregates including selected modified asphalts. An expanded test program with selected tests for
fatigue, low temperature cracking, and permanent deformation will be included in this task.

1.2 OBJECTIVES AND SCOPE OF REPORT

This report documents the results of the initial literature review for SHRP Task 1.4. The
objectives are to collect, summarize and analyze information in the technical literature (as of February
1990) which relates asphailt properties (both chemical and physical) to pavement performance. This

review attempts to determine those properties of asphalt cement and asphalt concrete mixes which
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can significantly influence pavement performance with an emphasis on asphalt cement properties.
The analysis consists of an examination and interpretation of available data, if required, to determine
if any consensus exists in the literature regarding the above relationships. If possible, threshold
values, regression or graphical relations are presented with as much specificity as needed. It is
anticipated that the test methods developed by other project members will then be sensitive to the
asphalt properties identified as important in this review. It should be noted that this report is not in
final form; as more information becomes available, it will be reviewed and appropriate modifications
will be made for the final report. .

Both chemical and physical properties of the asphalt are considered pertinent to this review.
The physical properties of greatest interest are generally penetration, viscosity, softening point,
temperature susceptibility, binder stiffness, ductility and other rheological characteristics. The
chemical properties include the chemical composition factors and functionality of asphalt. The final
selection of specific physical and chemical properties is based on information provided by the
literature.

The primary focus has been on information from test roads, particularly those where tests for
asphalt cement properties were performed and the results related to pavement performance. Since
the majority of such work and their results were published after 1950, the literature search generally
concentrated on post-1950 publications and activities. However, any pertinent information of
historical significance published before 1950 was also included. Asphalt modifiers have not been
included for study in this report at this time.

1.3 ORGANIZATION OF REPORT

This report contains five chapters. The next chapter identifies the sources for the literature
review and the general format of the review process. Chapter 2 also discusses the selection, sorting
and prioritizing criteria used in the literature search to identify the most promising documents for
careful review and analysis. Chapters 3 and 4 provide in-depth reviews of controlled and
uncontrolied test road literature, respectively. Controlled test roads are planned experimental road
trials which were constructed under controlled conditions. Uncontrolled road tests are those that
were built with normal contract procedures, but where the performance was monitored and the
asphalt properties were known or determined. Finally, Chapter 5 summarizes the results of the
information reviewed to determine if any consensus exists in the published literature ‘regarding the
relationships between asphalt properties and pavement performance.
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2.0 UTERATURE SEARCH

There exists a large body of information that is related to all aspects of pavement materials and
performance. Much of the information has been accumulated during the past 40-50 years of
research, particularly for studies relating to field performance. The information exists in both
documented or published form as well as undocumented practice and experience. For this report,
only published sources that relate asphait properties to field performance have been examined. This
chapter describes the sources of information examined and the selection criteria used to identify
those sources which were candidates for more careful review.

2.1 SOURCES OF INFORMATION

A variety of sources were relied upon during the literature search. Library databases, previous
literature reviews related to the subject, and inquiries to members of the research team resulted in
an extensive list of references to be evaluated for review. Sources of information included the
following:

1. TRIS (Transportation Research Information Services) - A library database produced by
the Transportation Research Board which contains records and abstracts of published
articles and reports in the transportation field.

2. COMPENDEX - A library database produced by Engineering Information Inc., which
provides coverage of significant engineering and technological literature. Each record
in COMPENDEX contains references to published articles and includes concise
abstracts.

3. Melvyl - This database includes all items contained in the libraries of the University of
California and California State University systems. Particular attention was given to
references which are sheived at the Institute for Transportation Studies (ITS) Library
on the University of California, Berkeley campus.

4. SHRP Research Plans: Final Report - This report contains 168 references on asphalt
properties and proved to be an invaluable source of pertinent references.

5. Bibliography of Asphalt Research Studies, Volumes 1 and 2 - A list of references was
compiled by the Asphalt Institute in July 1985 for a variety of subject headings related
to asphalt technology. Many references were found to be pertinent to the investigation.

6. Previous summaries - State-of-the-art summaries prepared by other researchers (eg.
Welborn 1979, Goodrich 1984, Petersen 1984, Halstead 1985) provided detailed, concise
reviews of information in the literature existing prior to the completion of the reports.



7. Proceedings of the Association of Asphalt Paving Technologists (AAPT) - The titles of
papers published after 1950 were reviewed to locate any important research that may
not have been included in the above sources of information.

8. Proceedings of the International Conference on the Structural Design of Asphalt
Pavements - Papers published from 1962 to the present were reviewed.

9. Transportation Research Board (TRB) Annual Meeting Program and Preprints - These
documents for the 1989 and 1990 annual meetings were reviewed to include recent
literature not yet published.

10. Inquiries to Research Team - Requests to other members of the research team provided
information and findings of current ongoing projects as well as pertinent unpublished
information. The Expert Task Group (ETG) and SHRP staff also suggested references

far review.

The project team will continue to identify and collect pertinent sources of information as they

appear, particularly as on-going research is completed.

2.2 SELECTION PROCESS

During the early stages of the literature review, criteria were established to identify those sources
which specifically related to the project from the large amount of available information. References
were arranged into one of three categories (Figure 2.1) depending on their relevance to the project.

Category 1 contains all of the references collected from each of the sources discussed in
Section 2.1. These items resulted from key word searches of the computer databases and title
searches of the other sources. This listing has grown to over 700 documents (as of February 1990),
and it was used as a master list to develop the Category 2 and Category 3 reference lists.

Category 1 references passed to Category 2 if they had potential usefulness to the A-003A
project. The following acceptance criteria controlled this selection:

1. The reference included information on pavement performance; specifically in the areas
of fatigue cracking, rutting, low temperature cracking, aging and water sensitivity.

2. The reference included information relating asphalt cement properties (physical or
chemical) to pavement performance.

3. Generally, references published after 1950.



Category 1

Approximately 700
references pulled from
sources discussed in 2.1

First Selection

Category 2

References with potential
usefulness to A-003A.
Entered information into

Pro-Cite database.

Second Selection

Category 3

High applicability to
A-003A. Field performance
data available. Summarized
on reference review forms.

Figure 2.1 Selection criteria used for SHRP A-003A
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4, Reference information specifically identified by the other project members was
automatically classified as Category 2.

All Category 2 references were entered into Pro-Cite, a microcomputer-based bibliographic
database. Then, the abstract, introduction and conclusions of all Category 2 references were
examined. Two main criteria were used to determine which references should be subject to detailed
review (Category 3). Those criteria included "Applicability to A-003A" and "Type of performance data.’
To be applicable to A-003A, the reference must have contained information that explicitly relates
properties of asphalt to one or more of the five performance parameters; fatigue cracking, rutting,
low temperature cracking, aging, or water sensitivity. Field and laboratory performance data on
asphalt pavements or asphalt mixtures as related to properties of asphalt cement were considered
most valuable. In particular, references describing test roads or field test sections were considered
to be of highest priority. References in which asphalt properties were related to field performance
data only were also of prime importance. References which did not include or make reference to

field performance data were given a lower priority.
2.3 REVIEW FORMAT

The Category 3 references were reviewed and summarized on the Reference Review Form which
is reproduced as Figure 2.2. The source, research objectives, asphalt properties measured,
performance data (both laboratory and test road), conclusions, applicability to A-003A, and other
comments were recorded on the forms and entered into Pro-Cite. This format allowed quick
summarization of the reference to determine its relevance io the objectives of the A-003A
investigation and also served as a starting point for in-depth review of the references.

2.4 PRIORITIZING CRITERIA

Only a limited number of the Category 3 references could be reviewed in great detail. A
prioritization matrix was developed to insure that the references providing the best information to
meet the objects of this project were subject to this careful review. The matrix is shown in Figure
2.3 with the lowest numbers of the cells corresponding to the highest priority. The prioritizing criteria
included applicability to A-D03A and type of performance data. A description of these criteria follows.

Applicability to A-003A
There were two categories for this criterion; *Applicable," and "Requires further evaluation. A
review of the abstract, the conclusions, or possibly the report itself was necessary to confirm the
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applicability identified during the Category 2 review. If this information was readily determined from
a quick review, the report was assigned as "Applicable.* If applicability could not be determined
without further review, it was categorized as "Requires further evaluation.” in some cases, references
with potential applicability in Category 2 were not confirmed and the references were not assigned
a sorting code.

Type of Performance Data

This criterion had three categories; field and laboratory data, field data only, and laboratory data
only. Laboratory testing of asphalt properties was included in all Category 3 reports regardiess of
the type of performance data reported. Examples of field data include but are not limited to fatigue
or low temperature cracking observations, rut depth observations, or laboratory tests on field samples
to determine aging or water sensitivity. Examples of laboratory data include performance test results
on the asphalts or on asphalt mixtures prepared in the laboratory, such as creep or fatigue tests.
Reports with both field performance observations together with laboratory performance data were
assigned highest priority for this criterion. Reports with only field performance observations were
ranked next, followed by those containing laboratory performance data only.
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3.0 CONTROLLED TEST ROADS

Controlled test roads are planned experimental road trials using asphalts of different types and
sources and constructed under controlled conditions. This definition is derived from Welborn (1979).
These road tests are important since they provide field performance data as well as detailed asphait
properties obtained from laboratory testing. Test road projects considered most relevant to this
investigation have been included in this report for review and analysis.

This chapter presents the results of the literature review (as of February 1990) on controlled test
roads. For each test road, a description is provided, together with the asphait properties measured
and pavement performance results. The results, conclusions and relationships derived are also
presented. Appendix A contains additional tables and figures which provide more details and which
may be of interest to the researcher.

3.1 ZACA-WIGMORE

Description .
The Zaca-Wigmore Asphalt Test Road (Hveem et al. 1959, Zube and Skog 1969, Skog 1959,

1981) was constructed in 1954-1955 in California near Santa Barbara to test new asphalt
specifications developed by the then California Division of Highways. A series of test sections were
built as part of a state highway contract. Ten asphalts in the 200-300 penetration grade were
selected, of which 6 met the new specifications, 2 met the previous specifications and 2 asphalts
which were not commercially available in California were also included to aid in the evaluation. The
main difference in the new specifications was a change in flash point requirements and a reduction
in weight loss and a higher retained percentage of original penetration after the standard loss on
heat test. The test method for the flash point was changed from Cleveland Open Cup to the Pensky-
Martens Closed Cup test. However, it is not clear from the studies if the new specifications were
accepted, as current specifications use the Cleveland Open Cup. With one exception, all the
asphalts represented different crude sources and methods of production. The asphalts were
produced from three major areas broadly described as the Los Angeles Basin, the Kern Basin at the
southern end of the San Joaquin Valley, and the Santa Maria field along the Coast. The exception
was a mid-continent crude source asphalt refined in Arkansas (Smackover). Based on a
recommended asphalt content range of 5.6 to 6%, the actual contents used were 5.5%, 5.6% and
5.8%. Asphalt |-2 from Arkansas was assigned an asphalt content of 5.8 and 6.3%. The physical
properties of the asphalts used are summarized in Table A.1 of Appendix A.



The anticipated 10-year 5000-Ib equivalent wheel load was 10.7 million. The project consisted
of converting an existing two-lane highway into a four-lane divided expressway by constructing 2 new
lanes and widening the existing pavement. The structural sections for both alignments are shown
in Appendix A as Figure A.1. Construction was carried out in 3 periods between October 1954 to
March 1955. The last construction period, from February to March 1955, was sufficiently different
(rain storms) to conclude that the test sections built at this time could not be compared with the
other 2 periods. Therefore, sections constructed during the February to March period and during
the October to February period were analyzed as two separate projects.

The pavements were evaluated at various intervals for approximately 10 years using deflection
measurements (Benkelman Beam) and cores as well as visual observation and crack surveys. The
quantity of transverse, longitudinal and alligator cracks were measured in both travel and passing
lanes. In addition, other distress types were noted including raveling and block cracking. The
limiting performance criterion was set at 10% of the surface showing alligator cracking in the travel
lane. Changes in the original properties of the asphalts during mixing and throughout pavement
service life were also studied.

Results

Ten sections showed some amount of distress between 38 and 92 months of service with seven
sections remaining in satisfactory (less than 10% cracking) condition after 9 years. All of the latter
performance were from sections on old concrete. An interesting observation is that there is a rapid
increase in alligator cracking after a certain period of time (Figures 3.1 and 3.2). This occurred after
1-3% of the travel lane area was affected. Prior to resurfacing the road in 1964, a number of badly
alligator-cracked pavement areas were removed and it was observed that the fatigue cracking started

at the bottom of the leveling course and progressed upward through the mix.

A straight line can be used to approximate the relationship between the amount of cracking and
pavement age. This aliows extrapolation of the curves to any service age. Using this method the
percentage of cracking at 97 months of service life was determined. The penetration of the
recovered asphait at this time was also determined from cores. The results (Figure 3.3 and Table
3.1) indicate that as the percent of fatigue cracking increases, the penetration of the recovered
asphalt decreases. (NB: The "Pave.Per* column in Table 3.1 refers to the Paving Period of each
section.) For the Zaca-Wigmore project, the results indicated that a penetration of 30 is the
approximate critical consistency for the failure criterion adopted. A similar correlation with viscosity
at 77°F and 0.05 sec™! shear rate was also found with a viscosity of approximately 20 megaPoises

occurring at the failure criterion.

3-2
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Hardening with age as measured by the penetration test is shown in Figure 3.4. The curves
show a rapid increase in hardening (decrease in penetration) during the first 16 to 20 months, and
a decrease in the hardening rate thereafter. In the case of asphalt I-2 where two asphalt contents
(5.8% and 6.3%) were used, it was possible to evaluate the effect of asphait content and air voids
(Figures 3.5a and b). For Figure 3.5a, the lower asphalt content shows a lower penetration than for
the higher asphalt content. The rate of hardening is also different after about 11 months of service.

Durability is generally defined in terms of changes in physical (rheological) properties of asphalt.
An asphalt with good durability would exhibit a high resistance to change in such properties as
penetration, ductility, viscosity, and temperature susceptibility. The durability of asphalts used at the
Zaca Wigmore project were measured by the Shell microviscometer tests on the original and aged
asphalts (Simpson et al. 1959). The results, for those asphalts tested, both from laboratory and field
aged conditions, are shown in Figures 3.6a and 3.6b. The microfilm durability test was used to
artificially age the bulk asphalt in the laboratory. The authors state that it is not the purpose of the
microfilm durability test to predict the viscosity which an asphalt will attain in a road within a certain
time as this will depend on many factors such as the mix design, compaction and climate. However,
the microfilm durability test does predict the relative rate at which a number of asphalts will harden
in the road if all are used under the same conditions.

Other general conclusions reported by Simpson et al. also indicated that asphalt viscosity
decreased with increasing depth in the pavement indicating that hardening of the asphalt is greatest
at the top and decreases with increasing depth in the pavement. In general, the asphalt in the top
0.25 inch has a higher viscosity than the rest of the pavement. It was also noted that the general
level of viscosity of the recovered asphalt is related to the air void content in the compacted mix.
Figure 3.7 shows the results of two cores with an age of 32 months taken from the same pavement
section but with different air voids. At the surface and at a depth of 3+ inches, the effect of air voids
on viscosity is not clear; however, between 1 inch and 3 inches from the surface there is a difference
of 9:1 to 2:1 in viscosity in the range of 1 megapoise to 10 megapoises at 77°F, The high void

contents would be expected to lead to more rapid hardening in use.

Davis and Petersen (1967) used inverse gas liquid chromatography (IGLC) to study the asphalts
from the Zaca-Wigmore test road. The principle of the IGLC technique is to measure the retention
behavior of selected test compounds that possess different functional groups such as phenol.
Retention behavior (as described by Davis and Petersen) is a measure of functional group
interactions between the test compound and the asphalt, and is thus related to the chemical

composition of the asphalt. Studies were made to determine the relationship between the IGLC test
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results on the weathered asphalts and their in-service performance and the changes in the asphalts
during the laboratory microfilm durability test. A good correlation was found between service life (as
defined by the 10% cracking criterion) and the phenol interaction coefficient (Ip) as shown in
Figure 3.8. (This figure is an update of that shown in the 1967 paper by Davis & Petersen, and was
reported in the discussion following Zube & Skog's 1969 report. Both Test Sections B-1 and J had
not failed as of 1969.) The phenol interaction coefficient is a measure of asphalt polarity. The
asphalts that developed greater amounts of strongly interacting polar groups during aging had a
shorter service life. Results from Paving Period 2 were not plotted as the majority had not failed after
113 months of service. Although a good correlation is shown between Ip and service life, Dr.
Petersen cautions that these data may not necessarily match with performance data in other road
tests. This may be due to variations in engineering and environmental variables, as well as different
asphalts. There exists asphalts whose phenol Ip's on oxidation are not a good indicator because
of a poor balance or incompatibility of molecular components. For the Zaca-Wigmore asphailts, it

was found that an Ip less than 145 resulted in a service life of greater than 100 months.

in a later study, Schmidt and Santucci (1969) reported that three alternative microfilm durability
tests, the Thin Film Plate Durability Tests (TFP), the Rolling Microfilm (RMF) and the Rolling Microfilm
on Original Asphatt (RMFO) all correlate equally well with the pavement life obtained at the Zaca-
Wigmore test road. These three tests are modifications of the Thin Film Durability Test (TFP) used
experimentally by the California Division of Highways. The first modification measures the
microviscosity at a constant stress level instead of constant shear rate. The other modifications
expose the asphalt as a microfilm in the interior of a bottle instead of a glass plate. The authors
state that although statistically the correlations are not significantly better than those of the Thin Film
Oven (TFO) or the Roliing Thin Film (RTF) oven exposures, their tests are quite different in their ease
of determination and precision. According to the authors, the RMFO test is the most convenient,
economical and most reliable of these microfilm tests. Figure 3.9 illustrates the correlation for the
RMFO residua viscosities with the Zaca-Wigmore pavement life. Note that Methods | and Il refer to
the method used to estimate the failure time of each test section. In Method |, failure is taken at the
time where each best-fit line intercepts the 10% cracking level. Method Il curves were drawn with
slopes that are the average of all the slopes from Method I. Using Method |, a viscosity of 20
megaPoises (at 77°F, 167 g/cm? on RMFO residue) would result in a service life of approximately

80 months for Period | paving. The two curves in each graph relate to the two different paving
periods.
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Conclusions

It should be noted that these results were obtained for pavement structures of 4-inch AC over

a cement treated base and a 4-inch AC overlay over existing PCC pavement. From this review of

the studies on the Zaca-Wigmore test road, the following conclusions were made.

3.2

There is a rapid increase in alligator cracking after a certain period of time. This occurs
after 1 to 3% of the travel lane area has been affected by cracking.

The occurrence of fatigue (alligator) cracking was inversely related to the recovered
penetration of the asphalt. The limiting value of penetration related to 10% fatigue
cracking was 30. For viscosity at 77°F and 0.05 sec"! shear rate, the limiting value was
approximately 20 megaPoises.

There is a rapid increase in hardening the first 16 to 20 months and a decrease in
hardening rate thereafter.

The Shell Modified Microfiim Durability test correlated well with changes in viscosity of
recovered asphalt used on the Zaca-Wigmore project.

in general, higher air void contents tend to result in higher viscosities.

As the phenol interaction coefficient of an asphalt increases, the service life (10% of
cracking) of the pavement decreases. At Ip’s of less than 145, service life is greater
than 100 months.

The Thin Film Plate Durability Test (TFP), the Rolling Microfiim (RMF) and the Rolling
Microfilm on Original Asphalt (RMFO) correlate well with pavement life.

It is apparent that the different asphalt sources exhibited different performances,
although it is not known which asphalts were used to construct a particular test section.

STE. ANNE

Description
The Ste. Anne Test Road, constructed in Manitoba in 1967, was built to study low temperature

cracking of asphalt pavements (Burgess et al. 1971, 1972; Gaw et al. 1974; Deme & Young 1987).

The study also included laboratory tests to examine the theoretical aspects of low temperature

cracking and made comparisons with field performance.

The test road was all new construction and contained twenty-nine 400 foot pavement sections,

24 feet wide. One-half of the road was constructed on a heavy clay subgrade and the other half on

a sand subgrade. The test location experienced some 3000 to 4000 degree days of freezing and

ambient temperatures ranged from 100°F to -45°F. Annual precipitation is approximately 20 inches.
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The road was new construction and carried an ADT of 1,250 of which some 10 percent was
classified as truck traffic. Instrumentation was installed to measure temperatures within the road
structure and to provide information on the initiation of transverse cracking. Cracking frequency and
crack pattern data were obtained from visual surveys. It should be noted that the test road was
designed for early failure.

Four different binders were used on the project; an SC-5 liquid asphalt made from a high
viscosity base asphalt, a 150-200 penetration LVA (low viscosity asphalt with a relatively high
temperature susceptibility, Pl = -2.7), a 300-400 penetration LVA (Pl = -2.9) refined from the same
crude source, and a 150-200 penetration HVA (high viscosity asphalt with a relatively low temperature
susceptibility, Pl = -1.4). The low viscosity asphalts had waxy characteristics while the high viscosity
asphalts did not (Gaw et al. 1974). It should be noted that the 150-200 HVA and the 300400 LVA
have similar viscosities at 39.2°F. Properties of the binders are shown in Table A.2. Three different

asphalt concrete mixes were used:

(€)) A blend of 80% limestone and 20% igneous material having 50% crushed particles
retained on the No. 4 sieve, with 2.5% of the aggregate passing the No. 200 sieve,

(b) The same biend of 80% limestone and 20% igneous material, with approximately 3.0%
additional cement filler, and

(c) 100% igneous aggregate with all sizes crushed and with 5.5% passing the No. 200
sieve.

An experimental factorial showing the various combinations of factors used for the test sections
is shown in Figure 3.10. According to the factorial, each of the binders were from Western Canadian
Crudes, although it is presumed that the sources may have varied between binders. Three different
asphalt contents were used; Marshall optimum, 1.0% below optimum, and 0.5% above optimum.
Three different structural sections were studied; asphalt concrete with granular base over both sand
and clay subgrade, and full depth asphalt concrete ‘over clay subgrade.

Results

Field observations during the winter of 1967-1968 (Burgess et al. 1971) indicated that transverse
cracks were initiated at the surface of the pavement and propagated downward. The pavement
. surface temperature was lowest when the atmospheric temperature was close to the minimum for
the day concerned. Most of the cracks did not penetrate into the binder course but were limited to
the colder and stiffer surface courses. The pavements containing the 150-200 LVA cracked at a

pavement surface temperature of approximately -34°C, whereas the pavement containing 300-400
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Figure 3.10 Ste. Anne test road test section design variables (Burgess et al. 1972)
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LVA on the clay subgrade cracked at approximately -37°C. Mixes containing SC-5 and 150-200 HVA
did not crack at -38.3°C, the lowest pavement surface temperature recorded during the winter of
1967-1968. After 3.5 years of service, no signs of transverse cracking had yet appeared on the
150-200 HVA or SC-5 test section (Burgess et al. 1972). The other two test sections exhibited

transverse cracking.

The Ste. Anne test road was monitored until 1975 when the then eight-year-old pavement was
overlaid with 5 inches of asphalt concrete made with SC-5 liquid asphalt. Just before the pavement
sections were overlaid, the test sections were surveyed again (Deme and Young 1987). It was
observed that the softer 300-400 LVA pavements exhibited less transverse cracking than pavements
containing the harder 150-200 LVA on clay subgrade and delayed cracking for five years on the sand
subgrade. The relatively low temperature susceptible 150-200 HVA (Pl = -1.4 vs -2.7 for 150-200
LVA) did not crack after eight years on the clay subgrade and delayed cracking for five years on the
sand subgrade. The SC-5 liquid asphalt sections exhibited no cracking after eight years.

Pavement structure factors were also found to affect the degree of transverse cracking. The
thicker 10-inch asphalt concrete pavement constructed with 150-200 LVA on clay subgrade exhibited
only 40 percent of the transverse cracking of the pavement containing 4-inch asphalt concrete on
16 inches of crushed gravel base with the same binder and subgrade. More transverse cracking
was found in the pavement sections constructed on sand subgrade as compared to clay subgrade.
The interaction of subgrade type, traffic and asphalt affected the time of crack initiation and cracking
frequency. A higher incidence of transverse cracking was observed in the traffic lanes for 300-400
LVA and 150-200 HVA binders than in the passing lanes on sand subgrade only.

Aggregate quality had a modest effect on cracking frequency with the sections containing 100
percent igneous aggregate and 150-200 HVA binder over sand subgrade exhibiting no cracking while
sections with local 80 percent limestone and 20 percent igneous aggregate showed moderate
transverse cracking. Asphalt content, within the range of 1 percent below optimum to 0.5 percent
above optimum, and cement filler content did not show any significant effect on transverse cracking
according to Deme and Young (1987).

Crack Temperature Prediction - Hills and Brien Procedure

A comparison of predicted cracking temperatures with the actual cracking temperature recorded
in the field was performed. The predicted cracking temperature was determined using the procedure
developed by Hills & Brien (1966). In this procedure, the thermal stress (ath) and breaking stress

(o) versus temperature curves are plotted for a given cooling rate and their intersection determines
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the predicted fracture temperature. An example of the thermal and breaking stress calculation for
field aged Ste. Anne 150-200 LVA binder is shown in Table A.3. Determination of fracture
temperatures for field aged binders recovered after construction are shown on Figure 3.11. Predicted
fracture temperatures for the laboratory and field aged binders and the binders recovered from
actual pavement specimens after 3.5 years in service are given in Table 3.2 (Burgess et al. 1972).
The less temperature susceptible 150-200 HVA binder resulted in lower fracture temperatures than
the higher temperature susceptible 150-200 LVA binder.

Crack Temperature Prediction - Binder Stiffness
The results from further research connected with the Ste. Anne test road produced several

methods for predicting the temperature at which low temperature cracking would occur. The primary
influence variable for such predictions was the stiffness of the asphalt binder at low temperatures.
To investigate this hypothesis, the stiffness moduli of the three field-aged binders recovered after
construction at 10,000 seconds loading time as suggested by Krom and Dormon (1967) was
calculated using Van der Poel's (1954) nomograph and plotted as a function of temperature in
Figure 3.12 (Young et al. 1969).

Binder data used to enter the nomograph were obtained by plotting penetration at three different
temperatures on the Bitumen Test Data Chart (Heukelom 1973) and obtaining the corrected softening
points. These corrected softening points were used together with penetration at 25°C to calculate
the Penetration Indices (Pl). The corrected softening points and Pl values were used to obtain
binder stiffness values from the nomograph. In later work, Fromm and Phang (1971) determined
from the relationship in Figure 3.12 that the temperatures at which initial cracking of the 150-200 LVA
and 200-300 LVA binders occurred during the first winter corresponded to a binder stiffness of
20,000 psi at 10,000 seconds loading time.

Iin a second procedure, Burgess et al. (1972) also calculated stiffness moduli for the binders
recovered after construction at one-half hour loading time and plotted as a function of temperature
in Figure 3.13. Stiffness moduli were calculated using the same procedure stated above. The
relationships were then combined with field performance data which showed that mixes containing
150-200 HVA did not crack when the pavement surface reached a low temperature of -38°C. From
the curve in Figure 3.13 it was deduced that mixes containing this binder did not crack when the
stiffness modulus of the binder reached 2,550 Kg/cm? (approximately 36,200 psi). Burgess et al.
(1972) assumed this binder stiffness to be the maximum critical value at which pavements will
tolerate without cracking under low temperature conditions. Based on this assumption, it was

possible to calculate the minimum pavement surface temperatures at which pavements containing
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Table 3.2 Predicted fracture temperatures for Ste. Anne (Burgess et al. 1972)

Binders
LV 150/200 LV 300/400 Hv 150/200
Miterial °C. °C. °C.
Lab. Aged Ste. Anne Binders -47 -52 -59
Field Aged Ste. Anne Binders ~48 -53 -59
Recovered Ste. Anne Binders(l) -47 -50 -52
Temp. of Stat. Sig. Field Cracking =34 =37 -
Temp. of Appearance of First Field Cracks -29 -36 -

(1) After 3-1/2 years' field service.
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the other two binders could tolerate without cracking. These temperatures were estimated to be -
29°C for mixes containing 150-200 LVA and -35°C for mixes containing 300400 LVA.,

Similar treatment of the data for laboratory aged binders produced minimum non-fracture
temperatures of -30°C and -35°C for mixes containing 150-200 LVA and 300-400 LVA respectively.
Predicted minimum non-fracture temperatures for both methods are shown in Table 3.3 in
comparison with those pavement surface temperatures at which initial cracking and “statistically
significant* cracking occurred in the field. These results show the average non-fracture temperatures
to be consistently higher than the temperature at which *statistically significant* cracking occurred,
and almost identical to the temperatures at which the very first cracks appeared in the field.

Using similar plots of stiffness moduli as a function of temperature for the three binders
recovered from the Ste. Anne text sections after 3.5 years of field service, minimum non-fracture
temperatures of -31°C, -28°C and -32°C for mixes containing the 150-200 HVA, 150-200 LVA and
300-400 LVA binders, respectively, were calculated. These data indicate that the paraffinic low
viscosity binders aged (stiffened) in the field over 3.5 years such that their predicted minimum non-
fracture temperature increased by 2 to 3°C. The naphthionic 150-200 HVA, however, aged to the
extent that the predicted minimum non-fracture temperature increased from -38°C to -31°C after 3.5
years. These data are illustrated in Figure 3.14. '

Although the pavement containing the 150-200 HVA binder had not cracked after 3.5 years of
service, the point was stressed that although a pavement containing a high viscosity type binder is
generally considered more resistant to low temperature cracking than one containing a low viscosity
type binder, the recorded data in Figure 3.14 indicate that after some 3 years of service, this is no
longer the case (Burgess et al. 1972). I, for example, the minimum pavement surface temperature
obtained during the 1967/68 winter were only -32°C, neither the LVA 300400 mixes nor the
HVA 150-200 mixes would have cracked. If a pavement surface temperature of -30°C were then to
be reached during the 1971/72 winter, the HVA 150-200 mixes would crack whereas the LVA 300-
400 mixes would not crack (Burgess et al. 1972).

Burgess et al. (1972) cautioned that the prediction procedure using binder stiffness only
indicates the low temperature cracking tendency of new pavement construction. The temperature
at which initial cracking may be expected will increase with the age of the pavement through
stiffening of the binder. However, the authors felt that this increase in cracking tendency with
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Table 3.3 Field cracking temperature vs estimated minimum non-fracture

temperature based on binder stiffness moduli for Ste. Anne (Burgess
et al. 1972)

LV 150/200 LV 300/400
°C. °C.
Estimated Minimum Non-fracture Temp.
- Field Aged -29 -35
- Lab. Aged =30 -36
- Average -29 =35
Temperature of Significant Initial Field
Cracking -34 -37
Temperature When First Field Cracks
Appeared -29 -36

3-24



WV 150/200 MIxes
LV 300/400 MIXES
LV 1507200 mixes
LONTST PAVIMENT SUPFACE. TIMPS. RIECOPDED

38 =

ESTIMATED MINIMUM NON-FRACTURE TEMPERATURE, %

-25 b
¥
*
-20 1 i i 1 i
1967/¢8 1960/69 1969770 1970/71 1971/72

WINTER OF MEASUREMENT

Figure 3.14 Effect of field service of test pavements on estimated minimum non-
fracture temperature for Ste. Anne (Burgess et al. 1972)



pavement age could be predicted from a knowledge of the aging characteristics of the binder(s)
involved during the service life of the pavement.

In a third procedure, Gaw et al. (1974) derived *empirically corrected predicted stiffness values*
for the asphalts based on the relationship between predicted stiffness obtained from van der Poel's
1954 nomograph and stiffness measured directly with the Shell sliding plate rheometer using
procedures described by Fenijn and Krooshof (1970). The *empirically corrected" stiffnesses were
obtained by applying an adjustment factor to the predicted stiffnesses obtained from van der Poel's
nomograph. This was based on the relationship between predicted stiffness and experimentally
measured stiffness values at -10°C and by assuming that both methods would coincide at 3 x
10°N/m2. The *empirically corrected® stiffnesses for the three laboratory aged binders are plotted

as a function of temperature in Figure 3.15.

From these relationships, Gaw et al. (1974) determined that the temperatures at which initial
cracking occurred during the first winter corresponded to a binder stiffness of 10° N/m? (1.4 x 10°
psi) at 1/2 hour (1,800 seconds) loading time for both 150-200 LVA and 300-400 LVA binders. It is
pertinent to note that this stiffness and loading time was accepted by the Asphalt Institute’s Ad Hoc
Committee (1981) as the limiting stiffness at which pavements crack.

Deme and Young (1987) compared the stiffnesses obtained from original, thin-film aged and
recovered asphalt properties from the pavement after five years (Figure 3.16). They noted a
progressive increase in binder stiffness modulus with time at warm temperatures but little change at
low temperatures in the regime at which transverse crack initiation was observed. This did not
substantiate field evidence which indicated a tendency for pavement cracking to increase with time.
Deme and Young (1987) attributed the increase in cracking with time to *age hardening® or "structural
hardening" of the binder. They concluded that binder stiffness modulus was an excellent criterion
for predicting the initial critical cracking temperature. However, they expressed concern that this was
an inadequate tool for predicting long-term change in pavement cracking susceptibility as the binder

structure caused by structural hardening is altered in the binder recovery process.

Conclusions
The following conclusions are pertinent to the results and observations obtained from the Ste.
Anne field and laboratory investigations that are outlined in this report:

1. Transverse cracking was initiated mainly at the pavement surface at a time when the

surface temperature was close to the minimum on a given day.
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10.

11.

12.

The asphalt grade had a significant effect on transverse cracking with the softer low
viscosity 300-400 pen asphalt cement exhibiting less transverse cracking than the harder
150-200 pen asphalt cement from the same crude source on clay subgrade. in addition,
it delayed cracking for five years on sand subgrade.

The temperature susceptibility of the asphalt had a significant effect on low temperature
cracking with the less temperature susceptible (high viscosity) 150-200 pen grade
asphalt cement exhibiting no transverse cracking after eight years on clay subgrade
and delaying cracking for five years on sand subgrade as opposed to the more
temperature susceptible (low viscosity) 150-200 pen asphalt which cracked during the
first winter on both subgrades.

The SC-5 liquid asphalt, a high penetration binder made from a high viscosity base
asphalt, exhibited no cracking after eight years.

The thickness of the asphalt pavement structure affected the amount of low temperature
cracking. Forty percent less cracking occurred in the full-depth 10-inch asphalt concrete
pavement on clay subgrade as compared to the thinner 4-inch asphalt concrete with
16-inch crushed gravel base pavement on clay subgrade.

The cumulative effects of traffic increased the frequency of transverse cracking on some
of the pavements with the sand subgrade.

Less cracking for the same binder type (150-200 HVA) was found in the asphalt concrete
mixes containing the 100% igneous aggregates as compared with mixes containing 80%
limestone and 20% igneous aggregate.

Asphait content did not influence cracking within the range of one percent below to one-
half percent above Marshall optimum.

Mix filler content did not influence cracking within the range of 2% to 5.5% finer than
75sm (No. 200 sieve).

The critical stiffness moduli for the asphalt binder at the time of cracking was determined
to be 10° N/m2 (1.45 x 105 psi) at a loading time of 0.5 hour.

Pavements for which the stiffness moduli exceeded the limits in item 10 cracked during
the first winter.

While recovered binder stiffness correlated with transverse cracking initially, its precision
was found to diminish with time for predicting changes in susceptibility to cracking. This
was attributed to the reversal of "structural hardening® during binder recovery from the
pavement.



3.3 PENNSYLVANIA (1976)

Description
in 1976, six test pavements were constructed on Traffic Route 219 in Elk County, Pennsylvania

using six AC-20 asphalt cements from five different sources (Kandhal, Mellott and Busso 1984). The
objectives were to; (a) study the change in asphalt properties with age for in-service pavements, (b)
determine the effect of rheological properties at 77°F (25°C) or lower temperatures on pavement
performance and durability, and (c) develop suitable specifications for AC-20 asphalt cement to
insure durable pavements.

The test road was built on a two-lane 20 foot wide highway with an ADT of 3700. Each test
section was approximately 2000 feet long and consisted of a 1.5 inch resurfacing of an existing

structurally sound pavement. The structure of the existing pavement was as follows:

Subgrade - consists of silty soil (AASHTO Classification A-4).

2. Base - 10 inch crushed aggregate base and 3 inch penetration Macadam (constructed
1948) .

3. 3 inch binder and 1 inch coarse sand mix {constructed 1962) surface treatment (placed
1974)

4, 1.5 inch bituminous concrete wearing course (placed 1976)

Mix composition and compaction levels were held reasonably constant on all test pavements.
The mix temperature for each test pavement was adjusted to obtain a mixing viscosity of 170+20
centistokes to ensure more uniform construction. The only significant variable was the asphait
source. The crude sources, methods of refining and chemical compositions are given in Table 3.4.
Asphalts T-1 and T-5 came from the same refinery. The properties of original asphalt cements and
asphalts recovered just after construction are given in Tables A.4a and A.4b respectively and are
plotted on Bitumen Test Data Charts developed by Heukelom (1973) in Figures A.2 through A.7.

Results

A very cold winter (1976-1977) followed construction of the test pavements with air temperatures
reaching as low as -20°F (-29°C) and minimum pavement temperatures 2 inches below the pavement
surface reaching -10°F (-23°C). Visual observations indicated that two pavements (T-1 and T-5) out
of the original six developed low-temperature cracking. These two pavements contained asphalt from
the same crude source and were both refined by vacuum distillation with propane deasphaltizing

while the others were refined by steam or vacuum distillation. The results of crack surveys
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conducted within 3 years of construction are given in Table A.5. In this table, the cracking index as
referenced by Fromm and Phang (1972) was used except 1/4 of part width (P) cracks of 2 to 8 feet
were also added. The typical crack configuration for T-1 and T-5 pavements is shown in Figure 3.17.

After 6 years of service, the existing cracks on sections T-1 and T-5 had widened and more
cracks developed with each successive winter while the other test pavements gradually started to
develop cracking to different degrees (Kandhal, Mellot and Busso 1984) . Longitudinal cracking (as
part of block cracking) was extensive in sections T-1 and T-5 as well, Performance ratings obtained
6 years after construction are presented in Table A.6. Each category was rated on a scale from 1
to 10. A perfect pavement would have a rating of 40. Results of a transverse crack survey
conducted 5 years after construction is shown in Table A.7. Again, the cracking index shown in this
table was modified to include 1/4 of part width (P) cracks.

The temperature susceptibility of the original asphalts and asphalts recovered immediately after
construction was determined by three indirect methods: (a) the Pl (pen/R & B) method (Pleiffer and
van Doormaal 1936), (b) the PI (pen/pen) method (Heukelom 1973), and (c) the PVN method
(McLeod 1976). The results of these measurements are shown on Table 3.5. Asphalt T-1 was the
most temperature susceptible according to ali 3 methods followed closely by asphalt T-5. Kandhal
et al. (1984) found that the Penetration index numbers based on the Heukelom method, Pi (pen/pen),

were substantially lower than the Penetration index numbers using the Pfeiffer and van Doormaal

method (PI (pen/R&B)). It was also found that, of the three methods, the McLeod method (PVN)

showed the least change in temperature susceptibility between original asphalts and asphalt
recovered just after construction while the Penetration Index values obtained by the other methods
showed greater change.

Stiffness moduli for the original asphalts were determined indirectly using three methods. For
each method, a loading time of 20,000 seconds and temperatures of -20°F (-29°C) and -10° (-

23°C) were used. The three methods used are described below:

1. Original van der Poel Method (Method 1) - The original method as described by van der
Poel (1954), in the form of a nomograph. This method uses penetration at 77°F (25°C),
softening point (R & B) and Pl (pen/R & B).

2. Heukelom Modification (Method [f) - This method (Heukelom 1973) uses penetration at
two or three temperatures, "corrected" softening point (T, 800) pen and Pl (pen/pen). The

original van der Poel nomograph is used for determining stiffness modulus.
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3. Mcleod Method (Method Hll) - This method (McLeod 1976) uses penetration at 77°F
(25°C) and viscosity at 275°F (135°C).

Results are shown on Table 3.6. Kandhal, Mellot & Busso (1984) observed that the modulus values
obtained from the Heukelom method were significantly higher than the other methods for asphaits
T-1, T3, T-5 and T-6. However, all three methods showed that the two asphalts that developed
excessive low-temperature cracking (T-1 and T-5) had the highest stiffness moduili.

The stiffness moduli of asphalts recovered immediately after construction also were determined
by the same three methods at -10°F (-23°C) and -20°F (-29°C) for both 10,000 second and 20,000
second loading times (Table 3.7). Based on Ste. Anne Test Road data (Young et al. 1969), Fromm
and Phang (1971) have suggested a limiting stiffness for field aged asphalt of 20,000 psi at a loading
time of 10,000 seconds to eliminate cracking. This stiffness modulus was calculated using
Heukelom's (1973) suggested procedure. The two asphalts that showed early cracking (T-1 and T-
5) had stiffness moduli at -10°F and 10,000 seconds loading time above that limit.

in July 1977, a specification requirement for AC-20 asphalt cement for use in cold regions of
Pennsylvania where the Air Freezing Index exceeds 1000 degree/days was implemented. The
specification requirement allows a maximum permissible stiffness modulus of 275 kg/cm? (3905 psi)
at -10°F and 20,000 seconds loading time based on MclLeod's (1976) method. The 275 kg/cm?
value was selected since it was midway between the highest asphalt stiffness for uncracked
pavements (200 kg/cm? for asphalt T-4) and the lowest asphalt stiffness on the cracked pavements
(375 kg/cm? for asphalt T-5). The specification was implemented by specifying minimal allowable
PVN and viscosity at 275°F for various penetration values. The minimum allowable PVN and viscosity
at 275°F requirements were set such that the stiffness would not exceed 275 kg/cm? (3905 psi) when
calculated using McLeod’s method.

Twenty months after construction, core samples were taken and asphalt cements were
recovered. The recovered asphalt properties are presented on Table A.8. The Pl (pen/pen) values
of the original and aged asphalts showed large increases (decreased temperature susceptibility) after
20 months, whereas PVN values have changed very little (Tables A.4a, A.4b, and A.8). Due to the
large changes in the Pl (pen/pen) values, the stifiness moduli of most asphalts determined by the
Heukelom method using Pl (pen/pen) decreased after 20 months rather than increased.
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Six years after construction, core samples were again taken and recovered asphalt current
properties measured as shown in Table A.9. Asphalts T-1 and T-5, which exhibited the most
transverse cracking, had the lowest penetrations at 15 and 22, respectively.

Conclusions

The following conclusions were drawn from this research project. It should be noted that these
conclusions are based on a 1.5 inch overlay containing the test asphalts of an existing structurally
sound pavement. Note also that the authors did not specifically relate Rostler's parameters to
performance despite their measurement. It is likely that their initial hypothesis was to determine if
some relationship could be established between the parameter and performance. The fact that no
relationship was reported suggests that no correlation was found. Nevertheless, the authors
contribute to the general body of knowledge as regards typical values for Rostler's parameters.

1. Temperature susceptibility of the original and lab aged asphalts as determined by PI
(pen/pen) values (Heukelom 1973) are substantially lower (ie. more temperature
susceptible) than Pi (pen/R & B) values (Pfeiffer & van Doormaal 1936) and PVN values
(McLeod 1976). PVN values are comparable to Pl (pen/R & B) values and were within
+0.4 with an average difference within 0.1.

2. Pl (pen/pen) values (Heukelom) generally increased substantially (decreased temperature
susceptibility) when the asphalt cements were aged, whereas changes in PVN values
were minimal.

3. Stiffness moduli of the original asphalt cements, determined from van der Poel's (1954)
nomographs using Pfeiffer and van Doormaal’s (1936), Heukelom's (1973), and McLeod's
(1976) methods were in agreement that asphalts T-1 and T-5 had the highest stiffness
values, respectively. Pavements constructed with these asphalts suffered severe non-
load associated transverse cracking. It is pertinent to note that these asphalts were
refined by propane deasphalting and vacuum distillation while the other asphalits were
refined by vacuum distillation and steam distillation.

4, The limiting stiffness criterion of 20,000 psi at 10,000 seconds loading time
recommended by Fromm and Phang (1971) for asphalt recovered immediately after
construction, using Pl (pen/pen) and corrected softening point suggested by Heukelom
as the basis of calculation, was verified. Asphalts recovered from sections T-1 and T-
5 had stiffness moduli over 20,000 psi at -10°F (-23°C), recorded 2 inches below the
pavement surface, at 10,000 seconds loading time.

5. From the limited data available, a maximum permissible stiffness modulus of 275

kg/cm?2(3906 psi) for the original asphalt cement (at a minimum pavement temperature
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of -10°F (-23°C) and 20,000 seconds loading time), based on MclLeod's work, was
incorporated into AC-20 asphalt cement specifications for cold regions of Pennsylvania.

6. Viscosity at 140°F or 275°F of recovered asphalt after 6 years did not correlate with the
pavement performance.

7. Penetration at 77°F of the recovered asphalt after 6 years indicates a general trend:
lower penetration associated with poor performance and vice versa. Asphaits T-1 and
T-5, used by the poorest performing pavements, had penetrations of 15 and 22,
respectively. Asphalt T-3, used in the best performing pavement, had a penetration of
35.

3.4 EUROPEAN TEST ROADS - FRANCE AND GERMANY

Description
Two controlled test roads were constructed in 1963 and 1964 in France and Germany

(Chipperfield & Welch 1967, Chipperfield et al. 1970) to study the behavior of eight 70-100
penetration bitumens in asphalt concrete wearing courses in hot/dry and cold/wet climates. The test
road in France was laid out on Route Nationale 7 (RN7) between Nice and Antibes where maximum
road temperatures of 140°F (60°C) aré recorded to represent a hot climate. The test road in
Germany was laid on Bundestrasse No. 2 (B2) near Augsburg where minimum road temperatures
of -4°F (-20°C) are recorded to represent a cold climate. The French test sections were part of a
three-lane highway carrying approximately 15,000 vehicles per day and the German test sections
were placed on a two lane highway carrying about 8,000 vehicles per day. In both test roads, the
sections were laid as 1.5 inch wearing courses for resurfacing existing roads of uniform construction.

For each location, 110 test sections were constructed. Two mixture designs, two aggregates
and three binder contents were studied for each of the eight asphalts in a 2x2x3x8 experiment with
14 control sections containing the number 1 bitumen. The experiment design layout is shown in
Figure 3.18. Original asphalt properties were measured for each bitumen on both road trials (Table
A.10). The properties of the asphalts remained substantially unchanged between the France Test
Road (RN7) constructed in 1963 and the Germany Test Road (B2) constructed in 1964 with the
exception of Bitumen No. 1. This difference was thought to be due to an unavoidable small change
in the basic feedstock between construction dates. Samples of bitumen were also shipped to the
USA and additional testing was performed by Materials Research and Development, California
Division of Highways, and the Bureau of Public Roads. The results are given in Tables A.11, A.12,
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A.13a and A.13b, respectively. It is interesting to note that the Rostler durability parameter rated all
of the asphalts as having satisfactory durability or better.

Performance Measurements

Performance measurements were conducted visually by a panel of observers. Overall condition
was evaluated in addition to assessment of disintegration, excessive binder, deformation, traffic laning
(differences in surface texture due to variations in traffic intensity across the lanes), general variability
and texture. Overall condition ratings were based on a six-point scale; VG (very good), G (good),
FG (fairly good), F (fair), P (poor), and B (bad). The ratings were subjective and those reported were
an average assessment agreed upon by the raters. Full details of the rating procedure are reported
in Chipperfield and Welch (1967). The number of test sections, by bitumen type, falling into the
various rating categories after 5 and 6 years for the B2 and R7 trials, respectively are shown in Table
3.8.

Effects of Aging
Chemical and rheological properties of the bitumens recovered after mixing, transpor, laying,

and during service were measured to determine aging effects. The procedures used for sampling
and recovery are given in Appendix B of Chipperfield and Welch (1967). Viscosity measurements
at 15°C and 35°C using a sliding plate microviscometer (Griffin et al. 1957) on a constant shear
stress basis were reduced to a single master curve at 77°F (25°C) using principles of
time/temperature superposition. Viscosities were measured on recovered asphalts from mixes
sampled during construction and from the top 1/8 inch slice of field cores. Aging indices (recovered
viscosity/original viscosity) versus mixing, laying and time in service is shown in Figure 3.19.
Changes in broad chemical composition after mixing and infield service, as measured by a
modification of the Corbett and Swarbrick procedure (Corbett and Swarbrick 1958), is presented on
Table A.14 and Figures 3.20 through 3.23. In the modified procedure, the asphaltenes were
precipitated by n-heptane and the remaining material was separated by chromatography to give

saturates as an iso-octane eluate, cyclics as a toluene eluate and resins as a toluene/ethanol eluate.

The results of the above measurements showed that the major compositional changes occurred
mostly in the mixing and laying operations. Results show a slight decrease in cyclics content and
increases in the resins and asphaltene contents for all bitumens. The saturates contents of the B2
bitumens were essentially unchanged, whereas for the RN7 bitumens, the saturates contents
increased slightly. This slight increase was thought to be caused by oil spillage contamination.
Chipperfield et al. (1970) concluded that "...despite the fact that the bitumens were chosen from a
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Table 3.8 Summary of performance measurements for European test
roads after 5 and 6 years service (after Chipperfield et al. 1970)

Rating B;tuman.éD_Numget 4 5 7 8 9
VG 12 6 6 6 6 6 6 6
G 29 12 14 15 15 15 15 13
FG 10 6 6 4 3 3 3 5
F - - - - - - - -
P 1 - - - - - - -
B - - - - - - - -

NOTES:

1. Values in table are the number of test sections corresponding to
each performance rating separated by bitumen number.

2. Bitumen number 6 was not used.

3. VG--Very Good
G--Good
FG--Fairly Good
F--Fair
P--Poor
B--Bad
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wide range of crude sources and prepared by different processing routes, the overall chemical

changes of all the bitumens are remarkably similar for each test road".

Comparisons of Thin Film and Rolling Thin Film Oven Test (TFOT and RTFOT) results with field
results for RN7 coarse graded basalt mixes are shown in Table A.15. The results showed that the
tests indicated viscosity changes fairly well but were not in good agreement with broad chemical
changes.

Conclusions
From the results of the studies, the following conclusions were drawn (Chipperfield et al. 1970).

These conclusions were based on a 1.5 inch overlay containing the test asphalts of an existing

pavement of uniform construction.

1. Despite differences in the initial characteristics of the asphalts, no large differences in
pavement performance attributable to the asphalts were found. The differences
observed in the various test sections after five and six years were accounted for by
differences in aggregate grading and type, and defects in the road structure.

2. If the performance of the road trials proceeded in the same manner, the eventual failure
of the test sections would unlikely be related to differences in bitumen properties.

3. Rheological measurements and broad chemical composition studies on samples of
bitumen recovered at various stages during the construction and service of test sections
have shown the bulk of the changes to occur during mixing and laying, with only slight
changes in the 5 to 6 year service. Air void contents for cores extracted 4-6 months
after construction generally ranged from 3 to 6 percent and after 20-24 months generally
ranged from 2 to 5 percent.

During the discussion of the Chipperfield et al. (1970) paper at the Association of Asphalt Paving
Technologists (AAPT) meeting, the point was raised by Welborn et al. that hardening of asphalt in
service is largely affected by air voids content and asphalt content with asphalt characteristics of
lesser importance. Because of the low air voids of the test roads, there was little chance for oxygen
to enter the asphalt mixture and react with the asphalt. Vallerga commented that the results of a
Bureau of Public Roads (now FHWA) study (Vallerga et al. 1970) indicated that hardening was
directly related to air voids content and voids filled with asphalt. At less than 3 percent air voids,
changes in asphalt properties were relatively insignificant. Over 3 percent, the changes were large.

Post-Study Observations

3-48



In France, the test sections were inspected and measurements taken after 11 years of service
(Welborn 1979). Over-all, serviceability was still good, although there was a fair amount of
longitudinal cracking on one side of the road which appeared to have been caused by pipe-
trenching beside the road. Asphalt recovered from the upper 1/8 inch of core specimens showed

only minor changes in chemical composition with time.

In Germany, the wearing course had suffered such severe damage from studded tires that the
road required resurfacing and the study was terminated in 1971. The data obtained in 1970 and
1971 did not necessitate any modifications of the conclusions in the 1970 report.

3.5 MICHIGAN

Description

In 1954, Michigan constructed a controlled field experimental project consisting of six uniform
test sections in which 60-70 penetration grade asphalts from six different sources were used (Parr
et al. 1955, Parr & Serafin 1959, Serafin et al. 1967, Corbett & Merz 1975). The objectives were 10
correlate in-service pavement performance with asphalt properties in order to compare the
performance of new asphalt sources becoming available in Michigan with asbhalts that previously
had been giving satisfactory service. The main differences in physical characteristics were in
viscosity, temperature susceptibility, and resistance to hardening during hot plant mixing.

The test sections were built on a portion of US 10 with an ADT of 12,000 vehicles. Each test
section was 2,400 feet long and 40 feet wide with no transitions and consisted of a 3-inch overlay -
on 23 year old reinforced concrete pavement with a granular subbase. The contractor was required
to use the same sources of aggregates in producing the bituminous mixtures for each of the test
sections. In addition, mixture proportions were maintained as uniform as possible in order to
eliminate any effects such variations would have on pavement performance or physical properties
of the asphalt or mixtures. The only significant variable was the asphalt source. The asphalt source
for each section and composition of the mixtures is shown on Table 3.9. Samples of asphait
cements were obtained from tank car shipments and tested. The properties of the original asphalt
cements are given in Tables A.16.

Pavement Performance

A 4-year coring and testing program, and visual observations gave little or no evidence of
differences in performance of the pavement sections containing the 6 asphalts (Parr & Serafin 1959).

Reflection cracking was present in all sections. It was noted that sections 2 and 6 had a rough
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surface texture. This condition had been noted since construction when mixes containing these high
viscosity asphalts were difficult to roll, leaving a rougher textured surface.

After 12 years, differences in performance of the test sections were minimal. Some engineers
inspecting the project felt that section 2 (Venezuelan crude) and section 6 (East Texas Talco crude)
exhibited more cracking and pitting than the other sections. Penetration and ductility of recovered
asphalts after 4 and 11 years are shown on Table A.17. The resuits show that asphalts 2 and 6 had
the lowest penetrations with values of 26 and 29, respectively, after 11 years. Asphalt 6 showed
the greatest decrease in ductility followed by asphalt 4 and asphalt 2. Serafin et al. (1967)
cautioned, however, that there may have been variations in condition of the underlying concrete
pavement and base material at the time of resurfacing which would make it difficult to draw any firm,
significant conclusions regarding any differences in condition of the six test sections.

Rut depth measurements after 12 years of field service (Serafin et al. 1967) are summarized on
Table A.18. There was very little difference between the various sections in results obtained for a
given lane. Much more rutting developed in traffic lanes than passing lanes. Analysis of the data
indicated no significant correlation between rutting and vertical alignment. In general, the greatest
rutting occurred in the outermost lane around horizohtal curves. More rutting occurred in the
northbound traffic lane than the southbound, probably due to northbound truck traffic being more
heavily loaded, because of numerous gravel pits at the south end of the test project. No correlation
could be established between rut depth and asphalt viscosity. After 18 years, the performance of
the sections was judged based largely on wear and weathering of the surface, with some
consideration of edge raveling. In terms of relative performance, Sections 1, 3, and 5 were rated
best, 2 and 6 as poorest, and 4 as intermediate.

Additional Studies
In 1975, Corbett and Merz reported the results of a study of the asphalt cements used on the

Michigan test road. The study was undertaken to; (a) determine the extent of the change in
chemical composition of the asphalt binders after 18 years of service, (b) relate the changes to the
mechanism of binder hardening, and (c) relate, if possible, the compositional changes with respect
to wear and weathering. Bulk samples of original asphalt stored in containers since construction
were tested to determine original composition and viscosity at 140°F. Pavement cores were obtained
from each of the six asphalt sections. The asphalt was extracted and recovered by the Abson
method for the top 1/8-inch layer and the next 1/4-inch minus layer below the saw cut. Properties
of the asphalt recovered from the cores are presented in Table A.19. The authors noted that for all

asphalts, the viscosities at 140°F (60°C) and softening points increased and the penetrations and
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ductilities decreased. The changes were greater in the top 1/8-inch layer than in the 1/4-inch minus
layer below it. This indicated that hardening is more pronounced at or near the pavement surface
because of increased exposure to air, sunlight, etc. The binders from sections 2 and 6 had the
highest recovered viscosities and binder 6 had the lowest recovered ductility.

Compositional analysis were performed using the Corbett (1969) method. These data are shown
in Table A.20. The mechanism of change for each layer during aging is shown on Figure 3.24. The
saturate content from recovered binders was virtually unchanged from that of the original binders;
however, slight increases, thought to be attributable to drippage, were found in the top layer. The
amount of naphthene aromatics decreased in all sections, more so in the top 1/8-inch layer than in
the 1/4-inch minus layer. Asphaltenes consistently increased, especially in the top layer. Polar
aromatics showed no distinct pattern. Both saturates and naphthene aromatics are low-viscosity
components and Corbett believed that they function as plasticizers for the higher-viscosity
components, ie. polar aromatics and asphaltenes. The compositional changes due to aging
decrease in the liquid component (naphthene aromatics) and increase in the solid components (polar
aromatics and asphaltenes) which would be expected based on the changes in physical properties.

Conclusions
The following conclusions were drawn from the Michigan Test Road.

1. All of the test sections showed considerable reflection cracking, wear, weathering and
raveling; however, these distresses were more pronounced in sections 2 (Venezuelan)
and 6 (East Texas Talco) asphalts.

2. Recovered binders from sections 2 and 6 had the lowest penetrations at 77°F with
values of 31 and 34 after four years and 26 and 29 after 11 years. Recovered
penetrations after 11 years for the remaining binders ranged from 30 to 35.

3. Recovered binders from sections 2 and 6 after 18 years had the highest viscosities at
140°F with values of 17,041 and 34,414 poise, respectively, compared with the range
of 7,320 to 11,787 poise for the remaining binders.

4. Recovered binder from sections 2 and 6 had generally the lowest recovered ductility
after 18 years with values of 0.5 and 2.5 cm at 60°F and 7 and 5 cm at 77°F.

5. Although sections 2 and 6 showed somewhat greater pitting and cracking, variation due
to condition of the underlying concrete pavement and base material would make it
difficult to draw any firm conclusions regarding cracking performance of the test

sections.
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Figure 3.24 Mechanism of change for (a) top 1/8-inch layer and (b) 1/4-inch minus
layer in Michigan (Corbett & Merz 1975)
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6. Although a slight amount of rutting occurred in the test sections, no distinct relationship
could be established between observed rut depth and asphalt viscosity.

7. Chemical composition on original and recovered binders revealed a reduction in
naphthene aromatics and an increase in asphaltenes while polar aromatics and saturates
showed no distinct trend.

8. Changes in binder consistency and chemical composition after 18 years were much
greater in the top 1/8 inch layer than in the 1/4-inch minus layer of the wearing course,
indicating that hardening is greater near the pavement surface because of increased
exposure.

3.6 ONTARIO (McLeod)

Description

in 1960, the Ontario Ministry of Transportation and Communication constructed 3 test sections,
each 6 miles long in Southwestern Ontario (McLeod 1972, 1987, 1988). Each test section was
constructed with 85-100 penetration asphalt with low, medium or high temperature susceptibilities
over loam to clay loam subgrades. The asphalt content for each road was 6.0 +.5%. All these
roads contained approximately 3% air voids in the in-place condition. The major objective of these
test roads was to determine the influence of asphalt temperature susceptibility on pavement
performance. The asphalt properties of these sections are summarized in Table A.21 and the mix
properties in Table A.22.

The 1969 daily traffic volumes on the three test roads ranged from 900 to 1,500 with 10 to 18%
comprised of trucks. The roads were surveyed for transverse cracks after 8, 9, 10, 11 and 15 years
of service. From the 1972 report, McLeod indicates that only Type 1 transverse cracks should be
used in relating the cracks with other pavement or environment variables. Type | transverse cracks
are those that extend across the full widths of a traffic lane. Cores were also taken to determine mix
and binder properties (Tables A.23 through A.25).

Results

The temperature susceptibility of the recovered asphalt was initially determined using the
penetration index (P.l.) as developed by Pfeiffer and van Doormaal based on penetration at 77°F
(25°C) and the softening point of an asphalt cement. MclLeod’s analysis indicated that the number
of Type 1 transverse cracks decreased with a decrease in the Pl value. (Decreasing values of Pl
indicate increasing temperature susceptibility.) He therefore concluded that the “...Pi values do not
always provide a realistic measure of asphalt temperature susceptibility’. One reason was that one
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of the asphalts was a Western Canadian waxy light crude. As a result of the wax content, the
softening points was too high which gave a temperature susceptibility rating that was too low. A
different method of providing a quantitative measure of temperature susceptibility was developed.
This method is based on the penetration of an asphalt cement at 77°F and the viscosity at 275°F,
hence the term “pen-vis number.* McLeod indicated that *...because of the way [the penetration-
viscosity number (PVN)] is derived, [it] is numerically similar to, and may be numerically identical with
Penetration Index values for many paving asphalts.*

From the data for the three test roads, MclLeod concluded that the relationship between the
amount of transverse cracking that occurred correlated very well with Penetration-Viscosity numbers
instead of Penetration Index. Figure 3.25 illustrates that the number of transverse cracks increased
with a decrease in the pen-vis number (increasing temperature susceptibility) of the asphalt cement.
He also stated that the pen-vis numbers did not change for the life of the pavement (1987). He
indicated this is not true for the Pl values, which change with time and aging of the asphalt cement.

A chart (modified since 1972) was presented (Figure 3.26) was presented to demonstrate how
the penetration at 77°F and the temperature susceptibility of an asphalt cement can be selected to
avoid low temperature transverse pavement cracking within a range of minimum service temperatures
(+10°F to -40°F) during the lifetime of a well designed and constructed asphalt pavement. For
example, when the minimum service temperature anticipated is -10°F, only original paving asphalts
with combinations of penetrations at 77°F and viscosities at 275°F that are on or to the right of the
oblique line labelied -10°F, would avoid low temperature pavement cracking throughout their service
lives. Asphalts to the left of this line are too hard and pavements containing them would be subject
to thermal cracking at a minimum service temperature of -10°F. The penetration of the asphalt must
be increased as the temperature susceptibility of the paving asphalt increases. Figure 3.26 also
indicates that the modulus of stiffness of the paving mixture for each oblique temperature-labelled
line representing a minimum service temperature, is constant throughout its length.

In the discussion after McLeod presented his 1972 paper, it was emphasized by Halstead that
not only the grade but the temperature susceptibility of the asphalt should be considered in
pavement design to mitigate low temperature cracking. His point in support of McLeod's paper was
that regardiess of whether penetration or viscosity grading is used, the temperature susceptibility is
the important variable.
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The stiffness modulus of the various recovered asphalt cements was determined using Van der
Poel's nomograph as shown in Figure 3.27. The PVN values are used in place of Pfeiffer & van
Doormaal's Penetration Index numbers in the nomograph. Asphalt was extracted from pavement
samples taken from each of the nine pavement test sections of the three Ontario test roads after
8 and 15 years of service. The average minimum temperature to which the pavements had been
subjected during the 8 and 15 year periods were -3.2°F and -3.8°F respectively. in Figure 3.28, the
stifiness for each recovered asphalt cement has been plotted against the number of corresponding
Type | thermal cracks per lane miles that had occurred during the 8 and 15 year periods. It is clear
that the number of low temperature transverse cracks increases with increasing asphalt stiffness.
Also, the number of cracks after 15 years for any given test section is greater then after 8 years, as
expected.

Figure 3.29 shows a similar graph, except that the modulus of stiffness of the nine paving
mixtures are used instead. In both figures, the method of least squares was used to draw the fitted
line. The author notes that the data points for the paving mixtures are more closely clustered around
the least square line (no further statistical information was given) than for the data showing the
corresponding recovered asphalts. For this reason, the author *...claims that the properties of the
paving asphalt itself are responsible for ... 85 to 95% of low temperature thermal cracking." However,
it was recognized that variables other than the asphalt cement in the mix can also influence low
temperature transverse pavement cracking.

Mcleod has concluded that low temperature transverse cracking is likely to occur when the
modulus of stiffness of a pavement reaches 1 million psi at a pavement depth of 2 inches due to any
critical combination of chilling to a low pavement temperature, hardness of the asphalt cement and
other controlling factors. This value is based on Van der Poel's nomograph for a loading time of
20,000 seconds and applies to *well designed paving mixtures® with a C_ value of 0.88 (14.5% VMA
and 3% air voids). MclLeod bases this conclusion on the performance of the Ontario and Ste. Anne
test roads, laboratory studies and his observations of the service behavior of asphait pavements in
Canada, the USA and Norway.

In the discussion after McLeod’'s paper at the CTAA (1978), it was pointed out by W.D.
Robertson that “...in general, the Pi and the PVN are not numerically equal. This is true for both
vacuum reduced asphalts, on which the PVN correlation is based, and air blown products®. Data
was presented on 88 asphalt cements made from 19 different crude oils. The Penetration Index
was calculated for each of these bitumens, based on penetration measurements at 25°, 10° and

4°C. Pen-vis numbers were calculated for the same materials. *The correlation between Pl and PVN
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is poor (R? = 0.53), which indicates that there are other factors, not related to temperature
susceptibility in the low temperature region, which affect the high temperature viscosity". Also, all of
the factors which cause the temperature susceptibility in the high temperature region to differ from
that in the low temperature region are not known; however, one is the presence of wax. Melting
of crystalline components as the temperature is increased causes a drop in viscosity, and hence an
artificially low PVN value.

McLeod's response was that the close relationship for Pl and PVN is valid only fo? paving
grades of asphalt (not air blown materials) produced by steam or vacuum reduction. He also
commented that *...asphalt cements manufactured by steam or vacuum reduction from waxy crude
oils have had high temperature suscéptibilities and therefore low PVN numbers®". It was his belief
that pavements prepared with these waxy asphalts have developed more low temperature transverse
pavement cracks than other asphalt pavements in the same area made with asphalt cements having
lower temperature susceptibility — higher PVN values. Based on this discussion, it was concluded
that PVN can be affected by wax content in the asphalt.

Conclusions
From the series of papers presented on the Ontario test roads, the following conclusions can
be drawn:

1. The PVN method was developed as a more “realistic* measure of asphalt temperature
susceptibility.
2. A chart is presented to select an asphalt cement to avoid low temperature transverse

cracking within a range of service temperature (+10°F to -40°F). This chart uses
penetration at 77°F and PVN as the basis for seiection.

3. As the PVN decreases (i.e. increasing temperature susceptibility) the number of low
temperature transverse cracks increases. ‘

4. As the stiffness of the recovered asphalt cement increases, the number of low
temperature cracks also increases. For the criteria of not more than 20 transverse
cracks/mile, the limiting stiffness is approximately 5,000 psi.

5. A similar relationship exists for the stiffness of paving mixtures. MclLeod's limiting
modulus of 1 million psi resuits in approximately 20 low temperature cracks per mile.

6. Wax content in asphalts can give artificially low PVN values.
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3.7 UTAH

Description
The Utah study analyzed pavement performance data from two sources in an effort to develop

relationships between asphalt properties and field performance (Anderson et al, 1976). The study
included 20 controlled test sections where design, environmental factors, and construction were
essentially the same. Also included were 108 uncontrolled sections that were evaluated subjectively
(visually) over a period of 7 years. Of these, 39 were also evaluated objectively (measurements).
The subjective rating included a 1-to-5 rating of transverse, longitudinal, and map cracking, bieeding,
polishing, rutting, spalling, and roughness. A rating of 1 indicated severe distress, and a rating of
5 indicated no distress. The objective survey included actual measurements of the number of
transverse cracks, length of longitudinal cracks, area of map cracking, rutting, and surface roughness
as measured by a PCA roadmeter.

The report deals with asphalt cements from eight sources; American (Salt Lake), Phillips,
American (Casper), Douglas, Arizona, Golden Bear, Husky, and Douglas (Santa Maria). The group
includes viscosity grades of AC-5, 10, 15, 20, and 40. Objective evaluations were made to compare
transverse cracking with (a) the properties of the original asphalt, (b) the pfoperties of the asphalt
after the rolling thin-film circulating oven test, and (c) the properties of asphalt recovered from the
pavement sections. The ages of the cores ranged from 1.8 to 6.4 years (Figure A.8U).

Results
The following tests were performed on the asphalt cements (original, RTFC and asphalts
recovered for selected cores):

Penetration at 25°C (AASHTO T-49)

Cannon core viscosity at 25°C

Absolute viscosity at 60°C (AASHTO T-202)

Kinematic viscosity at 135°C (AASHTO T-201)

Ductility at 4°C (AASHTO T-51)

Rolling Thin Film Circulating Oven Test (AASHTO T-179)
Force ductility at 4°F (developed by Utah DOT)
Chemical analysis (Rostler)

® N O » 0N

In addition, the temperature susceptibility was calculated using the following equation:



log log n, - log log n,
Temp. Susceptibility = (Eqn 3-1)
log T, -log T,

where n, and n, are viscosity readings at temperature T, and T,. Figure A.8 summarizes the

asphalt properties compared to the performance of the pavement (transverse cracks) for the
controlled test section. Figure A.9 is similar except that longitudinal cracks are used instead of
transverse cracks to rate pavement performance.

Finally, a multiple regression analysis was performed which resulted in the relationships in Table
3.10 between transverse and longitudinal cracking and rutting and asphalt properties, load and age.
Figure A.9 also illustrates the longitudinal cracking prediction equation. From Table 3.10, the
confidence level indicates the significance of the results, despite the low correlation coefficients
obtained. The authors caution that their equations are limited since they assume average conditions.
They are based on the average climate in Utah and do not allow for extreme temperature or
moisture. Also, subgrade and base variations are not considered although they affect performance.
They are recommended as quick, approximate performance indicators.

Conclusions

1. The asphalt source used in a pavement plays a significant role in the performance of
the pavement (Figure A.8A). Transverse cracks measured from O to 59 cracks per
kilometer (0 to 95 per mile) for the different asphait sources.

2. Percent air voids in an asphaltic mix has a significant effect on the hardening of the
asphalt binders (Figure 3.30). Greater changes in asphalt properties such as increases
in viscosity and decreases in ductility and penetration occur where the air void contents
are high (7.1%). The changes in asphalt properties such as Cannon Cone viscosity for
the low air voids level (2.6%) are not as severe (A.l. = Aging Index).

3. The aging indices calculated using the field and original viscosity values at 60°C
correlate well with transverse cracking (Figure A.8D). An aging index less than 6.5
results in less than 10 transverse cracks per km.

4. Penetration values for both the original and field samples did not correlate well with the
performance parameters (Figure A.8-E,F). Penetration values for the field asphalts were
greater than 30 in all but one case, but the pavement performance ranged from excellent
to poor.

5. Cannon Cone viscosity values at 25°C (77°F) did not correlate very well with the
transverse cracking observed (Figure A.8-G,H).
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Table 3.10 Regression equations developed for Utah
(Anderson et al. 1976)

Correlation
Coefficient Confidence
Regression Equation (R) Level
TRANS = -289 + 73.5 (TS) 0.51 0.1%
LONG = -2950 + 163 (%AC) 0.57 1%
+ 524 (TS)
+ .00033 (ACC 18X)
RUTS = 0.25 - 0.013 (N) 0.54 5%
+ 0.036 (%AC)
+ 0.0030 (DUCT)
+ 0.13 X 1076 (ACC 184
Where:
TRANS = # of transverse cracks per Km
TS = Temperature susceptibility measured at 25°C and 60°C
of original asphalt
LONG - Longitudinal cracking in m/lane-Km
% AC = Asphalt content in percent
ACC 18 = Accumulated 18 axle loads
RUT = Rut depth, cm
N = Nitrogen bases content
DUCT = Ductility
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The ductility test at 4°C (39.2°F) is not a good indicator of asphalt consistence at low
temperatures, and thus low-temperature cracking. However, it was observed that
asphalts which maintain a high ductility at a lower temperature generally perform better
(Figure A.8-1,J).

The Force Ductility test is an improvement of the standard ductility test according to the
authors. It increases the repeatability of the test, and measures the consistence in the
first ten centimeters of elongation where the cross-sectional areas of the various asphalts
are nearly the same. Also indefinite test results such as *100+* are eliminated, and
fewer abnormal breakages occur. Nevertheless, the correlation with transverse cracking
is poor (Figure A.8-M,N). However, it may be seen from Figure 3.31 that generally, less
than 10 transverse cracks per kilometer are found when force ductility values are less
than 7 Ibs. for original cements.

The temperature susceptibility 25° -60°C (77° -140°F) of the asphalts has a poor
correlation with transverse cracking (Figure 3.32). However, it may be observed that
below a temperature susceptibility value of 4.2, less than 10 transverse cracks per
kilometer were measured.

Similarly, the paraffin content of the asphalts used in Utah do not show a good
correlation with transverse cracking. A paraffin content of less thén 15% does, however,
indicate that less than 10 transverse cracks/km were measured (Figure 3.33). The N/P
ratio also has a fair correlation with transverse cracking and a N/P ratio greater than 2
results in less than 10 transverse cracks per kilometer (Figure 3.34).

An excellent correlation exists between the temperature susceptibility and paraffin
content of original asphalts (Figure 3.35). Higher paraffins are indicative of higher
temperature susceptibility values for the original asphalts. High paraffins are also related
to low ductility vaiues and higher Force Ductility parameters.

The viscosity values at the various temperatures are higher for the asphaits higher in
asphaltenes content. This is true for both original and field samples. Increases in the
asphaltenes contents with aging partially explains the increase in viscosity values with
aging (Figure 3.36 to 3.39).

The source of crude is the major variable affecting the performance parameters, physical
properties, and chemical makeup (Figure A.8A A.9-A).
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Figure 3.31 Transverse cracks versus force ductility at 4°C for Utah (Anderson et al.
1976)
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Figure 3.35 Temperature susceptibility vs paraffins content for Utah (Anderson et al.
1976)
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3.8 SASKATCHEWAN

Description
In 1963, Saskatchewan constructed full-scale in-service test sections in order to evaluate the

effect of the asphalt source, the penetration grade of the asphalt cement, and the thickness of the
base course and prime coat on the frequency of transverse cracking (Culley 1969). The various
asphaits were used on the same construction project. The performance of the 1963 test sections
showed a significant relationship between the frequency of cracks and the asphalt supplier. As a
result of this research work, specifications for asphalt cement were changed to lower the allowable
variation in penetration and viscosity for asphailts from different sources.

A second series of test roads was constructed in 1966 to determine if the new asphalts meeting
these specifications showed a relationship between asphait source and transverse crack frequency.
Asphalts from four refineries, conforming to the new specifications, were used on five separate
projects. Asphalt concrete thicknesses were 3 inches for both of the Refinery 1 sections and the
Refinery 4 sections and 1.5 inches for the Refinery 3 and 5 sections. Hardening of the asphalts
during various phases of construction and after 12 months of service was determined. The original
and aged asphalt properties are shown in Tables A.26 through A.28. ’

Results

A comparison was made between the amount of transverse cracking that occurred on the
roadway with the amount of hardening that took place in the asphalt cement; however, no definite
relationships were found. A number of variables were investigated with regard to their effect on the
amount of transverse cracking. Those variables included: (a) the average daily traffic, (b) the
freezing index degree days, (c) the air void content of the mix, (d) the retained percentage of the
original asphalt cement penetration, (e) the retained percentage of the original asphalt cement
viscosity, (f) the temperature susceptibility of the binder, and (g) the shear susceptibility of the binder.
The relationship between these variables and the amount of transverse cracks is shown on Table
3.11. It should be noted that only full width transverse cracks were counted. It was determined that
none of the variables had a ranking order which completely matched the number of transverse
cracks that occurred during the first year of service. According to Culley (1969), the variable that
had the closest ranking was freezing index (environment).

It can be seen from the table that sections from Refineries 1 (9-9), 3 and 4 had high transverse
crack frequencies grouped fairly close together. Refinery 1 (10-7) had a medium crack frequency

and Refinery 5 had a relatively low crack frequency.
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Table 3.11 Ranking order of several variables affecting transverse cracking for
Saskatchewan (Culley 1969)

Trans 1966-67 Field
N » 1967 Freezing R % of Orig. % of Orig. Temp. Shear
Refinery Crac}Ts ADT Index Degree Alr ;oxds Pen. Visc.@ 60 F  Susc. Susc.
per Mile
Days
A. After Mixing, R@ 0
1(9-9) 137 (4) 5.4 (2) 0.76 (1) 162 (2) ~ 0.99(4) 4.0(2)
1 (10-7) 71 (2) 10.5 (5) 0.55 (5) 160 (1) 0.98 (3) 4.3 (3)
3 141 (5) 7.8 (3) 0.75 (2) 219 (3) 0.94 (1) 2.4(1)
4 131 (3) 4.1 (1) 0.63 (4) 302 (4) 0.97 (2) 9.7 (5)
5 33 (1) 9.5 (4) 0.65 (3) 160 (1) 0.97(2) 9.0 (4)
B. After 12 Months Service, R @ 12
1(9-9) 137 (4) 1500 (4) 6294 (5) 0.49 (2) 339 (2) 0.90 (1) 10.8(1)
1(10-7) 71 (2) 1200 (2) 51657(3) 0.46 (4) 356 (3) 0.93 (4) 19.0 (5)
3 141 (5) 900 (1) 6018 (4) 0.46 (4) 679 (5) 0.91 (2) 14.2 (2)
4 131 (3) 1200 (2) 4918 (2) 0.50 (1) 405 (4) 0.92 (3) 14.3 (3)
5 39 (1) 1300 (3) 4323 (1) 0.48 (3) 265 (1) 0.92 (3) 17.8 (4)

NOTE: Numbers in parentheses indicate rank in “best”- “worst” sequence of (1)-(5).
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Conclusions

After one year of data, there was no definite relationship between the changes in asphalt
properties and transverse cracking. Culley (1969) concluded that transverse cracking is probably
more affected by the degree of compaction and by environmental conditions than by changes in a
single variable such as penetration or viscosity during handling or mixing.

During the discussion of the paper after it was presented at AAPT, McLeod argued that, based
on his observations in Ontario, transverse cracking is highly influenced by location and that it was
virtually impossible to relate transverse cracking to asphalt characteristics only unless the test
pavements are constructed at a single uniform test site. He added that the original asphalt
properties (not recovered) were more closely related with observed performance in Ontario. McLeod
stated that he *..was not surprised at the findings..." of the Saskatchewan study based on his
experiences at Ontario.

3.9 IOWA

Description ‘
in 1966, a research project was initiated in lowa (Lee 1973) as a long-range comprehensive
program to study -asphalt durability. Its ultimate objective was to develop a simple and rapid

laboratory durability test to select asphaits, to identify inferior asphalts and to reasonably predict the
useful life of asphalts in pavements.

Eight asphalt pavements formed the basis for a study of changes in rheological and chemical
properties for 48 months of service. These pavements were constructed in 1967-1968, and samples
of asphalts, mixtures and pavement cores were taken during construction. Cores were removed from
the wheel paths and from between wheel paths at 6-month intervals for 48 months. The sections
were located on US 63, US 75, US 52 and State highways 327, 3 and 92. After 48 months, all of
the pavements were in good condition except for some transverse and centerline cracks.

The 8 asphalts came from 4 sources:
Blend of Casper, Wyoming and Big Springs, Texas

Sugar Creek, Missouri

Esso Research and Engineering Company

> 0N~

Big Springs, Texas
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Results

The asphalts were analyzed for penetration at 77°F (25°C), viscosity at 77°F and 140°F (60°C),
microductility and softening point. They were also subjected to the Thin-Film Oven Test (TFOT), the
lowa Durability Test (IDT) and chemical analysis by the Rostler Method. Infrared spectra were
obtained through the use of multiple internal reflection techniques. Tables A.29, A.30 and A.31 in
Appendix A contain additional details on the project locations, mix characteristics and asphatt
properties, respectively. '

In the IDT, the residue from the 1/8-inch TFOT (from Bureau of Public Roads) was exposed to
a pressure-oxygen treatment of 20 atm oxygen at 150°F (66°C) for up to 1,000 hours. The pressure-
oxygen treatment was conducted in pressure vessels fabricated of 0.5 inch stainless steel. These
vessels are capable of simultaneously treating 10 standard TFOT samples to a pressure of 450 psi.
The changes in the physical and chemical properties of the asphalt were determined after 24, 48,
96, 240, 480 and 1,000 hours of service, and for the recovered asphalts at 6-month intervals.
Changes in the penetration, viscosity at 77°F and 140°F with time are shown in Figures 3.40, 3.41
and 3.42 respectively. (The results are also tabulated in Tables A.32 - A.35). The *d" data points
are for the lab-aged samples, and the *f* data points are field-aged.

As shown on these figures, the property changes followed the hyperbolic model (except for a
few instances in ductility). That is to say, penetration and ductility decrease, viscosity and softening
point increase with time, and finally approaching definite limiting values. This agrees with actual field
hardening. Specifically, Lee found that the development of aging followed a hyperbolic model as
suggested by Brown et al. (1957):

sy =T _
a+ bl
Where AY = change of property with time T or the difference between the zero-life
value and the value at any subsequent time
a = constant; the value of the property at zero time
b = rate of change of the property
1/b = the ultimate change (limiting value) of the property

Figures 3.41 and 3.42 show high correlation coefficients between curves developed with this model

and the observed data from the laboratory and field tests. Only in the case of ductility data was this
model inadequate.

3-77



PENETRATICN

PENETRATION

LABORATORY AGEING (d), hr

0 100 200 300 400 500 600 700 800 900 1000
| 1 17T | | | i
120
! KEY ASPHALT CEMENT No. 1 |
| o d laboratory aged
100 ~ o fA field aged (wheel tracks)
e B field aged (between wheel tracks)
80 -— — — PREDICTIVE CURVES
20 <X
A":lw:omr—js_ jg
0 : L | | |
1 I 1 | l I ! | i I
120 —
KEY ASPHALT CEMENT No. 2
100 — o d laboratory aged
o fA field aged (wheel tracks)
e B field aged (between wheel tracks)
80 — — — PREDICTIVE CURVES

0. 353+0 0181

T o — — o
Ay =
ol 0.758 *15-55“/4 | | |
20 10 20 30 40 50

FIELD AGEING (f), months

Figure 3.40 Penetration vs time of aging for lowa (Lee 1973)
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Figure 3.41 Viscosity at 77°F vs time of aging for lowa (Lee 1973)
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Figure 3.42 Viscosity at 140°F vs time of aging for lowa (Lee 1973)
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The Expert Task Group (ETG) has observed that there are several questions arising from these
figures with regards to the location of zero and *a" on the abscissa. However, the author does not
explain what these symbols are in his report. The author also suggests that the IDT is realistic and
that the correlation between field hardening and hardening of asphalt in the IDT is possible.

From Rostler's method of chemical analysis, it was found that:

1. Aging is accompanied by an increase in.asphaltene content.
2. Change in asphaitene content is a hyperbolic function of time.
3. Rates of asphaltene content formation are different for different asphalts.

The Rostler parameter [(N + A,)/(Az + P)] which has been correlated with asphalt durability in other
studies (Rostler & White 1962, Halstead et al. 1966) was not borne out in this report. No pattern of
change could be defined.

General correlation curves were developed for each asphalt property -penetration, softening
point, viscosity at 77°F and 140°F, asphaltene content and microductility (Figure 3.43). During the
study, it was also found that void content affects the hardening rate. As void content increases,
longer laboratory IDT time is réquired to reach equivalent field-service hardening (Figure 3.44). A
master time-equivalency curve was developed (shown as the curve between 3% voids or 4-7% voids)
from regression analysis that combined all properties and asphalts. On the basis of this curve, Lee
concludes that 46 hours of aging in the IDT will age asphalts to the equivalent of 60 months in lowa
pavements.

Conclusions
The following conclusions were made:

1. The aging process follows a hyperbolic function of time both in the field and in the IDT
lab conditions, but at different rates.

2. Good correlations between field service aging in lowa and lab aging during IDT have
been obtained. A master time-equivalency curve between IDT in hours and pavement
service life in months was developed. Correlation curves for different properties and
different levels of air voids were also obtained.
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3. Aging is accompanied by an increase in asphaltene content. The Rostler parameter did
not exhibit any pattern of change with age.

3.10 DELAWARE

Description
An experimental test section was constructed on FAS road 30 in Delaware in 1958 (Kenis 1962).

It should be noted that both a rigid and a flexible base was present in the test section. The test
sections were designed as asphalt overlays on rigid and flexible bases. The objective of the test
road was to obtain data on asphalt test characteristics and the service behavior of asphalts from
different sources. Three different laboratories were used to obtain these results: Bureau of Public
Roads (BPR), the Asphalt Institute (Al), and Delaware State Highway Deparntment (DEL).

Two asphalts of 60-70 penetration from 2 sources (Venezuela-Lagunillas and Middle East-
Sataniya) were used. Both asphalts were vacuum-distilled. Properties of the original asphalts and
aggregate characteristics were obtained at the time of construction and the results shown in Tables
A.36 and A.37. From the results, it was apparent that there was little difference in the visual physical
propetties of the 2 asphalts. Both asphalts also had the same resistance td hardening in the thin-
film test, although there was a difference in the ductility of the thin-film residue. The asphalt contents
(Marshall method) were 5.1 to 5.5% for asphalt A and 5.2 to 5.5% for asphait B.

Results

After 2 years of service, cores were taken and tested. The resuits are shown in Table A.38.
The authors reported that the penetration of the recovered asphalt generally decreased with age
(Figure 3.45). After 2 years, penetrations were less than 25 and yet the pavements exhibited no
distress. In addition, the softening point increased with age (Figure 3.46). The three different lines
in each graph relate to the three different laboratories used to measure asphalt properties.

Conclusions

Aside from the above, Kenis stated that *...at present no specific conclusions can be drawn, but
the lab tests indicate that variances in behavior of the same asphalt at different locations...may be
as great as or greater than variances in the asphalts from the different crude sources used in this
study".
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AGE OF PAVEMENT- YEARS
(Kenis 1962)

ASPHALT B-FLEXIBLE BASE
Figure 3.45 Penetration of recovered asphalt, with years of service for Delaware
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AGE OF PAVEMENT- YEARS
(Kenis 1962)

ASPHALT B-FLEXIBLE BASE
Figure 3.46 Softening point of recovered asphalt, with years of service for Delaware




In addition, no deterioration in the pavement was noted. Welborn (1979) reports that the study
continued for 103 months, at which time the pavements were still performing satisfactorily. The
recovered asphalts were tested and the results found to support Kenis' statement.

3.11 MONTANA BIG TIMBER TEST ROAD

Description
In 1983, Montana constructed a series of 20 test sections on Interstate 90 in the south-central

plains of Montana to compare the performance of asphalt cements from each of the states four
refineries (Jennings et al. 1988, Bruce 1987). Three of the refineries were in the Billings area in
south-central Montana and the fourth was in Great Falls in the north-central part of the state. It was
noted by Jennings et al. (1988) that no two of these refineries used the same crude blend, although
parts of the crude slates of the Billings area refineries may overlap.

Two of the refineries used a propane deasphalting (PDA) process for all or part of their asphalt
production. The other manufacturers made asphalt to grade from the vacuum tower, although both
may occasionally blend to achieve a desired grade. The refineries in the study are identified as
refiners A, B, C and D; however, no relationship between refinery ID and refining process was given,
The asphalt grade, with only three exceptions, was 120-150 pen asphalt which met Montana's
standard specifications. The exceptions were an 85-100 asphalt section from refiner B, a section
with 200-300 pen asphalt from refiner B containing ChemCrete and a 200-300 pen asphait from
refiner B containing microfil 8 (carbon black).

Details regarding the construction of the test sections is described by Bruce (1987). The
pavement sections were all new construction, consisting of 0.4 feet of asphalt concrete surface
placed in two lifts over 1.35 feet of crushed base course. The subgrade was prepared as uniformly
as possible over the length of the site and had an average R-value of 25. This site was long enough
to permit the construction of 20 test sections, each 1,250 feet long, separated by 500-foot transition
zones. Ten sections were placed on the eastbound lanes and ten for the westbound lanes. Traffic
on the sections is similar in both directions. The traffic {(one direction) in 1985 was given as 700
equivalent 18,000 Ib. axle loads annually (ADT of 4800). Temperatures during mixing were controlled
to produce an asphalt viscosity of 170+20 centistokes.

The aggregate type and gradation remained constant and was tightly controlled throughout the
project. Test sections containing 1.5 percent fly ash, 1.5 percent hydrated lime, and 0.5 percent

liquid anti-strip additive (ACRA) were constructed from each asphalt source in addition to control
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sections with no additives. A test section containing a specially blended asphalt composed of 75
percent asphalt B and 25 percent asphalt D, and thought to have an ideal high-performance gel
permeation chromatography (HP-GPC) trace was also included. Each test section received an
individual mix design (Marshall method) in an effort to achieve constant stability and voids content
in the pavement throughout the sections. The mixture variables for each test section are shown in
Table A.39. Cores were obtained immediately after construction and the associated recovered
asphalt properties and mixture properties are shown on Table A.40. More complete data on mixtures
is summarized by Bruce (1987).

Results

During the first winter, severe transverse cracks developed on Sections 5, 6, 7, 14 and 15.
The foliowing summer, some of these cracks *healed" under the influence of traffic and the sun.
Nevertheless, these sections remained more severely cracked than the others. Performance data
obtained 4 years after construction are shown on Tables A.41 and A.42. Test section 19, which
included the ChemCrete additive, does not appear on the table since it was overlaid due to extreme
rutting caused by design and construction problems. Test section 18, the only section containing
85-100 pen asphalt, contained more cracking and less rutting than the 120-150 pen asphalt from the
same source. Table 3.12 gives the penetration-viscosity numbers (PVNs) of both the original
asphalts and the asphalts recovered from postconstruction cores along with the number of cracks
and depth of ruts in the corresponding sections with no additives.

Corbett fractionations were conducted on the original asphalts. The fraction percentages are
given in Table 3.13 in relation to the number of cracks and depth of ruts (inches) in the
corresponding test section without additives. The authors cautioned, however, that the asphalt
content has a fairly strong and perhaps overriding influence on rutting relationships.

A major variable to be considered in these experimental sections was asphalt source. In Figure
3.47, the rut depth in inches is plotted against the components of the test section. It may be
generalized that relative resistance to rutting increases in the order A < B << C < D. The authors
noted that asphalts C and D were associated with higher asphaltene content but cautioned that the
relationships may be complicated by the influence of asphalt content. A similar plot of total number
of transverse cracks versus components of the test section is shown in Figure 3.48. In general, it
may be seen that the resistance to cracking of the asphalts increases in the order B < A <
D << C. Here.the authors note that asphailt C contained relatively lower concentrations of napthene
aromatics. The special blend was found to resist cracking, although it was composed of 75 percent
B and 25 percent D, both of which are materials that tend to crack when used alone.
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Table 3.12 Relationship of PVN and performance for Montana (Jennings et al. 1988)

PVN

Original Recovered Asphalt Cracks? Rutsd
-0.65 -0.5 D 19 0.16
-0.71 -0.65 C 1 0.25
-0.72 ~0.74 A 18 0.62
-0.93 -1.06 B 23 0.56
b —0.99 B 0 0.43

4In scctions with no additive.
bNot available.
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Table 3.13 Relation of Corbett fraction to performance in Montana (Jennings et al.

1988)
Original Asphalt
ASP  PA NA SAT
(%) (%) (%) (%) Asphalt
Cracks
1 18 28 34 20 Cc
18 12 29 46 13 A
19 16 25 42 17 D
23 11 27 46 16 3
Rutting (in.) _
0.16 16 25 42 17 D
0.25 18 28 34 20 C
0.56 11 27 46 16 B
0.62 12 29 46 13 A

Note: ASP = asphaliences, PA = polar aromatics, NA = naphthcne
aromaltics, and SAT = saturatcs.
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Figure 3.47 Rutting in test section pavements in Montana (Jennings et al. 1988)
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Figure 3.48 Cracking in test section pavements in Montana (Jennings et al. 1988)
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HP-GPC chromatogram of the virgin 120-150 asphalts and of the special blend are compared
in Figure 3.49. The theory that an excess of large molecular size (LMS) material over the optimum
amount is associated with cracking is supported with the exception of asphalt B. The authors state
that Asphalt B is one of a small number of asphalts, found around the country, that are characterized
by relatively high temperature susceptibility, relatively iow asphaltene content, relatively low LMS
content, and a tendency to crack severely quite early in their service lives. These particular asphalts
are also products of propane deasphalting units and the authors caution that interpretation of results
with these asphalts should be guarded, especially with regard to cracking.

Conclusions
A summary of the conclusions stated by the authors includes:

1. Penetration grade may help to predict the relative performance of products from one
refinery or crude source.

2. Considering all 4 refineries, there is no apparent correlation between transverse cracks
or rutting to penetration and viscosity.

3. High PVN characterizes one of two asphalts that show early and severe cracking. It also
characterizes one of three asphalts that have cracked to date, as well as one of two
asphalts that have shown serious rutting tendencies.

4, Lower asphaltene content from the Corbett separation characterizes the two asphalts
that are rutting most severely. Resistance to cracking is associated with relatively lower
concentrations of naphthene aromatics.

5. Within the 120-150 grade, both rutting and cracking differ with source. Performance is
modified by additives.

6. Asphalts that contain more large molecular sizes (LMS) than the theoretical ideal
demonstrate a tendency to crack. A good correlation is observed when Asphalt B, a
known exception, is removed from consideration. Molecular size distributions vary with
asphalt source.
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3.12 SASKATCHEWAN °SOFT" ASPHALT STUDY

Description

In 1973, a test road was constructed to compare the performance of a full depth asphalt
concrete pavement made with SC-6 *soft* asphalt with that of one made with standard AC-6 asphait
(Culley 1978). Table A.43 summarizes asphalt and mix property data for the two test pavements.
Both were constructed with low temperature susceptible asphalts.

Resuilts

Premature failure of both structures negated direct comparison of performance. Traffic was
much heavier than design estimates and early shear failure resulted. The research aspect of the test
section was thus abandoned at the end of 1977 after 48 months in service. At that time, the SC-
6 section showed no transverse cracking whereas the AC-6 section had 20 cracks. This was the
only significant difference in performance between the two sections.

3.13 SASKATCHEWAN AIR-BLOWN ASPHALT STUDY

Description
in 1973, a full-scale test section was constructed in central Saskatchewan to evaluate the

performance of air-blown asphalts used to reduce thermal cracking (Clark and Culley 1976). The
pavement sections were 7.5 inches of full-depth asphalt concrete over oxidized till subgrade with
Saskatchewan-type crushed aggregate having a maximum size of 5/8 inch.

Results

The properties of the mixtures and asphalts before and after 6, 12, and 24 months were
determined. Stiffness values of the asphalts were determined by Van der Poel's nomograph at -40°C
(-40°F) and by the sliding plate rheometer at 0°C (32°F) according to the method developed by
Fenijn and Krooshof (1970). This data is given in Table A.44.

Conclusion

After 24 months, the lowest temperature recorded was -40°C (-40°F). Cracking was minimal
and, except for an anomalous value for the AC-5, the binder stiffness did not reach the critical
stiffness of 20,000 psi (138 MPa) that was suggested by Fromm and Phang (1971) for a loading time
of 10,000 seconds. A summary of the performance of the test sections and stiffness relationships
of the original asphalt and the asphalt after 24 months of service is shown in Figure 3.50.
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3.14 MANITOBA AND ONTARIO AIR-BLOWN ASPHALT STUDIES

Description

Test roads were constructed on the Trans-Canada Highway in Manitoba in 1971 and in Northern
Ontario in 1973 to evaluate the performance of air-blown asphalt cements produced from waxy
crudes (Gaw et al. 1976). The test road in Manitoba (Richer) was constructed using blown low
viscosity BLV 100/150 and BLV 150/200 asphalts in a 2-inch surface lift over 2 inches of conventional
SCS asphalt concrete mixture. The blown asphalts were from the same crude source as the 150/200
LVA (high temperature-susceptibility) asphalt used on the Ste. Anne Road Test, which cracked
extensively. In addition, pavement sections containing high viscosity 200/300 HVA and 300/400 HVA
asphaits and SCS asphalt were constructed simultaneously; however, detailed analysis of these
binders were not performed. The test road in Ontario (Shabandowan) was constructed as two 1.5
inch lifts of asphalt concrete mixture on top of 12 inches of granular material over an existing cracked
road. The test sections contained blown low viscosity BLV 150/200 and BLV 85/100 asphalts and
a high viscosity 150/200 penetration asphalt. The authors stated that reflection cracking was
expected but it was judged that the 12 inches of granular material would delay the onset of reflection
cracking sufficiently to permit evaluation.

Typical properties of the air-blown asphalts used in the Manitoba Test Road are shown on Table
A.45. Properties for the flashed HV and blown LV asphalts used in Ontario are presented in Table
A.46. Recovered asphalt properties after 4 years of service in Manitoba and 6 months and 2 years
of service in Ontario are shown on Tables A.47 and A.48, respectively. The stiffness values shown
in the tables were obtained with a sliding plate rheometer in accordance with the method described
by Fenijn and Krooshof (1970).

Results

The performance of both test roads is summarized along with binder type in Tabie 3.15. In
Manitoba, no cracking was observed in any of the test sections after the first two years of service.
The minimum air temperature was -41°C. During the third year, temperatures dropped to -44°C.
Extensive hairline cracking was observed in the BLV 100/150 section, and a few less obvious cracks
developed in the BLV 150-200 section. During the fourth winter, the minimum temperature was
-36°C, and cracking in both the BLV sections became more distinct. There was a predominance of
transverse cracking, but longitudinal wheel path cracking was also evident. No cracking was
observed in the HV 200/300, HV 300-400, and SC5 sections after 4 years. The crackihg in the BLV
test sections was not typical of the transverse thermal cracking usually observed. However, the

authors indicate that the cracking in the BLV was similar to one of the composite sections placed
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Amount of Cracking After:

Type of Binder 3 years 4 years
Mani toba

BLY 150-200 Few cracks Some transverse and
longitudinal cracking

BLY 100-150 Extensive* Extensive transverse

hairline cracking and longitudinal

cracking

HV 200-300 No cracking No cracking

HY 300-400 No cracking No cracking

SC-5 No cracking Ko cracking

*Cracking was not the typical transverse thermal cracking that generally had

been observed in other test roads

Ontario
BLY 150-200 Not significant
BLY 85-100 Not significant
HY 150-200 Moderate
Table 3.15 Performance of air-blown asphalt test sections after
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on the Ste. Anne Road Test. At that time, the cracking was thought to be associated with thermally
induced stress.

In Ontario, minimum air temperatures reached -39°C during the first two years, with no cracking
in either the blown asphalt sections or the control sections. During the third winter, with minimum
temperatures of -38°C, moderate transverse cracking occurred in the HV 150-200 (control) section.
No significant cracking developed in the low-viscosity 150-200 and the 85/100 test sections.

Conclusions
From the study, the authors concluded that:

1. The laboratory and field study confirmed that good low-temperature performance of
blown, low-viscosity asphalts can be expected.

2 Air blowing improves the temperature susceptibility, and hence the low temperature
cracking resistance, of waxy low viscosity asphalts.

3. The changes in the asphalts in service are primarily in the form of improvements in the
temperature-susceptibility characteristics of the low-viscosity waxy asphalts.

4. No unusual amount of stone ravelling or stone stripping occurred with the blown waxy
asphalts, suggesting that the presence of wax, per se, is not detrimental to good
performance.

3.15 ALBERTA

Description

The high occurrence of transverse cracking in Alberta prompted pavement studies to determine
the contribution of the environment, materials, and construction practices to the problem (Anderson
et al. 1966). Initially, observations were made on 20 in-service (uncontrolled) pavements, and
laboratory tests were made on representative samples from each of the projects.

The recovered asphalt properties for these uncontrolled projects are presented in Table A.49.
Transverse crack information is presented in Table A.50. The asphalts for these pavements came
from 10 suppliers. It was found that a higher frequency of cracking appeared to be associated
with certain asphalt sources with some exceptions. However, examination of the mixtures failed to
reveal any particular design or field properties that were clearly associated with the observed
cracking frequency. Also, the temperature-viscosity relationships at various shear rates failed to
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provide a satisfactory means of predicting low-temperature cracking. Ductility testing proved
inconclusive and was abandoned early in the program.

Therefore, the Alberta Department of Highways decided to construct and study experimental test
sections. In 1966, experimental test sections using three 200/300 penetration asphalt cements of
low, medium, and high viscosities at 140°F were constructed (Anderson and Shields 1971). The
pavement structure consisted of 4 inches of asphaltic concrete placed in 2 equal lifts over 2 inches
of asphalt-bound base and 12 inches of compacted granular base over uniform subgrade. The
asphalt concrete was prepared from a single aggregate source within one contract; the sole major
variable was the source of the asphalt cement.

Three separate Marshall mix designs were prepared with the single source of aggregate to be
used on the project. The design mixes were generally of medium stability with somewhat low flow
characteristics and low percentages of voids filled at optimum bitumen content. Properties of the
original asphalts are summarized in Table A.51. Recovered asphalt properties after construction and

after 12, 24 and 34 months of service are summarized in Table A.52.

Results

The study showed that the pavement section containing the highest temperature-susceptible
asphalt developed transverse cracks earliest, and the density of that mixture increased the most
under traffic. A summary of the number of transverse cracks per mile is shown on Table 3.16. The
authors stated that the marked increase in cracking from all 3 suppliers during the third winter was
caused by the most severe winter experienced in that portion of Alberta in 75 years, while the

previous two winters were considered to be average.

Conclusions

A specification incorporating a minimum penetration of 250 at 77°F and a minimum viscosity
of 275 poises at 140°F was édopted in 1967. It was reported that under normal conditions, this has
resulted in a more uniform product, a reduction of early low-temperature transverse cracking, and

the elimination of tender mixes.

3.16 PENNSYLVANIA (1964)

Description
Six test pavements were constructed in 1964 to evaluate the functions of penetration and

viscosity during construction and the durability of various asphalt cements under field conditions
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(Sandvig & Kofalt 1968, Kandhal et al. 1972, Kandhal et al. 1973, Kandhal & Wenger 1975). The
pavements were located in Clinton County on Legislative Route 219 (US-220). The original pavement
consisted of 8 inches of reinforced concrete 18 to 20 feet wide. This pavement was resurfaced with
a 2 inch binder course and a 1 inch wearing course. A different asphalt was used for each wearing
course. Average daily traffic at the time of construction was 4,200.

Properties of the six asphalts used in the project are given in Table A.53. During construction
of the test sections in each project, mixture and construction variables were maintained as uniformly
as possible. Mixing temperatures were controlled by viscosity, which varied between approximately
140 and 300 centistokes. The only significant variable was the asphalt type. Since construction of
the pavements, core samples have been obtained periodically to determine the percentage of air
voids in the pavements and rheological properties of the aged asphalt. The last core sampling was
done in March 1974, 113 months after construction.

Results

No differences in texture or color tones were observed between the asphalts when the
pavements were visually inspected just after construction and after one year of service. Visual
evaluation after 30 months of service indicated that the entire road surface was good with the
exception of some raveling in the Asphalt 1 section which was not adequately compacted and had
a higher void content than sections where other asphalts were used.

The rating method suggested by Olsen et al. (1969) was used as a guideline to accomplish the
visual pavement condition survey for evaluating the effects of asphalt aging. Subjective visual
evaluation included ride quality, raveling, spalling, loss of matrix, rutting, cracking (transverse,
longitudinal, and alligator but not reflection cracking), and surface texture. A team of five engineers
evaluated these sections after 80 months of service (Kandhal et al. 1972). The last performance
evaluation was conducted after 113 months of service by eight evaluators (Kandhal & Wenger 1975).
Brief details of the pavement condition after 113 months are given in Table A.54. Pavement
performance ratings and viscosity, shear susceptibility, slopes of viscosity vs. shear susceptibility, and
ductility are given in Table 3.17. An ideal pavement according to this performance evaluation would

have a performance rating of 72.
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Slope m Ductility
Viscosity Shear  of Shear- 39.2 F, 1 cm/min Ductility
77 F (25 (_:] Suscep- Viscosity Original After 60 F

Test Performance 0.05 sec tibility Curves at Asphalt Mixing 5 cm/min
Pavement Rating Rating Rating 77F (25 C) (cm) (cm) {cm)
1 (poorest) 51.1 1 1 1.174 14 4.1 0
6 59.8 6 4 1.354 21.9 7.3 8
4 60.1 H 6 1.431 23.5 7.5 7
2 60.4 4 5 1.738 53.3 1.9 19
5 61.2 2 3 2.859 68.3 24.3 19
3 (best) 61.5 3 2 3.166 101.0 42.2 49

Note: Tests are on asphalt recovered after 113 months of service.

Table 3.17 Relation of pavement performance to properties of recovered asphait
for Pennsylvania 1964 (Kandhal & Wenger 1975)

3-103



Conclusions

The authors concluded that:

1. The slope of the relationship of shear susceptibility and viscosity proved a better
correlation with pavement performance than either shear susceptibility or viscosity alone.
Shear susceptibility (or shear index as defined in this study), is the tangent of the angle
of log shear rate (X axis) versus log viscosity (Y axis) determined from viscosity
measurements at 77°F using the microviscometer (Kandhal et al. 1973),

2. Ductility test values of the asphalts at 39.2°F, before and after pug mill mixing, are
consistent with the pavement performance ratings. Higher ductility values are associated

with better pavement performance. Asphalt 1 with the lowest ductility shows the poorest
performance.

3.17 TEXAS

Description

In an attempt to correlate standard laboratory test data to field performance, three experimental
test roads were constructed in different environments in Texas using different asphait cements
(Adams & Holmgreen 1986). Another objective of the study was to determine the feasibility of using
gel permeation chromatography not only in research but also in the quality monitoring of asphalts.
Much of the focus of the study is on mix properties.

Ten asphalt cements (5 sources, 2 refineries) were used to construct pavement sites at Dickens,
Dumas & Lufkin in 1982-1983. The asphalts were all of the AC-10 or AC-20 grade. Original and
recovered asphalts were tested for penetration at 39.2°F, 77°F and viscosity at 77°F, 140°F and
275°F. In addition, Thin Film Oven residue was tested for penetration at 77°F and viscosity at 140°F.
The recovered asphalts came from cores sampled after one and two years of service. Tables A.55
to A.71 summarize the results of the physical tests that were performed on these asphalts. In
addition, the chemical composition of the asphalts were determined using both the Rostler-Sternberg
& Corbett procedures (Tables A.72 and A.73). The results indicate that there are wide differences
in chemical composition of these asphalts. The temperature susceptibilities of the asphalts were
computed using different methods and the results shown in Table A.74.

Gel Permeation Chromatography (GPC) was performed on asphalts extracted from field cores
as well as on the original asphalts. The major objective of the GPC study was to evaluate its
potential in quality monitoring applications. One factor considered was the effect of asphalt grade
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on chromatograms produced for the same refinery. The results showed that, for the most part,
different asphalts can be recognized by their respective chromatogram, although there was an
exception during this study.

Results

After one year, the pavements were inspected. At Dickens, the pavement surface appeared dry
but no major distress was otherwise noted. The road was fog-sealed the following year. At Dumas,
the sections with asphalts B and C began to ravel severely within two months. By the end of the
first year, the sites had to be removed and replaced. However the authors conclude that there is
no indication that the asphalt at Dumas was the primary cause of the failure since air voids reached
15% at some places. The other sites were performing well. No distress was noted at Lufkin.

Conclusions

Due to the lack of any long term field results, no correlation with asphalt properties were
presented in this report. However, a follow-up project is currently underway, and the resulits will be
reported as they become available. Some conclusions on mix properties were made, but they have
not been included in this report. Some relevant conclusions on the asphalt cement included the

following:
1. Based on the field performance data to date, the different asphalts in this study exhibited
equivalent performance.
2. Asphalt temperature susceptibility can adversely affect compaction of hot mixed asphait
concrete.
3. Gel Permeation Chromatography will produce chromatograms that will allow identification

of different asphalt cements. However, there is no direct correlation between the asphalt
chromatogram shape and aging as observed by change in viscosity, but the shape does
show change with age.

4, GPC will produce similar chromatograms for asphait grade AC-10 and AC-20 from the
same producer. It will indicate the presence of an additive or some other foreign
material in the asphalt cement in a comparative analysis of the chromatogram of the
virgin asphalt cement. Finally, it provides a means for monitoring the continuing
consistency of asphalts.
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4.0 UNCONTROLLED TEST ROADS

Uncontrolied road tests are those that are not planned experimental road trials. The
investigations represent an effort to study in-service pavements to determine if in-service asphalt
properties can be related to pavement performance. As defined by Welborn (1979), this category
includes the following:

1. Pavements constructed under normal contract procedures, with performance surveys
and tests on representative pavement samples to determine the properties of the asphalt
after one or more periods of service. Generally, only results of specification tests on the
asphalts were available.

2, Pavements constructed under normal contract procedures, with performance and tests
on the original and recovered asphalts where known or determined.

This chapter presents the results of the literature review (as of August 1989) on uncontrolled
test roads. Appendix B contains additional tables and figures with detailed information pertinent to
each investigation.

4.1 OREGON

Description

Between 1984 and 1988, the Oregon Department of Transportation (Thenoux 1987, Thenoux et
al. 1988) conducted a study to evaluate and implement an analytical chemical procedure that could
be used to characterize asphalt pavement materials. Eight highway projects that represented a
range of performance and highway environments throughout Oregon were selected for the study.
Physical and fractional properties of original and recovered asphalts were obtained together with mix
properties. The relationships between the fractional components and physical properties were
examined as well as relationships between fractional components and temperature susceptibility
parameters. Table B.1 summarizes the mix and core properties from the test sites.

Cores were taken from the travel lanes on each project, as well as some from shoulders and
non-trafficked path areas. The cores were cut into 2 halves and analyzed separately so as to
differentiate between the environmental effect on the exposed (top half) and unexposed (bottom half)
portions of the pavements. A modified, small-scale version of the Corbett-Swarbrick procedure
(currently ASTM D4124 with modifications under consideration by Committee D04.47) was used to
perform the asphalt composition analysis. The Corbett-Swarbrick chemical analysis yields 4 district
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fractions: asphaltenes, saturates, naphthene-aromatics and polar-aromatics. Tables B.2a and B.2b
show the chemical composition for original samples before and after RTFO, and for recovered
asphalts, respectively. The results shown are the average of two separate and independent tests.

Results
Four groups of tests were performed on all 8 road projects:

Physical properties of original samples and after RTFO (Rolling Thin Film Oven test).
Physical properties of core-recovered asphalts.
Asphalt chemical fractionation test results.

Eol S

Fraass test results before and after pressure oxygen vessel (POV) aging test.

The original asphalts used in the test sites had been stored in sealed cans since construction
of the projects. Physical tests on these asphalts had been performed before the storage period and
after to determine if any changes had occurred during storage. The stored asphalts were artificially
aged in the RTFO and tested. Table B.3 summarizes the results obtained for original asphalts and
after RTFO together with the results available at the time of construction. It was concluded that
asphalt samples stored in sealed cans did not show significant variations in their physical properties.
The minor variations found were attributed to the reproducibility of the test results rather than
changes due to aging.

Asphalt from cores was extracted and recovered using combinations of the following two

extraction and recovery methods.

-1 Extraction - Reflux hot extraction
- Cold vacuum extraction
2. Recovery - Modified Abson
- Roto-Evaporator

Tables B.4a and B.4b show the results of the physical tests performed on recovered asphalts. The
authors conclude that the recovered asphalt did not have the same fractional composition as the
RTFO samples. This indicates that recovered asphalt, after going through the extraction and
recovery procedure, may be chemically altered and no longer represents the in-place asphalt and/or
that the RTFO aging test may not duplicate the changes made by the asphalt under natural
weathering and in contact with mineral aggregates. The authors did not attempt to predict these



changes. Figure 4.1 illustrates the different trends for the recovered asphalts and the RTFO samples
with regard to asphaltenes and naphthene aromatics.

Four physical properties were measured; penetration at 4°C and 25°C, absolute viscosity at
60°C and kinematic viscosity at 135°C. Generally better correlations were found at higher
temperatures than at lower temperatures. The results for penetration at both temperatures were
similar and indicated that it was independent of the percentage of saturates, napthene aromatics and
polar aromatics (Figure 4.2). The asphaltene fraction has an impact on penetration but the scatter
in the data suggests that some other physiochemical property of the asphaltenes may be more
important. The authors also conclude that the test for penetration, in general, may not be sensitive
enough. The relationships for viscosity are similar to those for penetration but have more noticeable
trends, particularly for asphaltenes. The higher the asphaltene content, the higher the viscosity.

A certain level of generalization of rheological and chemical behavior on original and aged
asphalt was possible by studying a relatively small group of asphaits. However, analysis of individual
asphalts showed that different asphalts do behave and age differently. The different types of
behavior shown by all samples when changing from original to aged materials suggest that more
than one aging condition could be studied. For example, asphalt samples should be aged at three
or four different RTFO conditions and the rate of changes in measured properties compared among
the different asphalts. Measuring absolute changes of asphalt properties based on one aging
condition may not reflect the overall aging behavior.

The POV test (conducted at 100 psi oxygen pressure and 60°C for 2 and 5 days) was used
to produce accelerated aging of asphalt binders. The POV device was used in conjunction with the
Fraass test to evaluate oxidative aging. It should be noted that the POV test ages asphalt in an
oxygen-rich environment in an attempt to simulate long-term aging whereas the RTFO uses high
temperature and simulates short-term construction effects.

The Fraass Brittle Point Test, which is not a standard ASTM or AASHTO test, was utilized to
assess the changes in fractional components of the asphait after the POV aging test. Changes in
composition were compared with changes in Fraass temperature and with changes after the RTFO.
Figure 4.3 shows the relationships between Fraass temperature and the asphaltene component for
results from three projects before and after aging. The asphaltenes were the only fraction that had
a relationship with Fraass temperature. The authors concluded that the POV 5-day test was the most
severe aging test, and caused much greater change in composition than did the RTFO test. Also,
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asphaltene content increases with aging but original asphaltene content is not related to the total
amount of aging after RTFO and POV,

Finally, four indices were calculated to correlate chemical composition analysis with temperature
susceptibility: Penetration Index (Pl), Viscosity Temperature Susceptibility (VTS), Penetration-Viscosity
Number (PVN) and Penetration Ratio (PR). The Pl was calculated using Pfeiffer's and van
Doormaal’s procedure and the PVN using McLeod's (1972) procedure. The VTS may be calculated
using the following equation:

VTS = [log log V, - log log V,] / [log T, - log T,] (Eqn. 4.1)
where

VIS = Viscosity temperature susceptibility

T, & T, = 60°C and 135°C, respectively

v, = absolute viscosity at 60°C, Poises

v, = kinematic viscosity at 135°C, Poises

The penetration ratio is obtained using the following equation:
PR = (Pen @ 4°C, 200g, 60 sec) / (Pen @ 25°C, 100g, 5 sec) (Eqgn. 4.2)
A lower PR would indicate greater temperature susceptibility.

Relatively good relations were found between fractional composition and temperature
susceptibility. Better correlations were found for the PR and Pl indices (penetration ratio and
penetration index, low temperature range) than for VTS and PVN (viscosity temperature susceptibility
and penetration viscosity number, high temperature range). Figure 4.4 illustrates the data obtained
for the PI relationships. It appears that the % asphaltenes has a marked effect on Pl on original
asphait. The higher the asphaltene content, the higher the Pi (lower temperature susceptibility).
Regression analyses showed that the four indices used were distinctly different and that fractional
composition had entirely different effects on all four.
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Conclusions
The authors made the following conclusions:

1. Asphalt samples stored in sealed cans at room temperature for periods of up to 12
years did not show significant variations in their physical properties.

2. Due to differences in the fractional composition between original and RTFO asphalts,
the extraction and recovery procedure may chemically alter the asphalt such that it no
longer represents the in-place asphalt. Another possibility is that the RTFO aging test
does not duplicate changes due to weathering.

3. Physical properties of original and RTF samples generally showed better correlation with
all four fractions (asphaltenes, saturates, polar and napthene aromatics) at higher
temperatures (viscosity) than at lower temperature (penetration), i.e. viscosity at 60°C
and 135°C correlated better with chemical fractions that did penetration at 4 and 25°C.
The higher the asphaltene content, the higher the viscosity.

4, Good relationships were found between PR and P! indices and fractional composition
of original and RTFO samples in the low temperature range. Less favorable correlations
were found with VTS and PVN.

The four methods used to extract and recover asphalts gave different results.

In general, with the few data available, Fraass brittle temperature does not depend on
asphalt composition. However, asphaitene content increases with aging similar to the
increase in Fraass temperatures.

7. The POV test in general did not simulate field aging in terms of percent change in
asphaltenes. It did cause greater change in composition than the RTFO test.

4.2 FEDERAL HIGHWAY ADMINISTRATION

Description

The Federal Highway Administration (FHWA) began a comprehensive study in 1954 - 1956 on
asphalts in relation to the performance of pavements (Vallerga et al. 1970, Vallerga & Halstead 1971,
Welborn 1979). Asphalts representing current production then in the U.S. were coilected and
analyzed. The asphalts represented those used in 285 identifiable construction projects in 37 states.
In 1967, a continuation study was initiated to survey the pavements where the known asphalts were
used and to sample a preselected number of in-service and out-of-service pavements. The
objectives of the study were to determine the over-all changes in the fundamental physical and
chemical properties of the recovered asphalts after 11 to 13 years of service, to relate the changes



to the fundamental properties of the asphalts before and after laboratory aging, and to relate the
changes to pavement performance.

To accomplish this objective, 53 pavements in 19 states were selected for evaluation. Fifty were
constructed with 85-100 penetration asphalt and the remaining 3 with 60-70 penetration asphalt. In
1967, 34 of the projects were in service and 19 had been resurfaced. The pavements were visually
examined and rated for distresses such as cracking, raveling and rutting. Samples were shipped
to the Materials Division of the FHWA, where fundamental and conventional tests were performed on
the mixtures and recovered asphalts. Tables B.5 to B.6 summarize these properties. Chemical
analysis by the Rostier method was performed by Materials R & D (Vallerga & Halstead 1971).

Results

The authors reported that none of the measured properties on the original asphalts was, by
itself, a determining factor as to whether the pavements survived in service. The differences found
in the penetrations, viscosities, Rostler parameter [(N+A,)/(P+A,)] and pellet abrasion tests were
found to be in the predicted direction and were indicative of aging, but they concluded that the
differences were not considered to be governing. No significant differences were found in any of
the properties of the asphalt concretes as of the aggregate between the surviving and unassuming
pavements. However, differences were found in the ductility measurements which supporn the
hypothesis that asphalts with a higher ductility are more likely to service longer.

Of greater interest in this study was the effect of air voids. The authors conclude that the
relationships sought between mix and environmental factors and changes in asphalt properties due

to field aging were greatly overshadowed by the void content of the mix.

Four laboratory aging procedures were also examined; the modified thin-film oven test, California
weathering oven, Thin-film oven test and the MR & D infrared oven. Generally, it was possible to
relate the relative severity of field and laboratory aging of the asphalt to void content.

a Modified thin-film oven test - the 7-hour test is approximately equivalent to 11 to 13 years
of field aging at void contents of 3 to 5%. For voids of 4 to 6% a 9-hour test was used.

b. California weathering oven - A 200 hour weathering period is more severe than 11 to
13 years of field weathering for void contents less that 2%. For void contents greater
than 5%, 1,000 hours is required.

C. Thin-film oven test - For all air voids, this test was less severe than the proceeding tests.
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d. MR & D infrared oven - A 7-day weathering period produces changes in chemical
composition similar to those produced in 11 to 13 years of field aging in asphait
concrete pavements but with significant differences in individual components.
Asphaltenes increases more when air voids > 4%; and nitrogen bases are relatively
independent of voids. Paraffins and acidaffins generally decrease as air voids increases
although the data do not give very clear trends.

Conclusions

The authors concluded that:

1. The most important factor in hardening (measured by ductility) of the asphalt cement
in a pavement is the void content. In pavements of below 2% voids, field aging during
a service life of 11 to 13 years appears to be negligible. Above this level, hardening
increased with air voids (Figure 4.5). At 2% voids, the ductility at 60°F is approximately
15.

2. Changes in chemical composition were closely associated with the hardening of the
binder, although there is considerabie scatter in the data as shdwn in Figure 4.6. The
increase in asphaltenes and decrease in acidaffins were also found to be generally
related to the void content. The scatter of the data did not allow the authors to draw
any well-substantiated conclusions. However, Figures 4.7 (penetration) and 4.8
(viscosity) show that:

a. For void contents less than 2%, hardening was directly related to the Rostler
parameter (N+A,)/(P+A,);

b. For void contents exceeding 2%, the relationship of penetration and viscosity to
Rostler's parameter is not proportional. An increase parameter value above 1.4
resuited in a sharp increase in hardening. MHowever, it was also indicated that
increase in hardening may occur with low parameter values. The lowest amount
of hardening occurs in a Rostler parameter range of between 1.0 to 1.5.

3. No overall correlations were found between pavement evaluation ratings and the
properties of the asphaits. However, some trends were noted:

a. Severe raveling was found when the penetration of the recovered asphalt was
less than 10 and the ductility at 60°F less than 3.
b. A similar relationship was found for spalling but it was less pronounced.
4, However, no numerical correlation was developed between void content and pavement

ratings, despite voids having an effect on hardening.
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5. Comparisons of field aging with laboratory aging tests show that both the California
weathering oven aging (1,000 hours) and the FHWA modified thin-fiim oven aging (7
hours) resulted in hardening of the asphalt to a degree comparable to 11 to 13 years
of field aging in a pavement with approximately 4% air voids.

6. The type of chemical change occurring during long-term field aging differs from that

V taking place in short-term, laboratory aging. Although formation of asphaltenes occurs
in both cases, the disappearance of second acidaffins and increase in nitrogen bases
occurs in a greater extent in field aging than in accelerated laboratory aging.

Further Studies

in a later study, Zenewitz and Welborn (1975) made detailed computerized linear regression
analyses of the data. Included were linear regression equations, analysis of vafiance, coefficient of
correlation, and standard error. Rostler's analysis was used to relate penetration and viscosity of
original asphalts, thin-film residues, and recovered asphalts to the void contents of pavement
samples and to chemical fractions. Coefficients of correlation ranged from -0.84 to - 0.93. The more
important findings are as follows:

1. The consistency of the thin-film residue provided a better reference point than did the
consistency of the original asphait.

2. Of the chemical fractions, the second-acidaffin and paraffin content (P) of the original
asphalt related best to the uitimate hardening level of the asphait after service. The
higher amounts of each of these fractions were associated with a lesser degree of
hardening, assuming all other factors were constant.

3. Regression analysis also showed that relatively high content of first acidaffins (A,)
correlated with greater hardening of the binder.

4, Long-term hardening in the pavement generally can be estimated from a knowledge of
the asphalt content and volume of air voids.

5. The data from this study are available for studying the effect of temperature and shear
susceptibility on pavement performance.

A study of variability of the properties of the pavement samples within and between projects
indicated the following:

1. pavements should be sampled at several random sites so that meaningful estimates of
mixture and asphalt properties can be obtained.
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2, Significantly lower sampling and testing variability of the bulk specific gravity
measurements were obtained in 8-inch core samples than in 6-inch and 4-inch samples.
Whenever possible, 8-inch cores should be used.

3. Based on the findings of this study, the authors recommend that average mixture and
pavement properties should include standard deviations and coefficients of variation.

Although not included in this synthesis, several correlations of variability were made on
properties of pavement and mixture samples from surviving and non-surviving pavements.

4.3 OKLAHOMA

Description
Nine test sites in Oklahoma that had various degrees of transverse cracking were studied and

reported by Noureldin and Manke (1978A). The objective of the study was to determine the nature
and extent of transverse cracks on selected pavements and investigate the causes of this form of
distress. Four sections were located on US-177 and five sections on 1-35 and 1-40. Two of the
interstate sites had almost no cracking and were chosen for comparative purposes. The original
construction for the sections was 4.5 inches of asphalt concrete with 9 to 12 inches of stabilized
base. A 1.5 inch overlay was placed on all sections except 5 and 8. At each test site, the pavement
was surveyed in detail and transverse cracks (multiple, full width, and half width) were counted. The
cracking index (C.l.) was then computed based on the procedure referenced by Fromm and Phang
(1972). Crack depths were measured during coring operations.

Random core samples of 6 inches and 4 inches in diameter were obtained from each test site.
The larger cores were used to study crack formation, and the smaller cores were used to determine
low-temperature tensile properties. The cores were taken approximately 5 years after the overlay was
placed. The asphalt was recovered from the core specimens, and stiffness modulus was determined
using McLeod's (1972) pen-vis number (PVN). A temperature of -10°F (-23.3°C) at a pavement depth
of 2 inches and a loading time of 20,000 sec. was assumed for the calculation after a study of
climatological data for Oklahoma. The recovered asphalt properties and calculated binder stiffnesses
are presented in Table B.7 and the mixture composition and calculated mixture stiffnesses are shown
in Table B.8.

Results
The low temperature stiffness moduli of the recovered asphalt cements were related to the

cracking index as shown on Figure 4.9. With the exception of site 7 on |1-40, pavement sections with
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a high degree of cracking were those that had the stiffer asphalt cements. The cracking index of
site 7 was 20.0, but the stiffness modulus was relatively low. It is possible that the high frequency
of cracking at this site was associated with a subgrade problem or other related factors. If the data
for this site are disregarded, the coefficient of determination (R2) is 0.82. Noureldin and Manke
(1978B) stated that ... this is a remarkably high value considering the variables involved in this
generalized relation."

Conclusions
Two conclusions of the study in relating asphait properties to transverse cracking (durability)
were noted, as follows.

1. Cracks originated in the surface and appeared to have been caused by cold-temperature
contraction of the asphaltic concrete surface layer.

2. The stiffness moduli of recovered asphalts, determined at the lowest minimum
temperature in central Oklahoma using McLeod's (1972) PVN method, were correlated
with the cracking indexes of the pavement test sites. The stiffer or harder the asphalt
cement in a pavement, the greater was the degree of transverse cracking.

4.4 ONTARIO (Fromm & Phang)

Description
This investigation was designed to survey existing pavements where contrasting types of

transverse cracking occurred within close proximity to each other, either on the same or different
paving contracts. The objective was to identify those factors which differed between the projects and
caused the cracking (Fromm and Phang 1972).

A field study was conducted during the summers of 1966 and 1967 to identify the causes of
transverse cracking of asphalt concrete pavements in Ontario. A total of 33 paving projects were
investigated. Crack counts were made and samples taken of all pavement layers and the subgrade
soil. In addition, a laboratory analysis was made to determine the properties of the paving materials.

Table B.9 summarizes the asphalt cement properties that were measured.

Results
The type and amount of cracking which was found on the various projects was quite varied.
Four categories were used to differentiate between the types of transverse cracks found: (a) multiple

transverse, (b) full transverse, (c) half transverse, and (d) part transverse. As a measure of the
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severity of the cracking, a Crack Index value was developed. This index was determined by adding
the number of multiple and full transverse cracks with one half of the number of half transverse
cracks occurring in a 500 foot stretch of two lane pavement.

The Cracking Index was used as the independent variable in a regression analysis of the factors
that contribute to the low temperature cracking frequency and severity. Test results indicating the
consistency of the asphalt cement binder materials were reduced to a single input value - the
penetration of the recovered asphalt cement at 77°F. Further, the temperature susceptibility of the

recovered binder was represented by -a ratio of the viscosity at 60°F to the viscosity at 275°F.

The stepwise regression analysis included some 40 variables in the first run of the program.
Additional runs resulted in the dropping of many variables that had low correlation coefficients. The
final list of variables used in the analysis included: (a) viscosity ratio, (b) freezing index - degree
days, (c) critical pavement temperature, (d) air void content, (e) stripping rating, (f) penetration of the
recovered asphalt cement at 77°F, (g) percent asphaltenes, (h) amount of material passing the No.
200 sieve in the granular base course material, and (i) the amount of material passing the No. 200
sieve in the asphalt concrete aggregate.

For the general model, which includes all of Ontario, the correlation coefficient R (not R?) was
0.636. The model for the northern part of the province had an R-value of 0.622 and for the southern
portion of the province, R increased somewhat to 0.704. These equations are found in Table 4.1.

Conclusions (reported by Fromm & Phang)
The following conciusions were drawn from the results of the study:

1. Transverse cracking is largely a temperature phenomenon. The cracking is more severe
in areas of high Freezing Index.

2 The transverse cracking of bituminous pavements can be reduced or retarded by using
softer asphalts or asphalts of lower temperature sensitivity.

3. The stiffness modulus of the bituminous concrete at low winter temperatures is the major
factor governing transverse cracking. The gradation of the base and subbase material
has a small effect, but the major effect is concentrated in the bituminous pavement.
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Table 4.1 Regression Equations for Ontario
(Fromm and Phang, 1972)

General Model:
Y = 52.22x, + 0.0007093x, + 0.4529x,
- 1.348x,. + 0.4687x5 - 0.07903x6
- 0.4887x,, - 0.1258x, - 0.1961
Muiltiple Correlation Coefficient R = 0.6357
Northern Model:
Y = 30.30x, + 0.00602x, + 0.5253x,
- 1.280x6 + 0.5190x5 - 0.02563x6
- 0.0844x, - 1.496x; + 0.225x,
+ 3.1043x ot 0.097x1
Multiple Corre]ation Coefficient R = 0.6222
Southern Model:
Y = 64.74x, + 0.008279x, + 0.3935x,
- 1.491x, + 0.3246x, - 0.0001481x,
- 0.6069x, - 0.8071x, - 0.6567x,
Multiple Correlation Coefficient R = 0.7038

where: :
Xy = viscosity ratio
X, = freezing index
Xy = critical temperature
X, = pavement voids
Xs = stripping rating
X, = recovered asphalt penetration at 77°F
X, = percent asphaitenes
Xg = granular base, pass #200
X, = asphalt concrete, pass #200
Xip = granular base, clay

Xy, = granular subbase, pass #4
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4.5 ARIZONA

Description
Research projects in Arizona were begun in 1971 and 1972 to relate laboratory and field test

data with field performance and the data reported in 1978 (Way 1978). A series of test locations and
projects were identified and investigated including old road mixes built in the 1940's to modern mixes
built in the 1970's. Table B.10 gives construction dates and additional information on mixture
characteristics.

Results

Asphalt grades included 40/50 to 100/300 penetration asphalt, as well as cutbacks. One project,
Minnetonka-East, contained all penetration grades of asphalt as part of a thin overlay. Various
aggregate sources and types were also represented. Table B.11 gives considerable information
about the as-constructed properties of the various asphalt cements. The oldest projects (Cutter and
Show Low) built in 1940 and 1946 were road mixes with cutback asphalt used as the binder.
Subsequent projects built from 1956 until 1975 were mixed in a hot plant, with paving grade asphalit.
in 1976, four inch diameter cores were obtained and returned to the laboratory. These properties
are shown in Tables B.12 and B.13.

Pavement performance measurements included Mays ride meter, average rut depth and average
percent of cracking. The type of cracking (load or non load associated) was not distinguished. The
percent of cracking was determined by comparison of photos of the test section with standard
photos showing various levels of percent cracking. The rut depth measurements are shown in Table
B.14 and the percent cracking estimates are shown on Tabie B.15.

Conclusions

No conclusions could be made regarding the relation between rutting or cracking and recovered
asphalt properties. Rather, comparisons between the actual performance to predicted performance
using the PDMAP performance prediction model described by Finn et al. (1977) were made instead.

4.6 WYOMING (Low Temperature Cracking)

Description

Fifteen pavement sites in Wyoming (Gietz & Lamb 1968) of varying ages and performance were
sampled and the recovered asphalts and aggregates analyzed. These investigations were
undertaken to examine the hardening of asphalt in service and the relationship of this hardening to
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the occurrence of lateral cracking. Temperature variant properties that had the most effect on

pavement performances with respect to lateral cracking were examined.

The pavement sites were divided into 2 groups; Progressive and Performance. In the
Progressive group, asphalt cement and uncompacted plant mix were obtained at the time of
construction. In addition, samples from the compacted pavement were taken immediately after
construction and at intervals thereafter for 2 years. The Performance group contained existing roads
with service periods up to 8.5 years. The test results of the recovered asphalts of both samples are
shown in Tables B.16 and B.17, respectively.

Results

In all samples, there was a considerable increase in softening point and a decrease in
penetration with time. A greater decrease in penetration was noted on sites with a high void content.
Pavements with frequent lateral cracking showed higher void contents in conjunction with greater
hardening and oxidation as shown by penetration and the IGLC test. The Inverse Gas-Liquid
Chromatography (IGLC) test is a procedure to measure the degree of interaction of the asphalt with
various compounds. A higher numerical value for the Interaction Coefficient (lp) indicates a greater
degree of interaction with the asphalt. The results from this test are summarized in Table B.18.
Davis & Petersen (1967) have shown that a high phenol Ip is associated with poor pavement
performance in the Zaca-Wigmore test road (see Section 3.1). From the test sites in Wyoming,
however, the results of IGLC test did not demonstrate any consistent variation of ip values with
sample age. Also, since projects on which cracking were noted were all cracked at the beginning
of the project, it was not possible to correlate any actual level of aging with the inception of cracking.

Conclusions
The following conclusions were made:

1. Softening Point increases and penetration decreases with age.

2. Mixes with a higher void contents show a greater decrease in penetration.
3. IGLC test did not show any correlation with age.

4, No correlations were possible between aging and inception of cracking.
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4.7 WEST TEXAS

Two studies were performed on pavements in West Texas. The first was by Benson (1 976)
which evaluated the relationship between asphalt hardening, thermal forces and low temperature
transverse cracking. The second was performed by Anderson & Epps (1983) and was primarily
concerned with the role of asphalt concrete in low temperature cracking. The focus of this second
study was on mix properties.

Description (Benson 1976)

In the first study (Benson 1976), cores were taken periodically from over 50 highway projects,
and a hardening model developed from these data. Controlled laboratory studies of asphalt
specimens were also made. The effect of factors such as asphalt content, compactive effort, solar
radiation and special addition on age hardening was then assessed.

Results (Benson 1976)

Out of the 50 highway projects, nine were eventually selected due to the fact that some sections
had been sealed or overlaid or displayed no transverse cracking. These nine sites ranged in age
from six to 10 years old. During the field surveys, the amount of transverse, longitudinal and alligator
cracking was measured. In addition, Mays meter readings were also taken and serviceability indices
calculated. Asphalt properties for the nine selected sites are summarized (cores were taken) on
Table B-19. Also, Spearman’s Rank correlation coefficient (r), used to test for the significance of the
correlation between crack frequency and the asphalt properties, is included. From this table, it is
apparent that viscosity at 77°F, hardening index at 77°F and penetration at 77°F all correlate
significantly with transverse crack frequency. in addition, binder stiffness (but not mix modulus) and
percent air voids also correlate significantly.

Other variables examined in this study included environmental factors such as precipitation,
temperatures, freeze-thaw cycles and traffic. Surprisingly, none of these factors correlated with
transverse crack frequency, although it was noted that different materials were used at each test site
so there were varying tolerances to environmental conditions. However, it did indicate that material

properties were more significant than environmental.

The laboratory specimens were included in the study to achieve a more precise control of all
factors. Specimens were 17 inches in diameter by 2 inches thick, and compacted by a large
gyratory compactor and were referred to as "pizzas." They were then placed outdoors for 3 years
before they were cored and the recovered asphalts tested. Table B.20 summarizes these resuits
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which included penetration, viscosity, air voids and stiffness measurements. However, no clear
pattern emerged from the data. Also, various hardening susceptibility indicators (Actinic light, Thin
Film Oven Test, Aging Index and Vanadium content) were also studied and none were significant
statistically (Table B.21).

Finally, a hardening model was developed to predict asphalt hardness for original properties.
Two general modeis were developed of which the penetration model proved to have more practical
benefit and was therefore selected for use.

1. Penetration model: P =a + bin (1)
2, Viscosity model: V = at®
where
P = Penetration at 77°F
"V = Viscosity at 77°F (Megapoises, shear rate = 0.05 sec™! sliding plate viscometer)
t = time from lay-down, months
a,b = non-dimensional coefficients derived from least square regression analysis

For penetration, the coefficient *a* and *b* represent indices for short and long term hardening,
respectively. *a* is a function of original asphalt properties, mixing conditions and mix hardening
susceptibility, while *b" is related to environmental factors and long-term chemical reactions. *a' is
approximately one-half the original penetration, while a more reliable technique to predict *b* is
required. Figure 4.10 illustrates the hardening curve for one site. The general models had
correlations coefficient greater than 0.95, and generally follow experimental results reasonably well.
it was also noted that the experimental errors for the lab results were much higher than for the field
studies, primarily because of non-uniformity during the fabrication of the lab specimens and the use
of less experienced personnel in the recovery and testing of the asphalt.

Description (Anderson & Epps 1983)

The second study (Anderson & Epps 1983), as mentioned earlier, focused primarily on mix
properties. However, one of the objectives was to determine the contribution to cracking made by
the binder, and to investigate the use of existing low temperature crack prediction models used in
West Texas.

Six sections in West Texas were selected for detailed study, all were located on highways. All
surfaces were constructed as overlays, using AC-20 with the exception of one site which used AC-

10. All asphalt cements came from the same refinery. At each site, slabs were obtained and tested
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in the laboratory. The recovered asphalts were tested to determine penetration at 25°C and 4°C,

viscosities at 25°C and 135°C and ring and ball softening point. Table B.22 summarizes the physical
properties of these asphalt cements.

Results (Anderson & Epps 1983)

From the results, it was interesting to note that the AC-10 site (I-10) had the hardest asphait
rather than the softest. This could be explained by it being one or 2 years older and having lower
asphait content and high air voids. The results for each sample were plotted as Bitumen Test Data
charts (Figure B.1) and there was very little variation in the slopes. From this, it was inferred that
the temperature susceptibilities of all the recovered asphalts do not differ greatly from one another

(using Pl per Heukelom's method) and fell within the range expected for most U.S. produced
asphalts.

All test sites were visually inspected and the serviceability index obtained from Mays meter runs.
in addition, crack maps were drawn and Dynaflect measurements taken. These results are
summarized in Table B.23a. Pavement ages at the time of inspection were 5 and 7 years, and 2
sections exhibited no cracking, while 2 others had extensive cracking. After 13 years, 3 sections
had extensive transverse and block cracking while the same 2 sections still exhibited no cracking.

The Van der Poel nomograph was used to calculate the predicted cracking temperatures for
each section as presented.in Table B.23b. The predicted fracture temperatures were determined by
calculating the temperature difference from the R & B softening point using a Pl of -1.0, a loading
time of 1/2 hour, and a critical stiffness of 1 x 107 N/m?, and subtracting this value (90°C) from the
actual softening point of the asphalt. Although the predicted cracking temperatures are ali below
the minimum expected pavement temperature of 8°F to 10-F, the section with the most cracking (I-

10) comes within 7°F. The two sections that were uncracked (SH-18 and US-285 (186)) had the
lowest predicted cracking temperatures.

For two test sections (I-10 and US-285 (186)), the low temperature cracking prediction model
known as COLD (Finn et al. 1977) was run. Field observations showed that the section on 1-20
contained cracking while US-285 (186) did not. The COLD program output for critical low
temperature periods indicated that the induced stress due to temperature exceeded the tensile

strength of the pavement on I-20 (i.e., predicted cracking) but the tensile strength was not exceeded
on US-285 (186).
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Conclusions

The authors concluded that while the predicted cracking temperature using the critical stiffness
method does not yield precise and definitive results, it does demonstrate that asphalt cements
recovered from pavements in West Texas are at least approaching the range of "critical stiffness’
reported by other investigators at field temperatures. They also hypothesized that the more rapid
cooling rates experienced in West Texas may increase the predicted cracking temperatures by
justifying a shorter loading time.

In addition, they concluded that the COLD program produced predictions of low temperature
cracking that agree with the observations of two field sections. They stated that time did not permit
analysis of all six test sections; however, the validity of the approach appeared to have been
demonstrated. Finally, the original counts had hardened to varying degrees to the range of 15 to
50 penetration at 25-C. Indicators of temperature susceptibility are inconclusive, although the use

of Pl or PVN's would appear to be reasonable.

4.8 TEXAS (Traxler)

Description

In 1964, 13 paving projects were located throughout the state of Texas (Traxler 1967a, 1967b)
to determine the changes that occur in the asphaltic binder during the preparation, laying and
service life of the pavement. Asphalt cements of 85-100 penetration from nine producers were
studied. (Note: in Traxler's TTl report, 17 sites and asphalts from 10 producers were studied;
however, four sites were removed from the AAPT report with no indication of the reasons). The
pavements were constructed using normal construction procedures.

Results

Samples of the mixture at construction were taken, and slabs cut from the pavement after one
day, 2 weeks, 4 months, 1 year and 2 years of service. Both original and recovered asphalts were
tested for viscosity at 77°, 95°, 140° and 275°F. Ductility was measured using the California micro-
susceptibility machine at 77°F. In addition, the original asphaits were tested for susceptibility to
hardening by heat and oxidation (Dark air oven for 2 hours at 225°F). Asphaltene contents were
determined after 1 and 2 years of service, and recovered petroleum tested for viscosity at 77°F.
Tables B.24 - B.27 summarize these results.

A relative viscosity for each recovered asphalt was calculated to compare the hardening of the
different asphalts. This relative viscosity (or aging index) is the ratio of the viscosity of the aged
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asphalt to the viscosity of the original asphalt. Table B.28 summarizes these results. It was found
that the combined mixing cycle resulted in a 1.55 to 2.80 fold increase in viscosity. After 3 years
of service, the pavements had ratios ranging from 13.5 to 41.5. The relative viscosity of the lab-
aged asphalts ranged from 2.55 to 6.35 which is comparable to the 2.2 to 7.6 increase shown after
2 weeks of service.

Conclusions

The following conclusions were obtained from these tests:

1. A small increase in viscosity occurs during the preparation of the mix, laying and the
first 2 weeks of service. Between the 2 weeks and 2 years of service, there is a greater
increase in viscosity. However, the increase in viscosity varies among the different
asphalts combined with different aggregates under various service conditions.

2. The results of the chemical analysis showed that asphaltene contents generally
increased by 1.4 - 8.3% after 1 year. After 2 years, three of the asphalts had a reduced
amount of asphaltenes, 1 - 1.4%; however, the remaining eight continued to increase
in asphaltenes. _

3. The viscosity of the petrolenes after 2 years were 1 to 20 times higher than the original
asphalts. The 20 fold increase occurred on the site where limestone aggregates had
been used. It was concluded that low viscosity oil had probably been drawn into the
capillaries of the limestone. |

4, Nuclear activation analyses indicate that oxygen content was higher after 4 months.
After 1 year, it decreased slightly then increased or remained the same after 2 years.

4.9 SOUTH AFRICA

Description (Jamieson and Hattingh 1970)

Jamieson and Hattingh (1970) reported the results of comparisons between physical and
chemical bitumen properties associated with performance after six years under South Africa coastal
conditions (temperate to warm and humid climate). Eighteen bitumens were studied. Details of the
test asphaits are shown on Table B.29.

Results (Jamieson and Hattingh 1970)

A comparison of physical and Rostler-Sternberg chemical precipitation test data in relation to
field performance is shown on Table 4.2. The authors showed that under the South African coastal
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conditions, where these experiments were laid, the results of chemical analyses on the bitumens
expressed as a ratio of the more reactive to the less reactive components (component ratio) should

be 1.0 to 1.7 for optimum performance and not 0.8 to 1.5, as suggested by Halstead, Rostler and
White (1966).

Description (Hattingh 1984)

Hattingh (1984) reported the results of another study in South Africa in which the performance
of roads constructed with four locally produced 150/200 pen asphalts were compared to ductility
measurements and high pressure liquid chromatography (HPLC) and Gel Permeation
chromatography (GPC) determinations. The asphalt properties are shown on Table B.30. All
asphalts met the South Africa specifications with the exception of a marginally high penetration for
Asphalt A.

Results (Hattingh 1984)

Immediately after construction, the roads constructed with Asphalts A and B bled profusely while
those constructed with Asphalts C and D were still in satisfactory condition after 8 and 3 years,
respectively. Performance ratings in relation to the asphalt properties are given in Table 4.3. Figure
4.11 shows the molecular mass profiles after GPC analysis for asphalts C and D are compared with
those of asphalts A and B. There is a difference in the concentration of the high molecular mass
constituents at a retention time of approximately 18.0 minutes. The author concluded that the
setting problems exhibited by asphaits A and B were probably due to:

a, Their low asphaltene contents, and
b. Insufficient high molecular mass components in the asphaltenes.

It should be noted that the report did not state whether the bleeding may have been related to
factors other than asphalt characteristics, such as air voids, traffic, etc.

Conclusions

1. More fractionation data from asphalts that have been used in road construction are
required before any conclusions can be drawn as to whether a relationship exists
between the chemical fractionation results and in-service performance.

2 A centain percentage of asphaltenes is necessary to ensure that an asphalt performs
well on the road. Too high a percentage of asphaltenes leads to cracking and too low
a percentage causes setting problems.
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Table 4.3 Asphaltene contents ductility measurements, extended TFOT residues,
and road performance assessments of four 150/200 pen original
asphaits for South Africa (Hattingh 1984)

Asphalt A Asphalt B Asphalt C Asphalt D
ETFOT ETFOT ETFOT ETFOT

Orig. . ig. ig.
Tl 3y h | OF19e | 3pu | OFR9- | 3oy b | OFA9- | 3oy

Ductility(mm)] +1400;+1400 | +1400 | +1400 | +1400 65 +1400 870

Performance |Bad - Bad Good - Good -
“‘z’:‘)“l“"es 13.7 [24.0 |15.3 | 26.3|20.7 |32.0 | 17.9 |26.9

Increase in

Asphaltenes - 10.3 - 11.0 - 111.3 - 9.0
after ETFOT
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DECREASING MOLECULAR MASS

ASPHALTENE CONTENT

ASPHALT Av I13.7% ( BAD ) ~~——re—n
ASPHALT B* i5.3%{ BAD ) =~ = = ~ =
ASPHALT C» 20.7°% (GOOD)
ASPHALT D* 17.9°%4 (G000 ) === — ==
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32 28 24 20 16 12 8 4 T
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1 ) I\
32 8 4
RETENTION TIME ( MINS) INJECT

Figure 4.11 Molecular mass profiles of four 150/200 pen whole asphailts for South
Africa (Hattingh 1984)
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3. Asphaitene content alone does not provide sufficient data for the evaluation of the
quality of an asphalt; it must be used in conjunction with the molecular mass
distribution, i.e., the size and amount of the large molecular size material present, to give
an indication of the road performance that can be expected from a particular asphait.

4, Ductility measurements carried out on unweathered and artificially weathered asphaits
seemed to differentiate between asphalts giving a satisfactory or unsatisfactory

performance on the road.

4.10 PLUMMER AND ZIMMERMAN

Description
A study to determine if molecular size distribution and/or hardness results correlated with

observed pavement cracking in Michigan and Indiana was reported by Plummer and Zimmerman
(1984). Eleven roads were studied in Michigan and eight Indiana roads were studied. The age
range of the cracked Michigan roads was six to twenty years and the range for uncracked Michigan
roads was nine to twenty-two years. The age of both the cracked and uncracked Indiana roads
ranged from one to five years. Tables B.31 and B.32 provide construction information on the roads
studied.

Resuits

Tables 4.4 and 4.5 provide results of penetration and high performance liquid chromatography
(HPLC) data for each set of roads. Larger asphalt MMSF values (ie. larger mean molecular sizes)
were obtained from cracked roads than from uncracked roads. However, the MMSF value
differentiating cracked from uncracked roads varied between Michigan and Indiana. The authors
concluded that the difference is in agreement with the fact that harder asphalts are usually used for
more southern locations.

Conclusions

Based on the HPLC results, the authors concluded that the observed cracking in both states
was related to asphalts with lower penetration (average of 61 vs. 48 for Michigan) and higher asphalt
mean molecular size (approximately 1 percent increase).

These conclusions are statistically supported at the 95 percent confidence level. The authors
stated that the asphalts supplied to the Michigan roads which eventually cracked also might have
had lower penetration and higher mean molecular size than those supplied to the roads which did
not crack. However, this conclusion is statistically supported at only a 76 percent confidence level.
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Table 4.4  High performance liquid chromatography (HPLC) results for asphalts
extracted from Michigan roads (Plummer & Zimmerman 1984)

Asphalt Data

Sample Road Data Penetration(l) Asphalt HPLC Results(?)
No. No. County Year Supplied Road Dy O¢ U1/T¢ HHSF
Roads Exhibiting No Significant Cracking
1 Us-31 Muskegon 1963 66 53 30.1 22.3 1.35 228.0
2 I-96 Ottawa 1961 64 46 27.5 20.2 1.36 231.0
8 State 52 Ingham 1972 97 75 29.6 21.6 1.37 230.0
9 State 52 Ingham 1972 85 62 28.8 20.9 1.38 230.2
10 State 52 Ingham 1972 93 68 28.8 21.4 1.35 230.3
Average 83 62 29.0 21.3 1.36 229.9
Roads Exhibiting Cracking
K} us-27 Clare 1961 66 46 28.5 20.6 1.39 231.2
4 us-27 ~ Clare 1961 64 43 28.2 20.7 1.36 230.8
5 us-27 Clare 1961 66 47 28.7 ° 20.7 1.39 230.7
6 us-27 Roscomon 1961 93 66 29.3 21.6 1.35 231.3
6A  US-273 Roscomon 1976 64 43 30.6 21.6 1.42 231.3
7 us-27 Roscomon 1961 64 43 28.8 21.3 1.35 231.3
Average 70 48 29.0 21.1 1.38 231.1
Confidence Level On Cracking Predictions 76% 95% None 31z 66% 961
Comments

Trenetrations {77°F) were measured during road construction.

2M4SF = mean molecular size factor. Dy and Dg are, respectively, the lognormal Gaussian standard deviations for
molecular sizes larger and smaller than the MMSF.

3Road 6A s an overlay on road 6.
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Table 4.5 High performance liquid chromatography (HPLC) results for asphalts
extracted from Indiana roads (Plummer & Zimmerman 1984)

Sample Road Data Asphalt HPLC Resultsl

No. No County Year 0 Ds  _D1/0¢ MMSF

Roads Exhibiting No Significant Cracking

1 [-64 Crawford 1976 27.9 22.2 1.26 233.7

2 1-64 Crawford 1976 30.1 23.8 1.27 236.0

3 State 37 Perry 1979 29.9 23.2 1.29 234.0

4 State 37 Perry 1979 30.7 23.7 1.29 234.9
Average 29.6 23.2 1.28 234.6

Roads Exhibiting Cracking

5 1-64 Crawford 1976 33.7 26.4 1.28 238.5
6 State 37 Hamilton 1980 31.3 24.6 1.27 237.1
7 State 37 Perry 1979 33.1 25.6 1.29 237.3
8 State 37 Perry 1980 30.6 24.1 1.27 234.7
Average 32.2 25.2 1.28 236.9
Confidence Level On Cracking Predictions 9413 96% None 931
Comments

IMMSF = mean molecular size factor. Dy and Dg are, respectively, the lognormal
Gaussian standard deviations for molecular sizes larger and smaller than the MMSF.
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It is also possible that the decreased penetration and increased mean molecular size in asphalts from
cracked Michigan roads could have occurred from severe mix plant operations or use of different
aggregate types. In Indiana, only the asphalt supplied prior to mixing with the aggregate was
sampled. The penetration measurements obtained on the supplied asphalts did not show any
significant variation between cracked and uncracked roads.

4.11 PENNSYLVANIA (1961-62)

Description

Pennsylvania constructed experimental test roads in 1961 and 1962 in order to evaluate the
durability of asphalt surfaces constructed with various asphalt cements (Kandhal 1976, Kandhal &
Koehler 1984).

In October 1961, two test pavements were constructed in Lycoming and Beaver counties; and
in June 1962, two were constructed in Washington and Lebanon counties. These four test
pavements were asphaltic concrete overlays, consisting of 2-inch binder and 1-inch wearing course,
placed on 9-inch portland cement concrete pavements. Each wearing surface contained a different
type of asphalt. Slab aggregate was used in Beaver and Washington counties, whereas limestone
aggregate was used in Lycoming and Lebanon counties. All mixtures were designed according to
the Marshall method. The construction methods used on the four jobs were basically similar.
Average daily traffic varied from a low of 2850 in Washington county to a high of 6600 in Lycoming
county.

Results

Asphalt properties for the 1961-1962 test pavements are summarized on Table B.33. Since
construction of the test pavements, periodical core samples were obtained to determine the
percentage of air voids in the pavements and the rheological properties of the aged asphalts. When
constructed in October 1961 and June 1962 and visually inspected during November 1963, all four
test pavements appeared satisfactory. Visual evaluation included riding quality, loss of fines, raveling,
and cracking. Pavement condition surveys were conducted annually thereafter. The ranking orders
of pavement performance after 10 years service, percentage of air voids, penetration at 77°F,
viscosity at 140°F, and ductility at 60°F, are given in Table 4.6. Pavements in Beaver, Lycoming,

Washington, and Lebanon counties are numbered 1, 2, 3, and 4, respectively.
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Table 4.6  Ranking orders at Pennsylvania (1961-1962 pavements) (Kandhal 1976)

Pavement Pavement Penetration Viscosity Ductility
Performance Air Voids at 77°F at 140°F at 60°F, 5 cm/min
3 (poorest) 3 (highest) 3 (lowest) 3 (highest) 3 (lowest)

2 4 4 2 2
! 1 2 ! ' !
4 (best) 2 (lowest) I (highest) 4 (lowest) 4 (highest)
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Conclusions

The authors suggested that the asphalt ductility value obtained at 60°F is a good indicator of
pavement performance. In addition, it was found that the viscosity also related to performance;
however, the authors cautioned that later studies did not always confirm this relationship. It was
noted that the pavement condition was satisfactory when ductility at 60°F was maintained above 10
cm. However, load-associated cracking began to develop when the ductility value fell in the
approximate range of 3 to 5 cm.

4.12 SISKO AND BRUNSTRUM

Description

Viscoelastic properties of twelve asphalt cement samples used in road construction for a number
of different states were measured to try to relate to observed pavement performance (Sisko and
Brunstrum 1968 & 1969). Pavements were observed after 11 years service with the exception of
llinois which was observed after 3 years. The roads chosen were from a survey of pavements
constructed in 1954 and 1955 by the Bureau of Public Roads.

Properties of the asphalts unaged and after TFOT are shown in Table B.34. The asphalts were
70-80 and 85-100 penetration graded and represented a variety of crude and manufacturing sources.
Table B.35 gives physical properties of recovered asphalts extracted from the roads. Table B.36
provides information relative to the composition of the asphalt as determined by a combined solubility
and chromatographic procedure. A summary of the road evaluations is presented in Table B.37.

Results

A Weissenberg rheogoniometer, modified to improve temperature control and accuracy of strain
measurements, was used to measure viscoelastic properties on retained unaged and aged asphalts
after 11 years service and on residues from the TFOT. The frequency of stress application ranged
from 4 X 10°7 to 102 cycles/second, and the test temperature range from 0 to 80°F. Measurements
at various frequencies and temperatures were reduced to master curves at a 20°F reference
temperature and 108 cycles per second frequency (Sisko and Brunstrum 1969). The relationship
of complex modulus and pavement performance is shown on Table 4.7.

Conclusions

Conclusions from the study that concern the relationship of asphalt cement properties to
pavement performance follow:
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1. Large increases, induced by aging, in the hardness of the asphalt binder (as by
complex modulus) are associated with road-cracking.

2. The large differences in viscoelastic properties that can develop during road-aging are
accumulated ESAL's, fractured faces, air voids, VMA, due partly to intrinsic differences
in aging resistance and partly to external factors.

3. The age-hardening of asphalts in the road does not correiate directly with the amount
the asphalts hardened in the TFOT.

4.13 SASKATCHEWAN (Rutting)

Description

This study was an attempt to associate pavement rutting to mixture properties on highway
segments in Saskatchewan (Huber & Heinman 1987). The type of rutting investigated was plastic
deformation of the asphalt concrete layers. Structural design of the pavement was not addressed.

Field sites chosen for evaluation included both good and poor performing sections, sections with
fast and slow moving traffic, sections with varying asphait cement consistency, and both old and

recently constructed sections. A list of sites chosen is shown in Table B.38.

A testing program was performed to characterize the asphalt concrete mixtures in various
stages. A summary of the tests used is shown in Table B.39. it should be noted that the only
asphait cement properties measured in this study were recovered penetration and viscosity. These
data are shown, along with additional data obtained during field sampling, in Table B.40. The study
concentrated more heavily on the influence of asphalt mixture properties as opposed to asphailt
cement properties.

Mix design information was obtained from historical records and using construction records.
Post-construction was defined as the condition of the material immediately after construction. Since
actual post-construction information available from the field quality control testing lacked coincidence
between test locations and study sites, cores were obtained between the wheelpaths to identify post-
construction parameters.

The present condition of the asphalt materials was defined as the condition at the time of
testing. Cores were obtained in the outer wheelpath to identify these properties.
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Resuits

A regression analysis was performed to identify if any of the laboratory measured properties
correlated to rutting performance. Two methods quantifying rutting performance were used. The
first was rut depth expressed in millimeters; the second was rutting rate expressed as millimeters per
million equivalent axle passes. Each of these performance measures was correlated to both the post
construction condition and the present condition. The individual parameters regressed to rutting
performance include accumulated ESAL's, fractured faces, air voids, VMA, Hveem stability, Marshall
stability, asphalt content, asphalt penetration and viscosity, percent voids filled and Marshall flow.
A summary showing the resuits is shown in Table 4.8.

Rut depth was not found to correlate well with any of the asphalt or mixture properties. The rate
of rutting was found to correlate well to air voids, voids filled, asphalt content and Hveem stability.
Marshall stability, flow, penetration and viscosity of the asphalt showed little correlation with rutting.

A threshold analysis was also performed for post-construction data which indicated a significant
correlation in the regression analysis; namely air voids, VMA, asphait content, voids filled, fractured
faces, Marshall stability and Hveem stability. Penetration and viscosity were not included due to the
poor relationships found during regression analysis. Results are presented in Table 4.9. The results
indicated that air voids and voids filled (which is a function of air voids) appear to be the most
dominant parameter in defining rutting performance.

Conclusions A
Among the conclusions gained from this study are the following:

1. Asphalt content and voids filled are the most basic parameters which affect rutting.
Voids filled includes the effects of both air voids and voids in the mineral aggregate.

2. Marshall stability and flow do not show any independent effect on rutting performance.

3. Penetration and viscosity of the asphalt do not demonstrate a significant effect on rutting
rate.

4, Mature pavements begin to exhibit plastic deformation when the air voids and the voids

filled exceed the identified threshold values.

4.14 CALIFORNIA

Description
The California Transportation Laboratory performed an asphalt durability study involving the

weathering of carefully controlled and fabricated briquettes in 4 different field environments in the late
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Table 48 Summary of regression analysis using average parameter data for
Saskatchewan rutting study (Huber & Heiman 1987)
FOS T-CONSTRUCTION PRESENT CONDITION
RUTTING RATE, RUTTING RATE,
RUT DEPTH, mm mm/ 108 ESAL RUT DEPTH, mm mm/106 ESAL
CORRELATION  FROBA-  CORRELATION  PROBA- CORRELATION  FROBA-  CORRELATION  FROBA-
PARAMETER r2 BILITY r2 BILITY r? BILITY 2 BILITY
Accumulated ESAL's 0.099 0.a10% - - 0.099 0.410 - -
AC Content 0.134 0.332 0.673 0.007 0.082 0.456 0.667 0.007
Fracture 0.269 0.153 0.229 0.193 0.074 0.516 0.004 0.881
Air Voids 0.221 0.202 0.483 0.038 0.182 0.252 0.234 0.187
Voids in the Mineral
Aggregate 0.111 0.379 0.124 -0.352 0.001 0.927 0.262 0.159
Hveem Stability 0.211 0.213 0.450 0.037 0.279 0.144 0.489 0.036
Marshall Stability 0.111 0.380 0.056 0.540 0.019 0.723 0.227 0.194
Penetration - - - - 0.004 0.879 0.187 0.245
Viscosity - - - - 0.042 0.599 0.082 0,456
Voids Filled - - 0.530 0.026 0.211 0.213 0.282 0.141
Flow - - 0.027 0.301 - - - -

1. Probability that the parameter dces not effect on

that accumulated ESAL's does not effect rut depth.

the rutting performance. eg, 0.410 means 41% chance exists
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Table 4.9 Threshold analysis results for Saskatchewan
rutting study (Huber & Heinman 1987)

THRESHOLD

PARAMETER VALUE

Air Voids* 4% minimum
Voids in the Mineral Aggregate 13.5% minimum
Asphalt Content 5.1% maximum
Voids Filled 70% maximum
Fractured Faces 60% minimum
Marshall Stability -

Hveem Stability 37% minimum

*Note: Authors report this as a minimum rather than a maximum.

4-44



1970’s (Kemp & Predoehl 1981). The purpose of the study was to compare the effects of different
field environments on asphalts in briquettes to the effects produced on the same asphalts by various
laboratory accelerated weathering procedures. In addition, asphalt test road in Calipatria was
studied. The Calipatria test road used a study asphalt from the desert weathering site in Indio. The
briquettes were aged and tested at 1, 2 and 4 years of age. The Abson recovery procedure
(AASHTO T170) was used and the asphalts tested for penetration, viscosity and shear susceptibility.
Not all the resuits from these tests have been included as only the desert site had corresponding
field data. The asphalts used came from Kern Valley, LA Basin and Santa Maria. Four weathering
sites with distinctive climates that represented major portions of California were selected for the
briquettes. The Mountain climate was represented by South Lake Tahoe, Valley by Sacramento,
Coastal by Ft. Bragg and Desert by Indio.

in November 1977, thick AC overlays (0.20 feet and 0.35 feet) were placed over a road at
Calipatria, which is south of Indio. The LA Basin asphalt was used in the paving, and samples of
the asphalt and mix were obtained during paving. In addition, cores were taken 2 years later. The
test results of the asphalts recovered from these cores were then compared to the 2-year indio test
results to verify the authenticity of the field weathering procedure used in the durability study. Tables
4.10 and 4.11 show the resuits for the test section as well as on the briquettes. Note that only the
top 2 inches of the cores were used to recover the asphalts so as to minimize the effects of
underlying layers and the tack coat.

Results (Reported by Caltrans)

Since Indio and Calipatria have approximately the same climate, a comparison of rate of
hardening results for the Indio briquette and Calipatria overlay was accomplished. Table 4.12
contains a comparison of the road results with 24-month Indio results. It can be seen that there is
a fairly good correlation between the results. The average results from California are slightly softer,
indicating that the briquette weathering is slightly more severe than that of an actual overlay. The
data suggests that 24 months of briquette weathering time would approximately represent 32 months
of road weathering time. The authors believe that while this correlation is only for the LA Basin
asphalt, the other asphalts would also behave similarly. |

in addition to the above, several laboratory procedures for predicting asphalt handling were
studied. Compositional tests included the Rostler fingerprinting procedure (to obtain the Rostler
ratio), the Heithaus method to obtain the state of peptization and vanadium content determination.
Accelerated weathering procedures included the (1) Rolling Thin Film Durability Test (5 hours at

325°F), (2) Roiling Microfilm Circulating Oven Durability Test (RMF-C at 210°F for 48 hours), (3)
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Table 4.10 Original asphalt test results for Calipatria test section (sampled 11-30-
77) (Kemp & Predoehl! 1981)

Asphalt Source L.A. Basin Section Section Section Sectior
Grade AR4000 5 4 6 7
Tests on Original Asphalt AASHTO R4940 R49471 R4942 R4943
Designation
Penetration at 77F (25C) (0.Vmm) T 49 52 52 53 53
at 39.2F (4C)(0.Vmm) T 49 12 12 i 1N

Penetration Ratio 39.2FPen.

—5TF Per— * 100 23.1 23.1 20.8 20.8
Flash Point C.0.C. (°F) T 48 545 535 535 540
Softening Point (°F) T 53 123 123 124 124
Solubilityin Trichloroethyliene(%) T 44 99,98 99.99 99.99 99.99
Spot Test (heptane-Xylene Equivalent) TI102 20-30 20-30 20-30 20-30
Specific Gravity at 77F T228 1.0199 1.0205 1.0201 11,0206

at 60F T228 1.0259 1.0265 1.0261 1.0267
-Absolute Viscosity at 140F(60C)(Poise) T202 2166 2089 2056 2091

Thin Film Loss (325F,5hr.)(% Loss) T179- 0.117 0.13 0.128 0.116

Rolling Thin Film Test (325F,85min) T240
Tests on RTF Residue

Absolute Viscosity at 140F(60C)(poise) T202 4375 4166 4164 4220
Kinematic Viscosity at 275F(135Cg ¢St T201 363 348 363 383
Penetration at 77F(25C)(0.1mm) T 49 34 34 33 32
% original penctration at 77F. T 49 65.4 65.4 62.3 60.4
Ductility at 77F, 4cm/min. (cm) T 51 100+ 100+ 100+ 100+
at 39.2F, 1 cr/min., (cm) T 51 0.25 0.25 0.25 0.5
Section Section Section Section
Tests on AC Nix Samples from Road 4 5_ . 6 7
Penetration at 77F (25C) (0.1lmm) T 49 28 29 28 26
Softening Point, (°F) T 53 136 137 136 137
Ductility at 77°F (25C)5cm/min. (cm) T 51 100+ 100+ 100+ 100+
Absolute Viscosity at 140°F(60C)(poise)T202 5926 6097 5280 5872
Kinematic Viscosity at 275°F(135C)(cSt)T201 453 465 468 468
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Table 4.11 Comparison of original properties of L.A. Basin asphalt used in durability
study and L.A. Basin asphalt from Calipatria test section (Kemp &

Predoehi 1981)

(Average Results)

AASHTO
Common Tests Method
Test on Original Asphalt
Penetration at 77F (25C)(0.1mm) T 49
Flash Point, COC (°F) T 48
Solubility in Trichloroethylene (%) T 44
Specific Gravity (77F/77F) T228

Absolute Viscosity at 140F(60C)(poise)T202

Rolling Thin Film Procedure T240
Tests on RTFC Residue

Absolute Viscosity at 140F(60C)(§oise)T202

Kinematic Viscosity at 275F{135C)(cSt)T201
Penetration at 77F (25C)(0.Vmm) T 49
Z Original Penetration at 77F (%) T 49

Ductility at 77F (25C)(5¢m/min){(cm) T 51

Test on Residue from "California
Tilt-oven Durability Test."

Absolute Viscosity at 140°F(60°C)

(Kilopoise) T202
Kinematic Viscosity 275°F(135C)(cSt) T201
Penetration at 77°F(25°C)(0.1mm) T 49

Ductility at 77°F(25C)Scm/min.(cm) T 51
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Study

58
525
99.96
1.019
1816

3509
339
41

150+

50.2
1038

11

12

Calipatria

Test Section

53
539
99.99
1.0203
2100

4231
364
33
63
100+

56.6
1044

10

12



Table 4.12 Average results from cores of Calipatria test sections (Kemp & Predoehl
1981)

Test Site Calivatria

AASHTO Test! Meihod

Coliforma Test Method No.

Wepoel:ticor(;nq I;sozr::ell SA!:;LE om0 op |oventityluviconty x{‘r::;-:::c vcro-vlsco_s;ly (mwunou-e) s%:::;- Drc'f-'?-;
(Months ) o175 arTror|otiacer | SR 21003 0| e woe | i) | Tyt
ABSON RECOVERED AASHTO T 170 T49 T53 [ Tl T202 |T 201 348 348 349

26 LA Basin | 80260} 12 148 96 31.5] 974 59.8 108.0 .15 16
26 LA Basin (802611 11 148 55 31.41 890 79.5 124.0 11 0]
26 LA Basin | 80262} 11 146 30 39.711006 § 129.0 163.0 .08 4
26 LA Basin | 80263}-13 14% 32 29.9( 926 64.5 107.0 .13 16
26 LA Basin | 30264 13 147 95 28.61 357 6.9 T03.9 .03 1T
26 LA Basin | 80265) 11 149 63 34.8] 936 103.0 166.0 2 4
26 LA Basin | 80266f 10 150 31 39.111075 118:0 177.0 .19 0
AVERAGE 12 143 65 33.6] 952 93.7 135.0 R 7
* 24Mo.Briq.AVG. from Charts| 4, 39 120

*For Indio location.
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Ottawa sand mix weathering in planetary oven at 140°F for 400-800 hours, (4) weathering plate
durability test (24 hours at 210°F), and (5) Actinic Light Weathering Test (95°F, 18 hours, 100
Mw/cm? of actinic radiation).

After completing the testing of the 2 year old briquettes, it was apparent that none of the
procedures above adequately predicted the effect of asphalt weathering. Therefore, a new
procedure, the California Tilt-Oven Asphalt Durability Test was developed. The results indicated that
this test predicted the change in asphalt properties occurring during the 24 month test period at
Indio West. This is particularly true for the penetration results. It appears that the California Tilt-
Oven procedure can be used successfully to control asphalt hardening in areas where thermal
hardening is the most significant weathering factor (i.e. high temperature areas).

Conclusions
The following conclusions were determined from this study:

1. High average air temperature (thermal oxidation) is the most significant factor affecting
rate and amount of asphalt hardening in hot climates. Voids and aggregate porosity
are also contributing factors but depend on the susceptibility of the asphalt to these
factors.

2. The California test road indicates that briquette weathering per unit time is slightly more
severe than actual road climate in the Indio climate. Twenty four months of briquette
weathering is approximately equal to 32 months of road weathering.

3. The California Tilt-Oven Asphalt Durability Test can be used to predict asphalt hardening
caused in 2 years at the Indio site and it can be used to control asphalt hardening in
a hot climate.

4, In addition to an improved asphalt from a durability procedure, the authors believe that

the following will improve asphalt durability: a) Reduce voids, b) Select asphalts suited
to quality of aggregate, c) Avoid absorbent aggregates in hot areas, and d) use softest
grade of asphalt consistent with curing and stability constraints.

4.15 WASHINGTON

Description
Four projects on Interstate 90 in eastern Washington where asphalt concrete was used as base,

leveling and surface course were studied and reported by LeClerc and Walter (1976). The projects
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studied were such that sections of good and poor performing pavements of similar construction and
traffic levels were located adjacent to each other.

Project numbers 8101 and 8200 both consisted of a surface and leveling course with a
combined thickness of 0.35 fest of asphalt concrete (5/8 inch minus aggregate), 0.45 feet of asphait
concrete base (1-1/4 inch minus aggregate) and 0.25 feet of crushed aggregate over a river gravel
embankment subgrade. The traffic counts for these projects showed an ADT of 10,700 with 15
percent trucks. Project numbers 8086 and 8138 both consisted of the same pavement sections as
the other two projects but the subgrade was fragmented rock. The climate conditions for all four
projects were rather severe with less than 11 inches of annual rainfall and a temperature range of -
7°F to 101°F.

Results
After 5 to 6 years of service, one pavement developed extensive wheel path cracking, two
pavement developed slight cracking, and one pavement showed no cracking.

Void contents and extraction and recovery tests were made on each of the three layers.
Penetration at 77°F and ductility at 45°F and 1 cm/min, were determined on the recovered asphalt.
The pavements were rated according to the Washington method (LeClerc & Marshall 1969) which
combines ride and distress. Pavement ratings and recovered asphalt data are presented in
Table 4.13. The pavement that was rated lowest, project 8086, had extensive longitudinal cracking
in the wheelpaths and some transverse cracking. Two of the pavements, project 8101 and project
8200) had some wheelpath cracking. In all cases, the wheelpath cracking penetrated only the
wearing and leveling course but not the base course, leading the authors to believe that failure was
in the asphalt concrete, not the base. Project 8138, showed no distress. The asphalt in this project
had relatively high retained penetration values and high relative ductility compared with the three
sections exhibiting distress.

Conclusions

The authors concluded that penetration measurements alone could not identify asphalt
properties related to pavement performance. They found, however, that a modified ductility test of
45°F, where a release agent was applied to the first inner surfaces of the mold end pieces, showed
some promise in identifying asphalts which were related to in-service performance.
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4.16 LOUISIANA

Description

This study was conducted in an attempt to provide comparisons between viscosity-graded and
penetration-graded asphalt cements. In particular, the aging characteristics of these asphalt and
associated relations to pavement durability were studied (Shah 1978). Towards the end of 1970, test
sections were constructed on a 5-mile stretch of portland cement concrete pavement on LA-1 near
Baton Rouge.

The test sections were constructed using different asphalt crudes (Hawk, Mexico, Arabian, Light
Arkansas and Smackover). Each source provided a penetration-graded asphalt cement (60 to 70
pen) and a viscosity-graded asphalt cement. The viscosity-graded cements were controlled for
consistency by absolute viscosity at 60°C (140°F). These grades were specifically prepared by the
suppliers for this study. Figure 4.12 shows the layout of the various test sections.

Samples from the test sections were taken at 1 day, 36 days, 110 days, 1, 3 and S years after
construction to evaluate aging characteristics. To control additional hardening of asphalt cements
in the mix after sampling, the samples were stored in deep freeze until ready for extraction. The
Asphalt institute Laboratory in Maryland conducted the extraction, recovery and testing of the
recovered asphalts. Pavement performance was aiso evaluated in terms of ride quality (Mays road
meter), rutting, block and alligator cracking and ravelling after 60 months of service. Table 4.14
summarizes these results. A scale of 0 to 3 was used with 0 being poor performance and 3
indicating the absence of any defects defined in this study. Traffic volume has remained stable at
an ADT of 3100.

Results

The change in the penetration properties appears to fit a hyperbolic function with time as shown
in Figure 4.13. Those sections with relatively low asphait viscosity, such as sections 9 and 10, show
less pavement distress. However, an argument against softer asphalts is the early manifestation of
rutting, and this is clearly shown in Table 4.14 where these two sections have slightly deeper ruts
than the remaining sections. However, it should be kept in mind that the differences in rut depths
are in the order of 1 to 3 mm and section 1 with a viscosity comparable to an average for all ten test
sections had the highest amount of rutting.

Figure 4.13 indicates that for both types of asphalts, there is a rapid rate of hardening during
the first 12 months and a decreasing rate thereafter. The rate of hardening with time is not
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TEST CORES

~
0000
SCCTION NO. 1 2 3 4 5 6 7 8 9 10
ASPHALT SOURCE A A B 8 C C D D A B
ASPHALT CRUNDE HAWK HAWK MEX MEX LIGHT SMACK HAWY,, HAWK, HAWK MEX
ARK OVER ARAD ARAD
ASPHALT GRADE PEN VIsC PEN VISC PEN VISC PEN Visc visc VisC
Figure 4.12 Layout and identification of pavement sections for Louisiana (Shah 1978)
Table 4.14 Pavement condition rating for Louisiana (Shah 1978)
Scction
Criterion 1 2 3 4 5 6 7 8 9 10
Riding 1.31 1.53 1.63 1.67 1,80 1.78 2.01 1.93 1.89 2.06
Raveling 2.08 1.52 1.79 1.81 2.21 1.62 2.03 2.21 2.28 2.51
Loss of matrix 1.95 1.41 1.70 1.76 2.09 1.64 2.12 2.34 2,37 2.47
Cracking
Block and alligator 1.52 2.36 2.30 2.03 2.27 2.16 2,10 2.06 2.48 2.52
Transverse and 1.51 1.98 1.93 1.67 1.91 1.95 1.95 2.04 2,18 2.45
Tongitudinal

Overall subjective 1.67 1.76 1.87 1.79 2.06 1.83 2.04 2,12 2.24 2.40

raling
Rutting, mm 7.1 4.4 4.1 3.4 4.6 3.8 4.6 4.6 5.3 6.6
Mays roughness, 144 131 123 123 111 108 96 85 125 85

in/mile
Dynaflect deflection, 1.64 1.40 1.35 1.27 1.33 0.95 1.03 0.89 0.91 1.32

/"mn ill
Block and alligator 42.76 9.22 0.36 3.33 20.26 13.91 3.70 6.98 0.68 0.00

cracking, ft*/1000 112

Note: 1 mm = 0.039 in.
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Figure 4.13 Penetration at 25°C (77°f) vs time of aging for Louisiana (Shah 1978)
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consistent although the rate for viscosity-graded asphalts is slower than for penetration-graded
asphalts. Figure 4.14 shows a plot of the aging index and section 3 had a 13-fold increase in
viscosity after 60 months. This section also had the highest original and thin-film residue viscosity.
However, this section did not have the highest amount of cracking, in fact it had less cracking than
eight of the ten sections. The slopes of these curves can be used as indicators of the relative
durabilty of these asphalts, with the flatter slopes implying a more durable asphalt.
Accordingly,based on 60-month date, all viscosity-graded asphalts would be classified as more
durable than corresponding penetration-graded asphalts. Sections 9 and 10, which have the flattest
slope, are therefore the most durable asphalts, and section 3 the least durable but not the poorest
performing.

The ductility values typically provide some measure of asphalt. However, the data collscted
indicate inconsistencies in the rate of change in this property. A close association between ductility
values and shear index was observed: in several, asphalts with shear indices less than 0.40 had
ductilities greater than 100 ém (39 inches). It is generally recognized that the 'degree of initial and
final compaction or void content or both in the pavement has an effect on the rate of hardening of
asphalts. More specifically, the higher the initial void content is, the greater the rate of hardening.
However, the data were too scattered to indicate any association of hardening rate with air void
content in pavement. This disassociation should not be construed to mean that the magnitude of
air void content does not affect the hardening rate of asphalt binder. What it does indicate is the
fact that the air void variability in pavement is so pronounced that it overshadows the resulting effect
on the hardening process.

Conclusions

The primary intent of the study reported here was to make a comparative evaluation of the
durability and performance of penetration- and viscosity-graded asphalt cements by means of field
evaluation of asphaltic concrete mixtures. The principal findings summarized below are applicable
within the constraints of the environment, materials, construction, and traffic that existed at the test
site:

1. Hardening of asphalt cements, regardless of how they are graded, is a hyperbolic
function of time although the rate or curvature may vary with specific asphalts.

2, For a given asphalt source, the difference in durability between the two types of asphalts
was not significant. Likewise, no significant difference was evident in their performance
in the field.
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Figure 4.14 Viscosity index at 60°C (140°F) vs time of aging for Louisiana (Shah
1978)

4-56



3. Viscosity-graded asphalts were more susceptible to temperature than corresponding
penetration-graded asphalts, but there was no correlation between this characteristic and
pavement distress.

4, There was no association between voids in the pavement and rate of hardening.

417 QUEBEC

Description

in 1980, data were collected from test road sections in Quebec, Canada to evaluate the effects
of materials and in-situ conditions on pavement performance (Keyser & Ruth 1984). A total of 23
test sections were used and the majority had been in service for 7 to 9 years under medium traffic
conditions. Freezing index values ranged between 1560 to 3000 degree-days. Typical cross-
sections contained 3 to 5.5 inches of asphalt concrete, 6-12 inches of base, 8-12 inches of subbase

and 12-24 inches of clean sand as a frost protection layer.

In-situ measurements of rutting, cracking, deflection and ride quality were taken, together with
core samples to determine the properties of the recovered asphalts as well as mix properties.
Penetration and viscosity data for the original bitumen were also included. Environmental conditions
were noted. A series of statistical methods were then used to determine which variable had a high
degree of interaction and to what degree of significance the variables were related to a specific
material, performance or response parameter.

Resuits
Regression relationships were developed between the 3 consistency measurements (viscosity,
penetration and softening point). In general, there were fair to poor correlations with single variable

correlations. Multiple variable correlations provided reasonably good correlations as shown in
Table 4.15.

Other relationships were developed between asphait consistency and mix parameters. In
particular, it was found that air voids affected consistency values, and that both parameters
influenced the tensile strength of the core.

Analysis of the transverse cracking data resulted in some representative equations (Table 4.15).
Equations 20 to 22 have extremely low correlation coefficients, but suggest that penetration, traffic,
and air voids affect the degree of pavement cracking. Figure 4.15 shows that the data should be
segregated according to traffic levels. Figure 4.16 illustrates the effects of penetration, asphalt
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Table 4.15 Relationships for transverse cracking for Quebec (Keyser & Ruth 1984)

fqn. Std.
No, Regression Equations for Different Parameters?d Error

Single Variable Correlations:

120,3+3
20 TC = 25.326 + o.sss(,tw) 37.8
21 TC = -131.251 + 247,84(TRA)-0.3 33.8
22 TC = 4.8471 + 10.035 (VV) 40.4
3.3

23 TC « 5.15 + 0.235(320) -

(Light to medium traffic, Levels 6 to 3)

1.206
. 120 .

24 T 21.53(,EN) -

{Med‘um to heavy traffic, Levels 3 to 1)

Multiple Variable Correlations
3.3
25  TC = -129.37 + o.az:(égﬁ) + 218,57(TRA)-0.3 27.6
3.3

26 TC = -209.91 + 0321 (3 + 407.58(1RA)"0-3

_ 17,05 THICK 27.2

(TRA)"Y+

27 TC = -97.619 + 0.0682(VIS) + 263.96(TRA)-0-3. 0.0228(F1)

- 0.0426 (THICK)(1TS) 27.9

0.311

0.449

0.213

0.933

0.85%5

0.650

0.679

0.682

Note: Iyesented in this table are mathematical madels developed by statistical regression analyses (o de.

fine the relatinnships between different parameters and transverse cracking.

ATC = total cimple, multiple, and transverse cracks: PEN = penetration @ 25°C; TRA = traffic (1 = heavy,
6 = light): TIICK = thickness of ssphalt concrete pavement (in.); 'l = freezing index (* days); ITS = in-

direct tensile strength at 0°C,
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concrete thickness and traffic on transverse cracking. From this figure, it can be seen that 3 inches
of asphalt concrete with a pen of 50-60 is essentially equivalent to 6 inches of asphalt concrete with
a 25 pen binder. The addition of other variables such as viscosity, traffic, freezing index, thickness,
and indirect tensile strength parameter did not indicate any improvement over those equations
containing only penetration. Equation 27 defines the best multiple variable correlation obtained using
the viscosity. This equation indicates that cracking increases with viscosity and traffic, decreases
with an increase in freezing index and decreases with increasing thickness and tensile strength.

Two models were selected for evaluation and use in the prediction of transverse cracking and
cracking temperatures. Both the Haas model and the Asphalt Institute procedure showed no
correlation between the number of transverse cracking and the predicted differential cracking
temperature. The poor results may be due to insufficient range in the data or other reasons. Ride
quality was also measured and regression analyses developed with freezing index, transverse cracks
and other subsurface variables as independent variables. Attempts to develop rational relationships
between rut depth and the available data were unsuccessful. This could be partly due to the
insufficient range in rut depth values, as only 5 of the 23 test sections exhibited rutting in excess of
0.5 inches.

Conclusions

The resuits of analyses performed on data collected from 23 test road sections in the Province
of Quebec, Canada, provided information on the effects that certain parameters have on the
properties and performance of asphalt concrete.

1. The most significant finding was that consistency of recovered asphalts and traffic level
defined to a high degree of significance the amount of transverse cracking on 6 to 9
year-old pavements,

2, The use of two categories of traffic level and the penetration (25°C) of recovered asphalt
provided a relationship with the number of transverse cracks.

3. Relationships developed between penetration, viscosity, and ring and ball softening point
of recovered asphalts demonstrate that these consistency measurements are related to
such a high degree of significance that only one of these consistency parameters is
needed to characterize the asphalt. However, viscosity-penetration relationships for
original asphalts are not uniquely related and form the basis for selection of asphaits
to minimize low temperature cracking potential.
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4, Several existing models were used to predict transverse cracking and cracking
temperature. Analysis of these values and the actual number of observed transverse
cracks provided absolutely no correlation between predicted and actual cracking.

5. The depth of rutting was insignificant, except for five sections that had ruts in excess
of 0.5 inches. No relationships were found to define the amount of rutting.

6. The effects of air void content on asphalt hardening and indirect tensile strength at 0°C
(32°F) were identified. A tentative procedure for prediction of in-service hardening of
bitumens has been suggested for use in determining the effects of air void content and
age on the indirect tensile strength and consistency (penetration or viscosity) of the
asphalt binder.

4.18 FLORIDA

Description
Since 1983, asphalts with abnormally high light fractions have been encountered in Florida

(Page et al., 1986). In particular, operational problems were encountered in both drum mix and
batch plants because of the loss of the light fractions during the mixing process. The effect of these
losses were a visually dry appearance of the mix after paving, and subsequent compaction and
ravelling problems in some projects.

The concern over the eventual availability of asphalts with a high volatile fraction on state paving
projects led to the initiation of a testing program by the Florida DOT. The primary objectives were
to determine if asphalts with high percentages of light fractions could be related to any change in
mix properties and pavement performance when compared to a paving mixture with a more typical
light fraction asphalt cement. In addition, the differences in batch vs. drum mix plants were also
evaluated.

A recycling project on SR 16 in Clay County was selected-the pavement was originally
constructed in 1942 and consisted of a natural subgrade, 6 inches of limerock base, and a 3/4 inch
surface treatment. In 1958, the pavement was overlaid with 2.5 inches of an asphalt concrete
surface course. The test pavement project involved the milling of 2 inches of the existing surface
course and placement of a 1.25 inch layer of a recycled Type S-lli concrete structural mix followed
by 1.25 inches of a conventional Type S-lll surface course mixture in the traffic lane of the test
section area. A 1.25 inch surface course layer of the recycled Type S-lll was placed in the passing
lane and at all other locations outside the test section area.
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The most significant differences between the two types of mixtures are air void content and
asphalt content (higher in conventional mix). Two AC-20 grade asphalts were used, one with a high
light fraction and one with a typical light fraction. A total of eight test sections were constructed (2
asphalts and 2 plants, with and without steam distillation).

The asphalt cements to be used in each of the test sections were sampled upon delivery to the
asphalt plant and submitted to the Central Laboratory (FDOT-Bureau of Materials and Research) for
testing. The following tests were performed to determine the physical properties of the asphalts
before and after Thin Film Oven Test (TFOT):

Viscosity @ 77°F, 140°F, and 275°F (25, 60, 135°C).
Penetration @ 77°F (25°C).

Ductility @ 60°F (15.6°C) and 77°F (25°C).
TFOT-percent loss.

Flash Point (COC).

Smoke Point (COC).

Solubility--Trichloroethane.

N o G ~ 0N

These results for the asphalt cement are summarized in Tables 4.16 to 4.19. Tables 4.20 to
4.21 summarize the asphalt mix properties. In addition, the asphalt cements were pre-processed
using steam distillation to remove the light fractions from the asphalt cements. However, after 6 days
of testing, this process was terminated as there was no significant change in TFOT loss. The steam
distillation results are not discussed any further herein.

Monitoring of the completed test sections was performed at three, six and nine months after
construction. Cores were taken, rut depths measured, crack surveys taken, as well as Dynaflect,
Mays Meter and friction number measurements. Table 4-22 summarizes these measurements. The
performance data show no indication of early failure or inferior behavior of any of the test sections.

Results

Nine-month aging trends for viscosity @ 140°F are shown in Figure 4.17. Sections 1 and 2
show the same rate of hardening when compared to Sections 3 and 4, but the high light fraction
asphalts in Sections 3 and 4 have a lower viscosity than 1 and 2. The close correspondence in the
slopes suggest that viscosity tests on TFOT residues obtained at different heating times could be

used to establish the in-service binder hardening rate. The dashed lines indicate that the viscosity
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Table 4.16 Asphalt Cement Test Data--Low
Light Fractions, Batch Plants
(T.S. 1) (Page et al. 1986)

Deseription: Asphall Cement - Typical Light Fractions

Plant: Drum Mix
Test Original After
TFOT 2 wk

Viscosity 695

21%F %2 T 0
Viscosity am

1A0F an 1724 (18090}
Viccosity 1.49(6
-0 1.2806 2.5216 (3.74¢6)
Penctration 63

77F 82 51 (40)
Ouctility 150+

17F 150+ 125 (32)
Ductiiity 40

60F 145 15 (8)
Loss (1) - 0.28 0.94
Flash Point
coc F 525 - 550
Smoke Point
coc f 240 - 40
Solubitity- .
Trichlorocthene 99.98 99.86
NOTE:

Ne<cription: Asphall Cement -

Plant: Batch

Test

Viscosity
2I5F

Viscosity
1A0F

Viccosity
17F

Penetration
17F

Ductility
17F

Ductiifty
60F

Loss {3)

Flash Point
coc f

Smoke Point
coc F

Solubility-
Trichlorocthene

HOTE :

3 mo

819
(1365)

122
(21956)

2.29C6
{4.06L6)

49
{3)

150+
(50)
*
(6)
0.62
555

330

99.97

6 mo

928
{1561}

9505
(31978)

3.00L6
(8.08€6)

47
{34)

150+
(16}

16
(8)
0.87

540
30

99.94

Recovered from Roadway
Ym0 Tyr.

1153
(2396)

15755
{71085)

6,436
1.3807

Y
(25)
94
(10}
7
(s}
()

550
250

99.96

Values shown in parentheses are after Thin Film Oven Test

Table 4.17 Asphalt Cement Test Data--Low

Original

462

22713

1.20C6

82

150+

145

525

240

99,96

After
T1FOT 2 wk
m (1225)
8
2.526 386
s (30
125 ;}g)
15 ;?)
5.2 0.8
- 535
- 235
- 99.98

Typical

J mo

968
(1537)

11,040
(29,339)

J.5006
{6.11L6)

aa
(34)

120
(21)

9
(6)
0.70

545
325

100.0

Light Tractions

6 mo

909
(1679)

10,343
(37,509)

29686
(7.1006)

a6
(32)

150

(13)
0
(s)

ol

530
RL})

99.93

4-63

Light Fractions, Drum Mix Plants
(T.S. 2) (Page et al. 1986)

Recovered from Roadway
9 mo Tyr,

1215
(2178)

19,735
(12,201}

n.2006
1.37¢7

kLl
(26)

66

(9

(s)
0.94

550
350

99.94

Values shown in parentheses are after the Film Oven Tesl

2 yr.

TEST SECTION No. 2

Lar.

TEST SLCTION No, )



Table 4.18 Asphalt Cement Test Data-High
Light Fractions, Batch Plants
(T.S. 3) (Page et al. 1986)

Description: Asphalt Cement - High Light Fractions
Piant: Batch
Test Original After
1F0T 2 wk 3 mo 6 mo
Yiscosity 683 734 9l
275F 483 802 (4113} (1216)  (1559)
Viscosity 4000 4703 7692
140F 200 5630 (44727)  (13652)  (23528)
Yiscosity 1.3866  1.6376  2.64C6
1F 0.98E6 24786 (375arg) (4.78£6) (6.57E6)
Penctration 10 65 54
7°F % 58 (a8) (42) (an
Ductility 150+ 1504 1504
17F 150+ 150¢  (y30) (50) (20)
Ductility 86 7" 3]
60F 150+ 62 (14) (10) (8)
Loss (%) - 0.65 0.9 1.05 1.15
Flash Point
e F 405 . 520 535 535
Smoke Point
coc ¢ 280 - 330 ns 350
Solubitity-
Irichlorosthene  99-98 - 99.10  99.98  99.97

TEST SECTION MNo. 3

Recovered from Roadway
9 mo 1yr,

1116
(2693)

10216
(58126)

4,316
1.4487

yr, Lxr,

52
(28)
86
(19)

19
(10
1.96

545
30

99.94

NOTE: Values shown in pargnlhcsls sre after Thin Fiim Oven Test

Table 4.19 Asphalt Cement Test Data--High
Light Fractions, Drum Mix Plants
(T.S. 4) (Page et al. 1986)

Nescription: Asphalt Cement - High Light Fractions
Plant: ODrum Mix TEST SECTION No. 4
Test Original After Recovered from Roadway
1F01 2 wk I mo § mo 9 mo lyr. 2 yr. I yr.
Viscosity 180 819 1116 1190
275F 43 802 (1278) (1334) (1781} (1957)
Viscosity 5305 5802 109N 13551
140F 21005630 (y¢%5)  (17032)  (29945)  (42484)
Viscosit 1.67€6 2.07¢6 - 1.11e7
ne 0.90E6 2.4766 (4 4gEe) (5.56E6) - 1. 14E7
Penetration 95 58 64 59 45 R
77F (40) {38) (37) (28)
Ductility 150+ 150+ 150¢ 92
17F 150+ 1504 (86) (1) (16) (29)
Ductitity 74 S7 102 8
60F 1500 62 (9) (8) (n (s)
Loss (1) - 0.65 1.0 1.00 0.85 0.85
Flash Point
coc F 485 - 540 540 550 545
Smoke Point R 1
CoC  F 280 320 3Joo 340 35
Solubility- -
Trichlorosthene 99.98 99.89 99.97 99.97 99.97
NOTE: Values shown in parentheses are after Thin Fiim Oven Test
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Table 4.20 Asphalt Concrete Mixture Data;
T.S. 1 and T.S. 2 (Page et al. 1986)

Deceription: Asphalt Cement - _Iyplcal Light Fractinns TEST SECTION N0, )
Plant: Daggh (b)
RoAdway Samples
Test Mix Plant As (a) —

JDesfgn  _Mix  Const.'™’ 3 mo, 6_mo, 9 mo,
ensity (pef) 130 1327 126.9  121.6/125.5 125.6/324.8  131,1/138.9
Air Yoids (1) 6.7 5.5 9.6 15.4/714.8 12.6/13.1 8.3/10.)
Harshall Stability (ihs) 1580 1783 - - - -
Harshall Flow (0,01 inch) 9 9 - - - -
Tensile Strength (ps yp - 124 42 56 15 .o
Neseription: Asphalt Cement - Iypical Light fracttions TEST SECTION ®O, 2

Plant:  Drum Mix

Roadway S.\ml'.-s(b)

Test Mix Plant As (a) D ——

-_— Drsign Mix Const \? 3 mo, 6 mo. 3 ma,
Oensity (pcf) 11,0 131.7  125.6 125.5/124.9 127.1/127.4  129.2/126.1
Air Yoids (%) 6.7 6.2 10,5  12.2N12.% 10.9/10.7 9.4/11.3
Marshall Stability (Ihs) 1580 1766 - - - -
Marshall Flow (0.01 inch) 9 9 - - - -
fensite Strength (rsH)up - 125 62 65 - 08 18,0

:;:;M Const - Averane of 10 muclear density measurements {corrected)
etween dheel Paths (BHP)/In Whee) Path (WP) -

Table 4.21 Asphalt Concrete Mixture Data;
T.S. 3 and T.S. 4 (Page et al. 1986)

Receription: Asphalt Cement - High Light Fracttons TEST SECTION MO, _J
Plant: paten Roadway Samnles (h)
Test Mix Plant As (a) e ———
Oesign  _Mix_ Consl.®" 3 ma, 6_mo, 2ro..
Density (pcf) 131.0 1335 128.6 127.9/128.4  128.17121.5 130.4/125.4
Air Yolds (1) 6.7 5.0 8.4 11.410.) 10.6/11.1 8.9/12.4
Marshall Stability (ibs) 1580 1328 - - - b
Harshall Flow {0.01 inch) 9 9 - - - -
fensile Strength (psilyp - m 51 %5 60 122
Breeription: Asphall Cement - Jiigh Lighl Fractions TEST SCCTION MO, A4
Flant: Drewtlia Roadway S-\mlrs‘ b
l_!_r_s_! Mix Plant As (a) -_—
Design  Mix Comt 3w, § mo. Lmn,
Oensity (pcf) 13,0 120.5 124.7  124.1/125.6 126.17126.6 121.3/122.9
Air Volds (1) 6.7 8.5 H.2  13.%/13.0  12.%5/12.2 12.1/714.8
Marchall Stability (1bs) 1580 1m3 - - - .
Marshall Flow (0,00 inch) 9 9 - - - -
Tenstie Streagth (pst)yp - m 56 6% RY 106

(;‘;M Lonsl, - Average of 10 nuclear dencity measurements (correcied)
M) ietween Hheel Faths {6NF)/In Whee! Path (WP)
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VISCOSITY, 140°F - POISES

VISCOSITY @ 77°'F - POISES
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Figure 4.17 Age Hardening of Recovered Asphalts--140+F
Visco (Page et al. 1986)
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Figure 4.18 Age Hardening of Typical Light Fractions
Asphalt--77+F Viscosity (Page et al. 1986)
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of the TFOT residue from the original asphalt with high light functions is equivalent in viscosity to the
in-service binder at 30 days.

The viscosity @ 77°F results in Figures 4.18, 4.19 and 4.20 show that viscosity increases with
age. They also illustrate that viscosity data provides greater sensitivity than penetration in the
analysis of data trends.

Finally, flexural fatigue tests were conducted @ 77F and analyzed. It was found that the
asphalts with high light fractions (Sections 3 & 4) gave fatigue lives similar to those for Section 1.
Table 4.23 summarizes these results. The authors (Page et al., 1986) conclude that the results for
Section 2 are erroneous and therefore do not include them in the analysis.

Conclusions

The authors (Page et al., 1986) report the following conclusions:
1. Asphalts with high light fractions produce operational problems at the plants.

2. The asphalt with higher light fractions has a higher viscosity than the asphalt with typical
light fractions. ‘

3. Fatigue testing indicated no major differences between the mixtures used in the test
sections.
4, The viscosity tests on TFOT residues indicate the same trend as the asphalts recovered

from the field, i.e., viscosity increases with time.

5. Penetration does not show as great a sensitivity to hardening as does viscosity.

4.19 CLARK COUNTY, NEVADA

Description

In 1983, Finn et al. (1983) reported the results of an investigation into mix design procedures
using the Marshall test and the Asphalt Institute procedures. Two examples were illustrated where
mixes designed with the above procedures resulted in early rutting distress or in a mix that would
have been considered unsuitable for a highway pavement using the California method of mix design.

In addition, stabilometer and creep tests were used to modify the mixture designs. The authors also
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VISCOSITY @ 77°F - POISES
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assessed the efficacy of the creep test as an additional design test, particularly for pavements
subjected to heavy loading conditions in hot environments.

Two case studies are presented in which the Marshall test procedure for both airfield and
highway pavements has required additional tests to assist in the mix design process. In both cases,
the stabilometer and creep tests were utilized. The creep test was used as an indication of the
relative amounts of rutting under repetitive traffic loading which occurs in mixes at different asphait
contents.

In 1979, an investigation was initiated in Clark County, Nevada to define the cause or causes
of premature cracking (mostly block cracking) in recently constructed asphalt pavements. Because
of the presence of volcanic (absorptive) aggregates, asphalt contents were subsequently increased.
A field investigation in the spring of 1982 reported that some bleeding and rutting were found in
mixes subjected to slow-moving, heavy traffic. The major incidence of these distresses were located
in the approach lanes of major, signalized intersections.

Cores were taken from four projects in these areas, and they were rated as acceptable,
unacceptable, and non-trafficked. Tests on the cores included determinations of unit weight, asphalt
content, percent passing No. 200 sieve, Marshall stability and flow (remolded), stabilometer *S* value
(both on cores and same materials remolded) and creep stiffness.

Results

Table 4.24 summarizes the recovered asphalt properties. The asphalt in the mix for Project 1,
Phase 1, has a relatively high viscosity when compared with the other projects. The average
recovered viscosity @ 140°F (60+C) for the acceptable areas is significantly different from that for
the unacceptable areas. The average PVN was -1.1 for all the projects, with a range of -0.3 to -
1.8. Thus, temperature susceptibility may be considered high but not beyond the normal range
reported in the literature.

Air voids (Table 4.25) indicate that the mixes have been compacted to less than 3% (overall
average 2% for unacceptable areas, 4% for acceptable areas). The low values correspond with the
observed performance, i.e., bleeding. Table 4.26 summarizes the stability data, and it may be
concluded that:

1. High Marshall stability values do not assure adequate rutting resistance.
2. Stabilometer *S* values decrease significantly as air voids are reduced below 4%.
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Table 4.24 Recovered Asphalt Properties
(Finn et al. 1983)

Asphalt Characteristics

Recovered Properties

Project Performance
Original Viscosity at Pen. at 77 F Pen-Vis
Grade 140 F - poises 100 gm. 5 scc. Number
1 Acceptable AR-8000 25,100 16 -0.6
Unacceptable  AR-4000 3,055 45 -1.8 -
2 Acceptable AR-4000 3,570 [ -1.5
Unacceptable Al-4000 1,870 66 ~1.8
3 Acceptable AR-4000 15,400 19 -0.8
Unacceptable  AR-4000 1,930 67 ~1.6
4 Acceptable AR-4000 12,000 19 -0.8
Unacceptable  AR-4000 2,830 52 -1.5
Table 4.25 Void Content Data-In Situ Mixes
(Finn et al. 1983)
Alr Void Content of
VHA - percent Cores ~ Percent*
Project | Performance
Specifications Job Mix Cores | Location 1 | Location 2
Formula
Acceptable 14 15 9.8 ho2 4.8

1 Unacceptable 12.5/13.0 12.4 9.7 1.2 1.9
Nontrafficked 1.1 5.3 4.5
Acceptablie 12.5/13.0 13.2 8.9 3.7 -

2 Unacceptable 12.5/13.0 13.2 8.7 2.6 1.5
Nontrafficked 12.5/13.0 13.2 7.3 ~ -
Acceptable 12.5/13.0 l4.5 11.8 3.4 Aol

3 Unacceptahtle 12.5/13.0 14.5 10.9 2.6 2.5
Nontraf{icked 12.5/13.0 14.5 I1.1 2.5
Acceptable 12.5/13.0 14.6 5.6 2.6

4 Unacceptjable 12.5/13.0 - 12.7 1.5 2.3
Nontrafficked 12.5/13.0 13.8 2.8

*

Averape values [or cores
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Table 4.26 Stability Data~In Situ Mixes
(Finn et al. 1983)

Marshall Test Data

Stabflometer "S" Value

Froject Pecformance Stability Flow Cor Remolded
1b. (0.01 in.) ore Specimen
Acceptable 5,480 10 31 20
1 Unncceptable 4,570 12.5 7 10
Nontrafficked (I) 29
Nontrafficked (11) 18
Acceptable 4,590 16 29 12
2 Unacceptable 4,100 17 1 5
Nontrafficked 17 8
Acceptable 4,540 10 45 22
3 Unacceptable 3,595 15 6 2
Nontralficked 42 21
Acceptable 3,435 I 22 16
o Unaceeptable 2,625 23 k) 3
Nontra{{lcked 24 7
Table 4.27 Creep Moduli and Stabilometer *S*
Values Associated with Different
Levels of Performance
(Finn et al. 1983)
Crcep Modulus - psi r Stabilometer
Performance Standard Number of Mean Number of
Mean beviation | Specimens "S'" Value | Specimens
Acceptable 29,000 7,900 8 3l.6 16
Unacceptable 13,400 5,300 9 9.0 14
Nontral{icked
Upper Scction 32,600 11,600 6 28.3 6
Lower Scction 20,900 4,800 6 — -
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3. Stabilometer values are generally less than the values recommended for highway design
(i.e. S = 35 min.).

4. Flow values from Marshall tests are high, ranging from 15 to 23 for four of the eight

conditions shown.

Creep tests were also performed at 100°F (38°C) on cure specimehs. Only the results obtained
after one hour of load application are reported (Tabie 4.27). In general, it will be noted that as the
*S* value increases, the creep modulus also increases. A creep modulus of 34,500 psi would
correspond to an *S* value of 35.

The second example was for an airfield pavement in the Middle East. A test section was built
with a binder course containing 4.2% asphalt content and a surface course at two asphalt contents:
4.9% and 5.4%. Proof rolling was conducted during two periods: 1) within one week after placement
of the asphalt concrete, and 2) during periods of high ambient temperature five months later. A 60-
ton pneumatic tired roller with 30,000 Ibs on each tire was used to apply the test loading.

Table 4.28 summarizes the resulting deformations--it can be seen that the difference in rutting
potential of the two trial surface course mixes are insignificant. However, in two of the three test
periods, the deformation increased with an increase in asphalt content.

Creep tests were performed on lab specimens with asphalt contents of 4.5% and 6%. Each
specimen was tested at stress levels of 14.7 psi (101 kPa), 30 psi (207 kPa) and 70 psi (483 kPa)
and the stress maintained for one hour. Figure 4.21 illustrates the creep moduli as a function of
loading time. Extrapolations beyond 36,000 sec. are shown as dashed lines. Note that two different
temperatures were used: 80+F for 4.5% asphalts, and 70°F for 6% asphalts. Rut depths were then
predicted using the ELSYMS layered elastic program and the procedure developed by Shell (Van de
Loo, 1976). From this, it was observed that rutting range from 4 to 10 times for the 6% asphalt mix
compared to the 4.5% asphait mix.

in addition, for an average *S* value of 46 (4.5% asphalt), the creep modulus at 100°F and one-
hour loading time is 37,000 psi, whereas for an *S* value of 1 (6.0% asphailt), the creep modulus is
2,000 psi. This compares well with the Clark County data.

Conclusions _

From this investigation, Finn et al. (1983) concluded that:

1. Higher asphalt contents were obtained with volcanic aggregate with the Asphalt institute
criteria for intersections of major arterials in a hot climate than would be indicated by
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Stitfness Modulus - psr

10%

~
Q

Table 4.28 Measured Deformations in Proof
Rolling Test (Finn et al. 1983)

Cumulative Deformation ~ in.

Time Coverages Averapge Ma x imum
4.9 5.4 4.9 5.4
Percent Percent Percent Percent
March
1981 1,150 0.05 0.08 -— ——
August
1981 1,224 0.05 0.04 0.09 0.12

Asphalt content:
45% (80°F) -

\c 5 y -~
N e ATX OO T =l
\.. —— ~ - -
~.
...'"‘o. —
-..
~..
~.—
s e
.
\‘.
.. °
.. 6.0% (100 F)
~.
~.
~N
0’ 1 | ! 1
/ 10 102 Poxd 10°¢ 10°

Time of Loading - sec.

Figure 4.21 Average Creep Curves for Surface Course Mix
at Asphait Contents of 4.5 and 6.0 Percent
(Finn et al. 1983)
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the California Stabilometer. The mixes so designed exhibited rutting in a relatively short
time period.

High Marshall stability values do not assure rutting resistance.

For Clark County, a creep modulus of 34,500 psi at 100°F, 36,000 sec. loading time, is
correlated with a stabilometer *S* value of 35. This is the minimum recommended to
preclude rutting.

For the Middle East airport, the average "S* value of 46 (4.5% asphalt) corresponded
to a creep modulus of 37,000 psi. However, no significant rutting was observed in this
study.

The creep test appears to be a useful supplement to mixture design.
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5.0 SUMMARY

This survey of published literature was designed to provide information which could relate in-
situ asphalt properties and the characteristics of asphalt-aggregate systems to the performance of
in-service pavements. In reviewing the literature, specific types of information were stipulated to be
of major interest, namely, (i) chemical properties such as fractional composition, which is generally
related to the chemical activity of asphalt, and (i) physical properties such as rheological
characteristics of asphalt which can be related to properties of asphalt-aggregate mixtures. Specific
objectives for the literature review were as follows:

1. Provide an exhaustive compilation of references (through December 1990) related to the
SHRP asphalt research program and which would be useful to future investigators
interested in investigating asphalt and asphaltic mixtures;

2 To identify those asphalt properties which are related to pavement performance and
which can be used as a basis for applying a *test of reasonableness" to test results
under investigation by the A-003A contractor. For example, if Iow temperature cracking
studies produce results contrary to field experience an intensive re-evaluation of the test
method or the interpretation of measured mix properties would be required;

3. To identify those asphalt properties to which test results should be sensitive. For
example, if field data indicates that asphalt consistency and temperature susceptibility
significantly influence performance of asphalt-aggregate mixtures, it will be important to
include in all of the studies, asphalts with a wide range of physical properties in order
to determine how well the test will reflect differences in these asphalt properties;

4, To identify problems with past research which create difficulties when attempting to pool
data from widely spaced (time and location) field projects; and

5. Provide a basis for ranking asphalt properties from good to poor or from acceptable
to unacceptable.

For purposes of this review, performance has been defined in terms of (i) fatigue cracking, (i)

low temperature cracking, (i) permanent deformation, (iv) moisture sensitivity of asphait and asphailt-
aggregate systems, and (v) aging of asphalt and asphalt-aggregate systems.
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Figure 5.1 provides some indication of the associations used to guide the review of the literature.
Task B (SHRP Task 1.4) indicates the role of the literature review in helping to meet SHRP's
objectives in the asphalt research program.

5.1 CONSIDERATIONS FOR EVALUATING DATA FROM CONTROLLED AND UNCONTROLLED FIELD
PROJECTS

Before summarizing overall results from the review of the literature, it is important to note some
of the problems which adversely affected the reviewer's ability to develop any consensus from the
large number of publications included in this survey.

1. Confounding factors related to controlled field investigations - As defined, a controlled
study would be one that was planned with a specific objective identified. Good
examples would be the Zaca-Wigmore, Ste. Anne or the European trials in France and
Germany. However, even these studies were confounded in so far as the ability to
develop specific conclusions or performance information required for SHRP. For
example, the Zaca-Wigmore project was constructed partially over a cement-treated
base which in some cases was over an old portland cement concrete pavement; both
factors would influence the occurrence of cracking in the asphalt concrete. The project
was constructed in two different periods involving different weather conditions. The Ste.
Anne Test Road inciuded a limited number of asphalts (four), one of which was a SC-5
liquid asphalt. Although the Ste. Anne project included 29 test sections, there were a
number of variables included with the study; i.e., four asphaits, three types of aggregates
in the mixture, two subgrade types, three asphalt contents and three structural sections
or 216 possible combinations. Nevertheless, this project produced some very useful
information for low temperature cracking and represents one of the most definitive with
regard to asphalt properties, mixture characteristics and pavement performance. The
European study was one of the largest and was well planned. Asphalt testing, both
chemical and physical, was extensive; however, the authors concluded that differences
in performance were due to differences in aggregate gradation and defects in the road
structure. No conclusions were reported relative to the role of the asphalt even though
that was the primary objective of this large (110 test sections) controlied study.

Similar problems can be associated with most of the controlled studies, e.g.,
investigations based on the properties of overlays or lack of information concerning
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traffic or structure. These confounding factors make it difficult but not impossible to

draw some conclusions if a consensus evolves from a consalidation of findings.

Confounding factors related to uncontrolled investigations - As defined, an uncontrolled
study involved studies of existing in-service pavement which were sampled and tested
without benefit of a well-formulated experiment design but which were planned to obtain
information relative to the influence of asphalt properties to performance. The very
nature of such studies sometimes makes it difficult to isolate specific properties and
relationships; however, most of the studies included in this category were well planned
with specified objectives and extensive testing. The results of these were considered
useful for the sponsoring agency but were not especially productive in developing
quantitative information which could be extended to other areas or materials.

Properties of asphalt and asphalt-aggregate systems - The majority of projects evaluated
asphalt properties using traditional tests to measure consistency of asphalt and asphalt-
aggregate systems. Specifically, most tests included only measures of penetration,
viscosity and ductility for asphalt and Marshall or Hveem stability for mixtures. While
these properties have proven useful in the past, and may be used in the future, the
emphasis in SHRP is on new and innovative testing designed to be more strongly

related to pavement performance.

The types of testing for physical properties of asphalt are likely to include dynamic
viscoelastic properties such as described by Ishai, Brule, Vaniscote and Ramond (1 988),
Sisko and Brunstrum (1969), and Goodrich (1988). This type of testing is not
necessarily new, having been reported by such prominent researchers as van der Poel,
Heukelom dating back to 1958. Such tests will produce information such as complex
shear modulus, dynamic viscosity, storage (elastic) modulus and loss tangent (ratio of
viscous modulus to elastic modulus) as reported by Goodrich (1988). It is expected that
these properties will provide improved correlations with the mechanical properties of the
asphalt-aggregate system.

The types of tests for asphalt-aggregate systems are likely to include measurements that
identify thermal coefficients, elastic, viscoelastic, shear, fatigue properties and would, in
most respects, reflect comparable characteristics to those used with asphalt binders.
The tests will be designed for use with analytical models to simulate stress, strain and

deformation under in-service conditions.
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Unfortunately, measurements of the type desired by SHRP were limited largely to
laboratory investigations and rarely included field studies as reported in the published
literature.

Test methods used for asphalt - A variety of test methods were used to measure
penetration, viscosity and ductility of asphalt. Penetration was normally measured under
standard ASTM procedures; however, variations on such procedures were sometimes
used to measure penetrations at temperatures other than 25°C (77°F). Viscosity
measurements were made with a range of viscometers and rheometers at various shear
rates. The use of different instruments complicates comparative results between field
projects.

The estimates of temperature susceptibility and asphalt durability have a large number
of variations, again making comparisons difficuit.

There are no baseline tests to identify chemical composition or fractions. Similarities in
fraction identification do exist; however, comparisons are difficult when evaluating
reported -properties since the types of information vary depending on test methods.
However, the purpose of this report is not to make comparisons in methods. This report
is primarily interested in identifying possible associations between chemical fractions and
performance. Thus, each method is evaluated on its own merits and comparisons are
not important.

it is recommended that SHRP develop a set of standard test methods and instruments
which can be used as a baseline for comparisons of asphalt properties.

Variations in measurements of performance (distress) - There is no consistency between
field projects as regards methods used to measure or evaluate performance. For
example, some projects used a simple numerical scale, i.e., 0 for poor to 5 for good,
based on visual observations; others measured the area of cracking or amount of
rutting; still others simply only referred to good, fair and poor. The most consistent
standards are those used for low temperature cracking in which full-width or half-width
cracks are combined into a single index.

As with testing, it will be important that SHRP establish a baseline for condition surveys
that can be used for all future investigations related to pavement performance.
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6. Lack of a strong consensus relative to conclusions - Findings from one investigation do
not always concur with those from another investigation. The best example of this type
of problem can be illustrated by findings reported for the influence of in-service asphait
penetrations on fatigue cracking. The Zaca-Wigmore study concluded that standard
penetration values of 30 or less were associated with fatigue cracking. However, a West
Texas study with a recovered asphalt penetration of 5 evidenced no cracking; likewise
studies in Delaware and Louisiana reported recovered penetration values less than 30
with little or no cracking and definitely less cracking than comparable sections with
higher penetration values. Similar comparisons can be made for viscosity and ductility.
Nevertheless, there is some overall indication, based on the published literature, that
asphalts with lower penetration values, higher viscosity or low temperature ductility
values contribute to reduced service life in terms of fatigue or low temperature cracking.
It should be noted that many of these studies are based on thin overiays and most do
not involve asphalt concrete thicknesses in excess of 5 to 6 inches for new construction.

A similar lack of consensus exists with regard to chemical composition. Unfortunately
most reports which did include information on chemical properties were inconclusive.
For example, the Michigan and European studies were unable to relate chemical
fractions to performance. However, Rostler and White (1959) and Jamieson and
Hattingh (1970) have shown correlations between chemical fractions and pavement
performance. Likewise Jennings et al. (1982) and Hattingh (1984) have shown
relationships between HP-GLC characterization and performance.

Recognizing that problems do exist in attempting to interpret information from field trials, a
cautious effort has been made to extract both qualitative and quantitative information from such data
and field performance.

5.2 INTERPRETATION OF RELATIONSHIP BETWEEN ASPHALT PROPERTIES AND PAVEMENT
PERFORMANCE

An effort has been made to evaluate the influence of asphalt properties on performance. Two
approaches have been used to determine if and how well both quantitative and qualitative
relationships can be established.
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Qualitative Relationships

Tables 5.1 through 5.6 provide information pertinent to qualitative relationship. Table 5.1 shows
by arrows the qualitative relationships; e.g., for low temperature cracking, increasing values of
recovered asphalt viscosity was associated with increasing amounts of cracking. The table reference;
i.e,, Table 5.2, provides sources of information for ready reference. The codes within each cell
indicate the number of sources (8 for low temperature cracking), the recommendation of threshold
values, not necessarily the same values (Y for yes, N for no), and finally, an indication of
contradictions to the general finding (0 for no, 1 for yes).

From Table 5.1, it is clear that asphalt properties can influence pavement performance.
Although the amount of information is limited, there is little doubt that relationships do exist. Except
for rutting, the effects of aging tend to have adverse effects on performance. It should be noted,
however, that according to some investigations (Finn et al. 1978), asphalt aging may not be
detrimental for fatigue cracking, provided such materials are incorporated in relatively thick layers;

i.e., 8 inches or more, of asphalt concrete in the pavement structure.

Quantitative Relationships

In order to evaluate and quantify possible relationships between asphalt properties and
performance, the following procedure was used:
1. Select resuits from a single investigation; establish relationships and compare with other

projects to determine how well predictions compare with actual performance.

Due to the large amount of variability between projects, data from more than one project
was not pooled, although such an approach would have some obvious benefits in
attempting to achieve a consensus in findings.

2. Look for simple correlations between all variables for which there is some basis for
expecting an association; e.g., summary of qualitative relationships in Table 5.1.

3. Examine the data, using graphs to look for outliers and trends.
4, Start with simple (single-factor) models with what is believed to be the strongest variable.
5. Investigate the possible use of multiple regressions in order to improve the correlations.
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6. Recognize that the relatively low values of determination (R?) may be useful indicators

of the influence of asphalt properties.

For the investigation, Sisko and Brunstrum (1968, 1969) was used as a baseline for establishing
correlations. This project was selected because it included extensive information concerning asphalt
properties and involved projects from twelve states, which would automatically inciude a variety of
asphalt sources. The pavements, with one exception, had been in-service for eleven years at the
time visual condition surveys and samples were obtained. The one exception was a pavement that
was three years old. Information was also available for the original asphalts. Two deficiencies in the
information were: 1) Likely differences in traffic on different projects, and 2) performance was
rated only as none, slight, moderate, and severe. For purposes of analysis, the descriptors of
performance were changed to numerical values with four intervals or zones of performance.

The simple correlations included the relationships between penetration at 77-F, viscosity at
140°F and 275°F, and percent asphaltenes with cracking and rutting. Figures 5.2 through 5.5
ilustrate the simple relationships with cracking. The highest coefficient of determination R? was
obtained with viscosity at 275°F (R2 = 0.716). It should also be noted that the asphalt properties

obtained after the aging in the thin film oven test did not correlate with cracking.

An effort was made to improve the correlations by using multiple variables incorporating physical
and functional properties of the asphalt. The R? values did increase; however, two problems were
encountered which were sufficiently compelling to discard the results. First, there were high
correlations between the independent variables included in the regression, and second, the algebraic
signs associated with some of the variables did not correspond to the qualitative relationships shown
in Table 5.1.

Table 5.7 summarizes asphalt properties associated with acceptable and unacceptable levels
of performance.

Plots of asphalt consistency versus ranking according to levels of rutting indicated poor
relationships and correlations are not reported. As shown in Figure 5.6, there was a fair correlation
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Table 5.7 Asphalt properties associated with
acceptable and unacceptable performance
(Sisko & Brunstrum, 1968, 1969)

CRACK RATING

PROPERTY ACCEPTABLE UNACCEPTABLE
2 3 4

Penetration @ 77°F 44 34 24

Viscosity @ 140°F 7,533 22,206 47,818
Poises

Viscosity @ 275°F 576 896 1,216
cS |

Asphaltenes, % 17 21 25

Table 5.8 Percent asphaltenes associated with
acceptable and unacceptable performance
(Sisko & Brunstrum, 1968, 1969)

RUT DEPTH RATING

PROPERTY ACCEPTABLE UNACCEPTABLE
2 3 4
Asphaltenes, % 21 16. 11
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between rut depth rankings and percent asphaltenes (R? = 0.712). Threshold values are shown in
Table 5.8.

In order to verify the applicability of information summarized in Table 5.7, an effort was made
to apply such associations to other projects which had similar information. Hugo and Kennedy
(1985) summarized information from field trials in South Africa based on reports by Dickinson (1982).
An interpretation of information reported by Hugo and Kennedy indicated that sections with cracking
contained asphalt with an average viscosity of 5.17 log viscosity at 122+F expressed in Pa.S and with
a standard deviation of 0.75. These values would correspond to an average viscosity in poises of
1,479,108 at 122+F and 0.05 sec"! rate of strain with plus or minus one standard deviation ranging
from approximately 263,027 poises to 8,317,638 poises, a very large difference. These viscosities
would be at a level indicative of a high potential for cracking when compared with findings from
other field investigations (such as Sisko and Brunstrum, 1968).

Jennings et al. (1980), as part of their recommendations to the Montana Department of
Highways, and based on a wide range of field studies, recommended asphaitene contents of 12.5
to 16.5 percent in order to minimize cracking. This range compares favorably with data shown on
Figure 5.5.

Jennings recommended asphalt penetration values higher than 120 to minimize cracking. These
values are believed to be associated with low temperature cracking which may not have been

considered in the Sisko & Brunstrum ranking.

Based on information reported by Jennings et al. (1988), it was possible to develop a
relationship between rut depth and percent asphaltenes as follows:

Rut depth (inches) = 1.267 - 0.0610 (% asphaltenes) R? = 0.791

Accepting 0.375 inches as an allowable rut depth, the asphaltene content should be 15 percent,

which would be within the range indicated from the Sisko & Brunstrum data.
While not directly related to the work of Sisko & Brunstrum, it can also be reported that

Anderson et al. (1983) and Kandhal related low temperature cracking with low values of penetration,
i.e., less than 43 by Anderson and less than 29 by Kandhal.
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Some anomalies in comparisons of asphalt properties can be found in comparing results from
Sisko & Brunstrum to information provided by Way (1978). Penetration values in nine sections out
of 10, with no cracking, ranged from 5 to 23 and there was no rutting in one section with a
penetration of 75. Poor comparisons were also indicated for viscosities at 140+F; e.g., no cracking

with viscosity of 123,000 and over 1 million poises.

In evaluating the results of quantitative analysis, as reported herein, it must be noted that
specific values for thresholds or ranges associated with performance, are based on best-fit
regressions. The actual variation in values, associated with specific correlations, can be very large,
as reported by Hugo and Kennedy. Further, the standard error of estimate for the various
correlations reported from the Sisko & Brunstrum data is approximately 1.0. Thus, if one were to
select threshold values it would be necessary to select those values related to a crack or rut depth
rating of 2 rather than from 2 to 3. Therefore, considerable caution must be exercised when trying
to apply or interpret results from the analysis of field data.

5.3 INTERPRETATION OF RELATIONSHIPS BETWEEN THE PROPERTIES OF THE ASPHALT-
AGGREGATE SYSTEM AND PAVEMENT PERFORMANCE.

Information in the literature on asphalt-aggregate systems (mixtures) is primarily identified with
either the Marshall or Hveem methods used to measure mixture properties. Since the SHRP
research is being directed toward more fundamental properties, no effort has been made in the
literature review to evaluate the relevancy of current specifications or to attempt to associate resulting
physical properties to performance.

For purposes of this report, the properties of asphalt-aggregate systems considered relevant to
the SHRP research objectives would include measures of stiffness at various temperature and times
of loading, tensile strength, fatigue properties, and shear strength. For both types of measurements,
there are currently in the research literature, a variety of procedures which can be used to measure
specific properties; e.g., complex modulus, dynamic creep, shear modulus, etc.

Qualitative Relationships

The research literature, based primarily on laboratory studies, would suggest the following
relationships between asphalt-aggregate stiffness properties and predicted pavement performance.
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Fatigue Cracking - increasing damage potential with increasing stiffness for pavements with 7
inches or less of asphalt concrete and decreasing damage potential for
pavements with more than 7 inches of asphalt concrete.

Rutting - decreasing damage potential with increasing stiffness.

Low Temperature Cracking - increasing damage with increasing stiffness.

No qualitative relationships have been reported regarding chemical fractions except that these

properties can influence the properties of the asphalt and consequently, influence the properties of

the asphalt-aggregate system to some degree.

Quantitative Relationships

In order to develop quantitative relationships between asphalt aggregate systems and pavement
performance, an effort has been made to locate information from field trials. Table 5.9 from
Monismith et al. (1987) summarizes information reported by investigators in the United States,
Canada, France and South Africa. The specific values of stiffness associated with the various types
of distress are reported to illustrate that such properties can be related to pavement performance.
The confidence interval associated with each value is unknown and can be expected to be relatively
large.

5.4 CONCLUSIONS

1. The source of crude used to produce asphalt does influence the in-service performance and
durability of asphalt and asphaltic mixtures. While not as definitive, the method of refining,
particularly by propane deasphalting, produces asphalts with different properties when compared
with vacuum distillation.

2. Chemical fractions influence the aging characteristics of asphalt and the performance of asphalt-
aggregate systems; however, at the present time the association is more qualitative than
quantitative and depends on the method of characterization. Further, the effect on aging can
be confounded by other factors such as air voids and possibly asphalt content.

3. The in-service rheological properties of asphalt influence the performance of asphalt-concrete

systems; however, at the present time the association is more qualitative than quantitative.
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10.

11.

Asphalt properties, as presently measured, do not lend themselves easily to analytical models
for use in predicting performance.

There is a need to use standard or baseline test procedures to measure asphalt properties as
part of field investigations to evaluate the role of asphalt to pavement performance.

There is also a need to use a standard or baseline procedure for measuring and recording the
condition of in-service pavements.

Information relating asphalt properties to fatigue cracking and rutting is inconclusive; however,
the association with low temperature cracking is more conclusive indicating that asphalt stiffness

and asphalt-aggregate mixture stiffness is related to the occurrence of this type of cracking.

A number of analytical methods have been proposed to predict low temperature cracking,
however, the reliability of these programs has not been verified and, in fact, efforts to do so

have not resulted in any consensus as to their applicability.

Most of the controlled and uncontrolled projects have included both Iaboratory and field aging
studies. From the field studies aging can generally be divided into three categories: (i) during
construction, (i) up to 2 years beyond construction and (jii) after 2 years. Thé greatest change
in consistency occurs in the construction (mixing) period and decreases to a relatively slow rate

after 2 years.

The ability to reproduce in-situ field aging in the laboratory has generally been poor, particularly
as regards the ability to predict long-term aging. Some reasonably good qualitative
comparisons have been reported; however, a shift factor would be reqdired to achieve a
quantitative comparison and, in all probability, such a factor would be dependent on a particular

asphalt, air void content and environment.

Based on interpretations of test data from the Ste. Anne Test Road and the Ontario studies, the
critical binder stiffness for low temperature cracking could be 14,000 psi at 1,800 seconds
loading time or 2,000 psi at 20,000 seconds loading time. This wide range is indicative, at least
in pant, of the lack of a standard procedure for testing. It is also affected by the method of

analysis used by researchers.
The Michigan studies, based on 12 years of observations, concluded that cracking would be
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12.

13.

14,

15.

reduced if the asphalt viscosity at 140°F was less than 12,000 poises. California (Zaca-Wigmore)
indicated a value of 20 megapoise at 77°F and 0.05 sec™! for 10 percent cracking. This type
of difference in reporting illustrates the problems associated with not having a baseline for
testing asphalt or reporting performance.

The P.. (Pfeiffer and van Doormaal) of asphalts at the Ste. Anne Test Road were -1.5
(acceptable performance) and -2.7 (unacceptable performance). However, based on the report
by Puzinauskas (1979), very few asphalts produced in the United States or Canada would have
P.l. values approaching -2.7 (9 of 68 tested).

Mcleod has concluded that low temperature transverse cracking is likely to occur when the
modulus of stiffness of a pavement reaches 1 million psi at a pavement depth of 2 inches due
to any critical combination of chilling to a low pavement temperature, hardness of the asphalt
cement and other controlling factors. This value is based on Van der Poel's nomograph for a
loading time of 20,000 seconds and applies to *well designed paving mixtures® with a C, value
of 0.88 (14.5% VMA and 3% air voids). MclLeod bases this conclusion on the performance of
the Ontario and Ste. Anne test roads, laboratory studies and his observations of the service
behavior of asphalt pavements in Canada, the USA and Norway.

One uncontrolled study (Sisko & Brunstrum 1968) reported a limiting complex modulus, of 20
x 104 (dynes/cm?) associated with slight cracking and 34 x 10°% to 410 x 10°% dynes/cm? for
severe cracking. Values were normalized to 1078 cps at 20°F and tests were made using a
Weissenberg rheogoniometer. This work by Sisko and Brunstrum was not generally appreciated
at the time of publication. However, these investigators were unique in that they attempted to
relate complex modulus of asphalt to pavement performance.

Isolating the role of asphalt or asphalt-aggregate systems is especially difficult for fatigue
cracking because of the strong inter-relationships between this particular type of distress and
pavement thickness, asphalt concrete thickness, asphalt concrete stiffness, temperature cycles
and potentially the water sensitivity of the asphalt concrete. Laboratory studies and mechanistic
analysis have been used to relate these factors. Of particular interest to A-003A is the indication
that fatigue cracking is related to the stiffness (representative of a time and temperature
dependent elastic modulus) of the asphaltic mixture and of the asphalt binder. This relationship

is also dependent on the method used to measure fatigue characteristics, i.e., stress controlled
or strain controlled.
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16.

17.

18.

Finn et al. (1978) summarized a series of case studies designed to evaluate the comparison
between predicted fatigue cracking and observed cracking. The actual investigation was a joint
effort by Monismith and Caltrans (Monismith et al., 1967). The results of this study indicated
that there was a correspondence between observed and predicted performance, although a shift
factor would be required. Similar results were reported by Finn et al. (1977).

Using these concepts, no critical or threshold value could be identified. By using analytical
methods, the designer would be able to predict the design life for a particular section or to
adjust the design to be compatible with asphalt stiffness.

Monismith and Tayebali (1988) summarize suggested limiting values of mixture stiffness at
temperatures on the order of 100°F to 104°F (38°C to 40°C) as follows:

Researchers Limiting Stiffness
Viljoen and Meadows 80 MPa (12,000 psi) at t = 100 min. with
(National Institute for confining pressure of 0.2 MPa (30 psi)

Transport and Road Research 1981)

Kronfuss et al. 1984 50 - 60 MPa (7,500-10,000 psi) att = 60 min. with
confining pressure of 0.1 MPa (15 psi)

Monismith et al. 1987 135 MPa (20,000 psi) at t = 60 min. with
confining pressure of 0.2 MPa (30 psi)

Considering differences in loading time and confining pressure these values, which were
developed independently, are considered to be comparable.

information developed from both controlled and uncontrolied studies have produced valuable
and useful information relative to the influence of asphalt properties to pavement performance.
Individually, these projects have contributed to development of new specifications; e.g., Zaca-
Wigmore and Pennsylvania, and to a better understanding of factors influencing performance,
e.g., Ste. Anne, Montana, Zaca-Wigmore, Pennsylvania, etc. Every project, in a way related to
specific project objectives, has contributed to a better understanding of pavement performance.
However, in order to translate results from field studies to a more national or international basis,
there will need to be baseline tests which can be used for comparison.

To date, it was not considered feasible to develop a ranking system for asphalt beyond that
shown in Table 5.1.
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An overall summary of the information would suggest that: (i) asphalt properties do influence
pavement performance, and (i) the ability to arrive at a reliable quantitative and consistent
association between asphalt properties, asphalt-aggregate properties and pavement performance has
not as yet been established through field studies.
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APPENDIX A

CONTROLLED TEST ROADS

This appendix contains supplementary tables and figures for the test roads discussed in
Chapter 3. They are organized in the same order as the test roads in Chapter 3.
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Table A.1  Physical properties of paving grade asphalts at Zaca-
Wigmore. (Hveem et al. 1959)

Standard Lons Thia File®
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Table A.2 Characteristics of asphalt binders used in Ste. Anne
mixes. (Burgess et al. 1971)

. LVA HVA LVA

Characteristics 150-200 150-200 300-400
PENETRATION
ALTT F, 100 g, 5 sec 192 159 : 313
AL39.2 F, 100 g, 5 sec 10 14 14
AL 39.2 F, 200 g, 60 sec . 38 55 , 52
VISCOSITY
AL 275 F, cs 110 225 S 86
At 140 F, Poisecs 253 591 141
At 60 F, Poises at 0.05 sec-! 3.0 x 106 3.0 x 106 1.5 x 105
AL 39.2 F, Poises al 0.05 sec™! 1.4 x108 6.2 x 107 5.9 x 107
Softening Point, F, R & B 119 . 109 B 119
Ductility at 77 F, cm - _ 44 150+ 27
Lewis Thin Film .
Loss on Healing, % Wt 0.073 0.40 ' 0.10
% Retained Pen., at 77 F 44.1 : 47.0 .
Ductility at 77 F, cm 88 150+ 53
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Table A.3  Calculation of thermally induced stress values for
150-200 LVA field aged Ste. Anne Binder.
(Burgess et al. 1971)

T,C  4T,C Sy kgfem®  depy x107  dogykg/em?  Logykg/emd  op_ ke/em?

0
s 3 1 003

-8 .003 8
5 1.2x 10! 1 012

-10 .01 15
] 4.3 x 10! 1 043

-18 .0s8 33
5 1.9 x 102 1 18

~20 .248 52
5 7.0 x 102 1 1

35 948 T
s 1.8x10° i 1.8

-3 2.748 "
s 4.2%10° 1 €2

-35 6.948 3
s 8.5 x 10° 1 8.5

-40 15.448 38
(1 13.0 x 10° 1 13

-45 28.448 37
s

-50 15.0 x 10} 1 15 43.448 38

Syi¢ = Oblalned by Nomograph, Reference (), at 1/2-hour loading time.
bty = AT X0 » $x2%x10°% » 1 x10°3
Aopy = Atyy X §,

op, = After Heukelom, Reference (11)
Cooling rate 10 C/Hour.
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Table A.14 Broad chemical composition of bitumens recovered from

the French RN7 road trial.

(Chipperfield et al. 1970)

Basalt Coarse Graded Mix

|

Quartzite Coarse Oraded Mix

Construction/Service
Bitumen| Stage at which Broad Chemical Composition
No. Bitumen Sample -
was Recovered Asphaltenes Resins Cyeclies Saturates Asphaltenes Resins Cyclics Saturates
% wt £ wt % wt % wt % wt £ wt % wt % wt
1 Original bitumen 14,7 17.9 54.6 11.0 14.7 17.9 54.€ 11.0
After mixing 17.1 25.8 51,1 11,2 18.0 0.5 36.9 1.2
& Months core sample 20.6 28.9 5.2 12.5 16.7 34.6 0.3 14.7
20 Months core sample 22.2 29.9 28.8 16.0 - - - -
4 Months core sample 22.8 20.6 24,7 18.8 22.8 (19.3)] 33.0 (32.3)|24.3 (34.9)]16.0 (11.3)
72 Months core sample]20.4 (19.5)|29.0 (28.3)]27.6 (35.7)|17.7 (11. 6) 21.7 (19.3) 28.% (30.5)122.1 (32.8)}19.1 (11.2)
2 Original bitumen 11.3 20.8 54,0 13.8 11.3 20.8 54,0 13.8
After mixing 13.3 29.7 8.2 14,4 14,5 3.4 34.8 14,0
4 Months core sample 19.6 3.3 31.7 14.0 16.7 3.6 .3 14.7
20 Months core sample 19.4 3.4 28.8 16.9 - - - -
40 Months core sample 20.1 31.5 29.1 16.1 19.1 (13.6)} 3.6 (31.5)}26.3 (38.0)]16.6 (14.5)
72 Months core sample|17.0 (13.0) 30.6 (26.2)} 28.5 (41.5){17.7 (14.8) ||19.1 (13.5)| 31.0 (29.0) 25.6 (38.6)]18.6 (14.4)
3 | Original bitumen 11,6 18.8 55.8 12.0 11.6 18.8 55.8 12.0
After mixing 13.3 28.3 42,6 11.6 14.7 31.3 3.0 11.6
4 Months core sample 16.8 3.3 ¥%.3 13.7 - - - -
20 Months core sample 19.8 31.8 27.8 17.2 - - - -
40 Months coressample| 20,2 33.1 26.5 17.0 20.2 (1%.5)] %6.8 (35.2)}27.0 (26.4)]12.1 (11.4)
72 Months core samplel16.9 (15.6)| 35.0 (20.0)] 29.8 (37.4)|13.8 (12.0) }119.5 (13.6)] 34.8 (30.1){26.9 (3.6){13.7 (11.3)
4 Original bitumen 12.4 19.2 50.4 15.8 12.4 19.2 50. 4 15.8
After mixing 14,5 25.8 9.1 15.5 15.9 30.4 35.4 15.1
4 Months core sample 17.7 0.8 31.1 17.9 17.6 32.8 29.0 17.4
20 Months core sample 19.9 2.6 25.5 21.0 - - - -
40 Months zore sample 21.0 28.8 24.9 22.4 21.4 (15.2)] 31.7 (36.2)]23.4 (33.0)]19.9 (14.0)
72 Months core sample[17.8 (16.8)|27.8 (27.5) 25.0 {(25.6)|23.3 (16.2) - (13.6)] - (29.8)] - (».8)] - (6.1}
S Original bitumen 14,6 16.3 54,1 13.3 14.6 16.3 54,1 13,3
After mixing 16.3 23.1 41,7 14.3 16.7 27.0 8.9 14,2
4 Months core sample 19.2 26.7 3.0 15.1 19.5 27.1 34.6 14,9
20 Months core sample 21.0 29.0 29.8 17.2 - - - -
40 Months core sample 22.7 26.0 30.4 17.8 21.5 (16.8) 28.5 (27.7)| 26.5 (39.7)|18.2 (14.8)
72 Months core sample]18.8 (15.7)|25.3 (22.7)] 20.3 (41.4)|18.6 (14.2) 21,3 (16.0)}25.6 (22.6)]25.2 (40.6)| 20.1 (14.2)
7 Original bitumen 11.9 22.4 46.9 17.9 11.9 22.4 46.9 17.9
After mixing 13.9 .4 M4 16.9 15.1 33.0 3.2 17.3
4 Months core sample 19.6 31.9 27.6 17.3 16.9 3.8 27.0 18.0
20 Months core sample 19.9 3.3 23.9 21.4 - - - -
40 Months core sample 21.4 29.6 25.0 21.1 19.2 (16.4) 33.8 (33.8)| 22.7 (30.9)] 20.8 (17.3)
77 Months core sample|17.7 (15.1){28.6 (29.6)| 24.3 (31.9) 22.6 (17.2) [|19.1 (15.6)[ 0.7 (20.6)| 20.6 {30.5) 21.8 (17.2)
8 Original bitumen 13.5 17.9 52.3 15.1 13.5 17.9 52.3 15.1
After mixing 15.5 25.9 3.8 14.8 16.7 27.3 37.4 15.0
4 Months core sample 18.5 29.5 31.6 17.3 18.6 33.1 29.8 16.1
20 Months core sample 20.3 28.5 28.1 19.9 - - - -
40 Months core sample 22.4 27.8 25.4 21.4 19.1 (16.0)] 0.3 (29.3)| 27.7 (37.9)]19.0 (15.4)
72 Months core sample]18.2 (16.6)}26.0 (26.1)] 28.6 (37.0){21.0 (15.4) | 19.6 (16.0){26.4 (25.0)| 26.5 (37.8)] 20.5 (15.2)
9 Original bitumen 11.4 19.8 48.5 19.4 11.4 19.8 48.5 19.4
L After mixing 13.7 26.9 3%.6 19.5 13.9 3.1 325 19.1
4 Months core sample 16.9 0.7 30.7 19.6 16.3 3.2 28.8 0.4
20 Months core sample| 18.8 2.0 25.7 21.4 - - - -
40 Months core sample 20.2 .5 23.8 21.8 18.2 (13.3)] 31.9 (28.2)| 24.2 (37.3)] 22.6 (19.5)
72 Months core sample|16.5 (13.8)]29.9 (26.1)} 24.7 (34.8){22.4 (29.3) [[16.6 (13.3){27.5 (26.1)] 25.8 (26.8)| 24.9 (19.8)

Note: Bitumens extracted from optimum binder content test sections - top é inch of cores

Values i{n brackets refer to third é inch of cores
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Table A.15 Comparison of laboratory aging with field values

measured on the RN7 coarse graded basalt mixes.

(Chipperfield & Duthie 1970)

Bl tumen sampe Broad Chemlcal Composition - & wt Agelng
No. Asphaltenes | Resins | Cyclics | Saturates Index
1 Original bitumen 14.7 17.9 54.6 11.0 1
After mixing 17.1 25.8 41.1 11.2 3.2
4 Months core sample 20.6 28.9 3.2 12.5 9.1
TFOT residue 16.6 23.6 46.6 11.0 3.3
Californian Rolllng TFOT residue 16.2 21.9 47.1 11.4 2.4
2 Original bitumen 11.3 2.8 54,0 13.8 1
After mixing 13.3 29.7 8.2 14,4 2.5
I Months core sample 19.6 1.3 31.7 14,0 4.9
TFOT residue 12.5 28.9 2.2 13.8 3.3
Californian Rolling TFOT residue 11.1 25.2 43,8 14,1 2.8
3 Original bitumen 11.6 18.8 55.8 12.0 1
After mixing 13.3 28.3 42,6 11.6 4,6
4 Months core sample 16.8 31.3 .3 13.7 7.9
TFOT residue 13.3 25.8 45,2 11.3 6.9
Californian Rolling TFOT residue 12.6 22.2 9.7 12.2 4.0
Yy Original bitumen 12.4 19.2 50, 4 15.8 1
After mixing 14.5 25.8 39.1. 15.5 4.3
4 Months core sample 17.7 0.8 31.1 17.9 T.4
TFOT residue 15.0 26.1 39.5 15.9 h,6
Californian Rolling TFOT residue 14.0 24,0 43,1 16.3 3.6
5 Original bitumen 14.6 16.3 54.1 13.3 1
After mixing 16.3 23,1 41,7 14.3 2.2
4 Months core sample 19.2 26.7 36.0 15.1 6.0
TFOT residue 15.9 23.0 5.1 13.9 3.6
Californian Rolling TFOT residue 16.0 20.0 47.6 14.6 3.6
7 Original bitumen 11.9 22.4 46.9 17.9 1
After mixing 13.9 0.4 3.4 16.9 3.7
4 Months core sample 19.6 31.9 27.6 17.3 10.0
TFOT residue 14,5 27. 4 37.3 17.0 8.3
Californian Rolling TFOT residue 13,7 23.7 42.6 18.4 5.2
8 Original bitumen 13.5 -17.9 52.3 15.1 1
After mixing 15.5 25.9 39.8 14,8 3.2
4 Months core sample 18.5 29.5 31.6 17.3 6.5
TFOT residue 16.5 25.2 n.s 14.8 6.3
Califormian Rolling TFOT residuc 15.8 23.7 43,3 15. 4 4,0
9 Original bitumen 11.4 19.8 8.5 19.4 1
After mixing 13.7 26.9 35.6 19.5 2.2
I Months core sample 16.9 0.7 0.7 19.6 6.2
TFOT residue 13.2 27.5 37.0 19.6 4.0
Californian Rolling TFOT residue 12.8 25.5 38,4 2.6 3.0
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Table A.16 Asphalt cement tests and calculated temperature susceptabilities of
original asphalts in the Michigan test road. (Parr et al. 1955)

e T T T T T Ty T L R L D] cesrscscscensscsscsucnserrnacsccnne eeecccsssesoncne

|  Section . | 1 | 2 | 3 | 4 | H | 6 |
| Source of crude | Wyoming | Veneauslan | Wyoning  |Texes-VWinkler| Arkansas | Eest Texas |
{ | A | | ] { | Smackover | Talco |
I---o ---------- e L LT L T T T T R P LR Y eccsssscccasncsssosvcssrcnans sesevonne .--l
| taboratory No. 548 | 1716 | 1640 | 1641 | 1485 | 1443 | 1299 |
| Course | Yoo | Top | Top i Top I Tp ] T |
Joeeesacenen cacsscrcesraconane T L eeeeasesecssscnsarsscctsncnsnnesen escccaanns !
| specitic Gravity, 25/25 € | v02r ] 103 | woer | wei2z | vz | el |
[seerecmeccctaacccaioseocusacccsioctassessancontsstnacacacttoroocotstonesstonrorrrocarslosatiocoseronitioons sescvscssnncanse}
|Penetration ] | | | |
| 315¢c, 100g, 5 sec., dm | 2 | 2 | 22 | 23 | H] 1 23 |
|  a2sc, 1009, 5 sec., dm | I3 ] e | er 1 60 | 61 | 65 |
| 935¢C, 1009, 5 sec., dm Y, | 1% | 188 I 151 RT3 R |
{ 20cC, 2009, 60 sec., Um | 16 | 16 | 13 1 15 ] N ] 19 ]
| @4c, 2009, 60 sec., dm | 2 ! 21 | 20 1 26 i 21 | 2 |
[omserenranacoans cesanscses esavesascesessessassscncsecsssovmsencsocsenascasonnsonne eesecscssan esecesvscsanrecancns cececcsns -1
|Viscosity, Ssybolt Furol 3 275 F, sec. { 192.0 i 313 | 97.4 { 27 | 276 | 337 i
[Viscosity, Saybolt furol @ 300 f, sec. | wi& ] 9.6 | tos.o | 1280 | %00 | 172.0 |
[viscosity, Seybolt Furol @ 325 f, sec. | 61.0 | 100.0 | 81.0 1 83.8 | 91.0 | 93.0 |
[ EETPTPRE eccscscscaccsen ceccecen ecocce esecacesececccssssmanan esevaccccsccmcsann cevasessevaceancscancnns cevesanccoesascs .ee}
jouctitity 3 &4 € (5 cw/min) cm | 0 | 1 ] [ i $ | 5 | ] |
[puctitity @ 10 € (S em/min)  ¢m | 18 ] 25 i 3% } 10 | 11 | 8 {
jouctitity @ 15.6 C (5 cw/ain) cm | 150+ | 150+ | 150+ | 150¢ ] 150+ ] 7 ]
|ouctility @ 20 € (5 cw/min)  cm | 150¢ | 150¢ } 150¢ i 150+ | 1500 i 150¢ |
[ouctitity 2 25 € (5 ca/min)  cm | 150+ } 150+ ] 150¢ | 150 | 1500 | 150+ |
{ouctility @ 30 € (5 em/min)  cm Y R 1 O R 17 | 150e [ 1s0e ] 150e |
R R e cememcecen cevecccnene eeececeneccocascenn ccenn- eeecesencamcscsseanccseonas |
|Penetration tndex (pen/pen) | -0.90 | . -0.52 | -0.89 | -0.59 | ~0.99 | -0.26 |
| (pen/RLB) i -0.93 | -0.32 | -0.99 | -0.27 | -0.67 | 0.42 |
[rsesemcecretcetenttecreentncotansesanasactatastna ettt se s e ot es e e nstes st oaseinras csecescrsacenns cmccocesecnans |
|Flash Point, Clevelsnd Open Cup, deg. C | 320 | 282 | 32 | 38 | 36 | 30 |
|Loss on Keating, 163 C, 5 hr., 50g, X | o.18 | 0002 | 010 | 0042 | e0.004 | 0.018 |
|Penetration of residue 25 €, 100g, 53, dm | 56 | 54 | 62 | 56 { 56 { 59 |
{Softening Point R L B, deg. C { £8.9 | 51.8 | 48.1 | 50.7 | 49.0 | 51.2 |
.................................... ISP PP PR SRR eatatd |
[Solubiiity in carbon tetratchloride, X i 9.9 | 9.7 | .95 | .82 | .88 | 9.9 |
|otiensis Spot Test | Neg. | Neg. | Neg. | Neg. i Neg. | Neg. |
|Matter Insolubte in hexane, X | 12.25 | 2046 [ 17.43 [ 1550 ] 1533 | 2% |

................ esecenccsesecenssnscansacssseonassossesnteasaerteoosesssnossarensnmmannonas essensesasssanessnamasesessancs]
10.125* thin (iim method. i |
| Loss on heating @ 163 C, 1 hr, S0g, X | |
| Pen. of residue 3 25 C, 1009, 5 sec, dm { ]
| ouctility of residue 3 25 C, 5 ca/min, cm | |
10.125% Thin film method. i |
| Loss on heating @ 163 C, 3 hrs, 50g, X | |
| Pen. of residue 3 25 C, 100g, 5 sec, dm | |
| ouctility of residue 2 25 €, 5 cwalin, cm i |
[0.125% Thin film method. } }
| Loss on hesting 2 163 C, 5 hrs, 509, X 0.132 0.079 | 0.091 | +0.092
I |
! ]
| |
| |
l |
! |
! |
| ]
| |

| | |
1 | o006 | !
1 ! | |
| 1 | 1
| i [ |
l | | !
| ] | ]
l | l |
| | | l
! | I 1
| Pen. of residue @ 25 C, 1009, 5 sec, dm | 36 | 38 } 40 30 | 45
| I | ]
| | ! |
| | | |
| ] | |
| ! | |
! I | |
| | | |
! | | |
! ! | 1

¢
150¢

0,057
45
150¢

40,056
45
150+

| ouctility of residue 3 25 C, 5 cw/amin, cm 150¢ 150¢
10.125% Thin {{lm method.

| Loss on heating @ 163 C, 7 hrs, 509, X

| Pen. of restdue 3 25 C, 1009, 5 sec, dm
| ouctitity of residue 325 C, 5 ca/min, ca
10.125% Thin fiim method.

| Loss on heating 3 163 C, 2 hrs, 509, X

| Pen. of residue 3 25 C, 1009, 5 sec, dm
i ductitity of residue 2 25 C, 5 cm/min, cm

0.142
3
150¢

40.105
35
m

1.541
16

+0.239
21
s | 7 i e

0.151
22
4

o
o
-
o

[Keat Stabliifty Yest, 1009, SO0 F, 2 hrs | | I | | | |
| Penetration @ 25 C, 100g, 5 sec, dm { 58 | 57 ] 123 } 63 | 56 | 13 |
| Viscosity, Seybolt Furol @ 275 7, sec | 215 | 337 I 203 | 192.8 | 284 ] 333 |
| Viscosity, Saybolt Furol @ 325 F, sec | 68.0 | 108.0 i 61.4 | 58.6 | 88.2 i 109.0 {
|Heat Stabliity Test, 100g, 600 F, 2 hro | | | I | | |
| Penetration 3 25 C, 1009, 5 sec, dim i 82 } &3 § 70 | 9 i 65 i 61 |
| Viscosity, Seybolt furol @ 275 F, sec | 206 } 321 {  186.2 { 151.6 ] 266 I 3t6 |
| Viscoslity, Saybolt Furol 3 325 F, sec | 70.0 | 103.0 | 57.6 | 50.0 | .3 | 95.0 |
l --------------- ecscessssvrescas scccsvessmaccns secacscscccne secvecsccscsscace ssessscccs cscsecconn csscscssconan wecevmmccoss o---l
[Shattuck Test | | | { | { |
| Penctration @ 25 €, 1009, 5 sec, dm 1 » | 2 | 29 { 8 | 113 [ 36 |
| Ductitity 3 25 C, S co/min, ca | 136 | 69 | 156e | 150+ | ur ] 2 }



Table A.17 Asphalt cement tests and calculated temperature susceptibilities of
recovered asphalts in the Michigan test road. (Serafin et al. 1967)

------------ tcccccsasscsaccvssasancsunncans

| Section | 1 | 2 | 3 } 4 | H | 6 |
i Source of crude | VMyoming | Venezuelan | Myoming [Texas-Winkler| Arkansas | East Texas |
| ] A | | ] | | Smackover | Talco |
[remmemneeenececacianenns cevsscnssnaccncecne cacecsssssssncecssssesacen cvscnana sraccena svcccoseucnceanasasccctsaroncsaconsnnns
[after & years: | | | | | | :
[Penetration | I ! i [ | !
| @a25c, 1009, S sec., dm | 40 T 1! ] 36 | 38 i 41 | 34 |
Iouctitity | I l I [ | |
| 225 c(Sem/minyem {150 | 1s0e | 150+ | 162 | 150 | 33 !
R T LT T LI T DR P T TP PP PP PP PP |
[After 11 yeors: | | | | | | |
|Penetration i | | |
| @a2s¢, 100g, 5 sec., dm | 3 | 26 | 30 | 32 i 35 | 2% !
fouctitity | [ | I I [ !
| @25 c(Sem/min)cm | 150 | 13 [ 150 | 108 -] 138 | 33 i
Joevmememenem e ennaas cecesscrcsntsacanan eecemcsesssetcostccacenanacnce veceeccceecceccervecenaenroenacaaanaaccaaanaaanes ]
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Table A.18 Summary of rut depth measurements in the Michigan
test. (Serafin et al. 1967)

, Average Rut Depth for Subsection Indicated, in.
Wheel
Lanc Track
ac IA B 2A 2n JA B aA i1 SA 5B GA 618
1 Right 0.16 0.08 0.14 0.16 0.20 0.21 0.14 0.18 0.19 0.15 0.13 0
Left 0.11 0.05 0.15 0,16 0.20 0.15 0.22 0.15-0.10 0.12 O0.11 O
2 Right  0.03 0.02 0.05 0.06 0.03 0.05 0.09 0.06 0.03 0.06 0.05 0,03
l.elt 0.07 0.04 0.09 0.03 0.04 0.08 0.12 0.09 0.07 0.09 0.09 0.06
3 l.eft 0.01 0.03 0.03 0.05 0.04 0.06 0.04 0.04 0.04. 0.05 0.05 O
Right 0.02 0.01 0.03 0.03 0.07 0.05 0.05 0.02 0,03 0.06 0.03 O
4 Left 0.16 0.21 0.13 0.11 0.07 0.17 0.28 0.15 0.18 0.38 0.16 0,23
Right 0.19 0.19 0.28 0.22 0.19 0.27 0.36 0.21 0.23 0.24 0.17 0.22
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Table A.19 Physical properties of original and recovered samples in Michigan.
(Corbett & Merz 1975)

Section
Sample Property 1 2 3 4 5 6
Original Softening point, deg F 126 124 124 125 125 126
Penelration at 717 F 46 52 48 49 51 49
Ductlility at 60 F, cm 150+ 1504 150+ 67 16 21
Viscoslty at 140 F°, polses 3,880 5,310 3,290 4,480 6,410 1,740
Recovered, lop %-in. Softening point, deg F 136 150 140 147 147 165
Penetration at 77 F 26 19 23 23 23 19
Ductility at 77 F, em 150+ K 150+ 6 17 5
Ductility at 60 F, cm S 0.5 4.5 - 3 2.5
Recovered, ‘4-in. minus Softening point, deg F 129 136 133 135 138 147
Penetration at 77 F 37 34 36 35 36 32
Ductility at 77 F, cm 150+ 150, 1504 150+ 150+ 40
Duclility at 60 F, cm 8 8.5 8.5 6.5 6 4.5
Absolute viscosity at 140 F, :
polses 1,320 17,041 1,752 9,705 11,787 34,414

Note: 1in.*25mm;1F = 18C ¢ 32; 1 poise » 0.1 Pa.s.
*1965 dats.

A-27



Table A.20 Compositional analysis of original and recovered asphalts in
Michigan. (Corbett & Merz 1975)

Sectlon

Sample Fraction 1 2 k] 4 5 6
Original Salurates 9.8 6.0 8.6 13.9 1.9 8.6
Naphthene aromalics 32.5 28.8 32.6 31.3 42.0 38.7
Polar aromatics 41.7 45.1 46,7 40.9 36.5 32.4
, Asphaltencs i6.0 19.2 12.0 12.8 13.3 19.7
Recovered, top “%-in. Saturates 9.8 7.1 9.7 15.7 9.6 9.9
Naphthene aromalics 25.9 20.7 25.9 .22.7 28.4 24.2
Polar aromalics 43.9 43.8 41.2 40.5 40.5 35.2
) Asphallenes 19.3 211 19.4 20.3 20.7 28.8
Recovered, Yi-In. minus Saturates 8.9 5.7 8.6 13.7 7.8 8.7
Naphthene aromatics 34.6 28.9 35.5 30.4 32.7 35.0
Polar aromatics 39.5 40.4 40.1 40.3 43.4 31.5
Asphaltenes 16.9 22.8 15.6 15.0 15.9 24.1

Note. 1in. « 25 mm,
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Table A.21 Inspection data on original 85/100 penetration asphalt
cements used for Ontario’s three 1960 test roads.
(McLeod 1972)

Supplier Number 1 2 3
Flash Point COC F, 585 §25 615
Softening Point R and B, F. 115 115 118
Penctration 100 gr. S sec. 77 F. 83 96 87
200 pkr. 60 xcc. 39.2 F. 25 36 22
200 gr. 60 rec. 32 F. 22 26 19
Penctration Ratio 30.2 315 25
Ductility at 77 F., 5 em/min 150+ 150+ 128
Viscosity Centistokes at 275 F. 460 365 210
Centistokes at 210 F. 39583 2763 1472
Thin Film Oven Test
T loss by weight 0.1 0.3 0.0
Residue
% Original Penetration at 77 F. 67.5 60.4 61.0
Ductility at 77 F., S cm/min 150+ 110 115
Solubility in n-hexane
% asphaltenes 18. 241 14.8
Penetration Index
(Pfeitfer and Van Doormaal) ~1.00 -0.57 -0.21
Pen-vis number . -0.19 -0.36 -1.34
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Table A.22 Analysis of surface course pavement samples from the

three pavement sections in each of Ontario’s three
(McLeod 1972)

test roads.

Test Road 1 2 2
Asphalt Supplier 1 2 3 1 2 3 1 2 3
Recovered Auurepate
Passinyg Sieve 3/4 inch 100 100 100 100 100 100 100 100 100
1/2 inch 97.7 97.3 98.2 99.6 98.1 98.6 98.2 97.2 96.1
3/8 inch 78.7 80.9 81.3 86.1 85.0 83.3 9.8 80.4 79.3
No. 4 55.9 59.3 57.6 57.9 59.3 59.1 57.0 56.1 57.6
No. 8 47.6 44.8 49.2 41.5 47.0 46.3 47.6 46.1 47.9
No. 16 41.4 39.9 435 40.8 39.2 31.0 38.7 37.0 39.8
No. 30 2.7 31.1 36.1 313 28.9 27.1. 25.1 24.4 21.6
No. 50 170 17.2 20.7 14.0 13.0 11.9 10.0 10.9 12.0
No. 100 13 7.1 8.7 5.8 5.8 5.3 5.7 6.0 54
No. 200 4.9 4.5 5.7 3.7 4.0 3.7 4.3 4.4 3.6
Specific Gravity Ageregate
ASTM Bulk 2.652 2.653 2.652 2.681 2.680 2.682 2.627 2.627 2.627
ASTM Apparent 2.746 2.764 2.762 2.775 2.775 2.775 2.728 2.127 2.728
Virtual 2.7112 2.721 2.684 2.725 2.706 2.697 2.680 2.685 2.681
Asphalt Absorption 0.84 0.94 0.46 0.60 0.36 0.23 0.75 0.82 0.77
Water Absorption, Wt. % 1.3 1.5 1.5 1.3 1.27 1.26 1.4 1.4 14
Charaxcteristics
Asphalt Content % by wt. of mix 5.63 5.91 5.60 6.45 6.15 6.0 6.17 5.63 6.02
Maximum Specific Gravity 2474 2.470 2.464 2.452 2.449 2.448 2.428 2.452 2.435
Bulk Specific Gravity, Slabs 2.394 2.406 2.384 2.421 2.380 2.400 2.335 2.392 2.381
Bulk Specific Gravity, Recompacted 2.438 2.421 2.434 2.420 2.433 2.423 2.387 2.393 2411
Percentage of Laboratory Density 98.2 99.4 97.9 100.0 97.8 99.1 97.8 100.0 98.8
Air Voids, Slabs, % 3.2 2.6 3.2 1.3 2.8 2.0 3.8 2.4 2.2
Air Voids, Recompacted, % 1.5 2.0 1.2 1.3 0.6 0.9 1.8 2.4 1.0
Voids, Mimneral Aggregate, Recompacted ¢ 13.2 14.1 133 15.6 14.8 15.1 14.9 14.0 13.7
Marshall Stability, Lb. at 140 F. 3400 3300 3150 2185 2800 2500 2475 2475 2625
Marshall Flow Index T 11 13 13 14 11 11 11 115
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Table A.23 Analysis of asphalt binders recovered from surface
course of Ontario test road 1. (McLeod 1972)

Asphalt Supplier 1 2 3
I Minus Full . Minus Full Minus Full
Description Top 1/4 in. Top 1/4 in.  Thickness Top 1/4 in. Top 1/4 in.  Thickness Top 174 in. Top 1/4 1n.  Thickness
Penctration
100 .. S scc.. 7T F. 22 30 - 23 34 30 26 N 28.5
200 .. 60 sec., 392 F. 10.5 13.5 - | T 21 17.5 13 15.5 14
Penctration Ratio 41.7 45.0 - 60.9 61.8 58.3 50.0 50.0 49.¢
Ductility, 5 cmy/min/77 F. 148 150- - 21 k4 S1 10 20 15
Viscosity
Poiscs at 140 F. 20,757 10,235 - 29,004 9,144 15,369 13.705 7.252 8,452
Centistokes at 275 F. 1.092 770 - 1,036 654 799 504 409 431
Table A.24 Analysis of asphalt binders recovered from surface
course of Ontario test road 2. (McLeod 1972)
Asphalt Supplier 1 2 3
-~ . Less Full . Less Full . Less Full
De t . ;
seription Top 1/4 in Top /16 in.  Thickness Top 1/4 in. Top 7/16 in.  Thickness Top 1/4 in. Top 7/16 1n.  Thickness
Penetration
100 ¢., S scc.. 17 F. 30 St 44.5 37 n 3 3 40.5 35
200 g.. 60 sec., 39.2 F. 16 23 20.5 14 18 16 . 17.5 20 18
Penetration Ratio 533 45.1 46.1 51.9 48.6 47.0 53.0 49.4 S1.4
Ductility, 5 cm/min/77 F. 150+ 150+ 150+ kX 9 107 2] 69 51
Viscosity
Poises at 140 F. 9,791 3,809 4,446 19,666 7.988 11,368 6.947 3341 5,303
Centistokes at 275 F. 815 589 631 949 659 733 435 334 370
Table A.25 Analysis of asphalt binders recovered from surface
course Ontario test road 3. (McLeod 1972)
Asphalt Supplier 1 2 3
| . . Minus Full Minus Full Minus Full
Description Top 1/4in. 105 1/41n.  Thickness Top /410 1oy 1/4in.  Thickness Top V318 1op 1/4in.  Thickness
Penctration
100 ¢., 5 scc., 71T F. 32 43 38.5 26 $2 40 30 37 IS
200 ¢., 60 scc., 39.2 F. 15 18.5 16.5 15 26 22 14 16.5 15
Penetration Ratio 46.9 43.0 42.9 57.7 $0.0 55.0 46.7 44.6 42.9
Ductility, 5 em/min/77 F. 150+ 150+ 150+ 42 150+ 141 17 46 36
Viscosity
Potses at 140 F. 8,945 4,838 6,165 17,673 3,652 8,081 9,691 4,059 4,646
Centistokes at 275 F. 188 597 695 884 481 640 439 339 Tt
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Table A.26 Average penetration at 77°F, 100g., 5 sec. at
(Culley 1969)

Saskatchewan test road.

- . . Truck Road @ 12 Road @ 12
Refinery Tank Line Truck Paver Road@ 0 Road @ 12 Tank Roud @ 0 Tank
1 (9-9) 147 145 117 109 112 72 0.80 0.64 0.49
1 (10-7) 157 152 110 99 86 73 0.70 0.85 0.46

3 177 --- 124 130 132 82 0.70 0.62 0.46

4 149 147 86 92 94 94 0.58 0.79 0.50

5 138 139 89 94 90 66 0.64- 0.73 0.48

Average Penetration at 39.2 F, 200 g., 60 sec.
1 (9-9) 42 42 34 32 33 24 0.81 0.73 0.57
1 (10-7) 41 41 34 30 28 18 0.83 0.64 0.44

3 (¢]0] - 42 44 44 29 0.70 0.66 0.48

4 44 43 30 31 33 20 0.68 0.61 0.45

5 50 41 28 29 28 22 0.56 0.79 0.44
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Table A.27 Average viscosities at 60°F (Poises) in Saskatchewan.
(Culley 1969)

Truck Road @ 12 Road @ 12

Refinery  Tank Line Truck Paver Road @0 Road @12 Tank Road @ 0 Tk

1(9-9)  4.710% 4.1x10°  7.3x10°  8.4x10° 7.6x10° 15.9x10° 1.55 2.09 3.39

1(10-7) 5.3 5.2 7.4 8.2 8.5 18.9 1.40 2.22 3.56

3 2.6 6.4 6.2 5.7 17.6 2.46 3.09 6.79

4 3.9 4.5 11.8 13.6 11.8 15.8 2.81 1.34 4,05

5 7.3 5.4 15.2 10.7 11.7 19.3 2.37 1.65 2.65
Average Viscosities at 140 F

1(9-9) 614 621 951 975 945 2232 1.55 2.29 3.62

1(10-7) 640 673 1021 1016 1019 2007 1.60 1.98 3.14

3 731 --- 1297 1173 1153 2291 1.76 1.98 3.12

4 641 617 1487 1326 1315 2005 2.31 1.53 3.12

5 754 728 1335 1319 1270 2135 1.77 1.68 2.82
Average Viscosities at 275 F

1(9-9) 2.30 2.31 2.72 2.77 2.77 1.18

1(10-7) 2.29 2.30 2.711 2.7117 2.83 . 1.21 .--

3 2.60 --- 3.15 3.06 3.02 --- 1.21 .—-

4 2.26 2.35 3.25 3.11 3.15 1.44

5 2.33 2.31 3.06 1 2.89 2.97 --- 1.31 --- —--
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Table A.28 Average temperature susceptibility and shear
susceptibility data for Saskatchewan test road.
(Culley 1969)

Refinery Tank Truck Road @ 0 Road @ 12
Pen @ 39.2 F
Pen@ 71 F 100
1(9-9) 29 30 29 34
1(10-7) 27 31 34 25
3 34 34 33 35
4 29 34 34 28
5 36 32 32 33

Change in Viscosity
Change in Temperature

1(9-9) 1.03 0.98 0.99 0.90
1(19-7) 1.03 0.97 0.98 0.93
3 0.95 0.93 0.94 0.91
4 1.01 0.95 0.97 0.92
5 1.02 0.98 0.97 0.92

Change in Viscosity with Change in Shear Rate
from 0.01 sec-! to 0.10 scc-!

1(9-9) 0.8x10° poises 4.9x10® 4.0x106 10.8x106
1 (10-7) 1.6 3.1 4.3 19.0

3 0.3 2.2 2.4 14.2

4 1.0 10.4 9.7 14.3

5 3.5 15.3 9.0 17.8
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Table A.29 Pavement project locations in Iowa. (Lee 1973)
Number County Location Project Number Date Laid
1 Chickasaw On US-63 north of New Hampton FN-63-8(1)-20-19 Nov. 1967
2 Dickinson On lowa 327 from lowa 276 east and FN-327-1(1)-21-30 Oct. 1967

north
3 Harrison On US-75 out of Mo. Valley, north into FN-75-2(3)-21-43 Nov. 1967
Mondamin
4 Story-Polk  Om US-69 between Huxley and Ankeny FN-69-5(2) Oct. 1967
6 Monona On US-75 {rom Harrison Co. line FN-3(2)-21-67 April 1968
north into Otlawa 11 mi.
1 Bremer On lowa 3 FN-3-6(5)-21-09 May 1868
8 Keokuk On lowa 92 {rom Sigorney east FN-92-8(2)-21-54 May 1968
9 Jackson On US-52 north of Maqunketa FN-52-1(3)-21-49 June 1968

Table A.30 Characteristics of field pavement mixtures in Iowa.
(Lee 1973)
Arphalt

Characteristic 1 2 3 4 (] 1 8 9
Gradation, percent passing sicve

*% in. 100 100

% in. 94

% in. 100 100 100 100 ki 100 100 18

No. 4 B1 89 92 8 60 85 85 62

No. 8 (2 67 58 59 43 67 63 49

No. 16 44 - - - - - - -

No, 30 30 3 M k} 25 35 35 21

No. 50 16 21 2) 18 19 35 25 -

No. 100 12 13 13 13 9 - 13 -

No. 200 9.3 9.9 9.4 9.4 7.1 8.4 8.9 6.7
Percentage of bitumen 7.5 6.3 6.3 1.5 5.0 1.0 5.3 5.5
Specilic surlace®, /b 40.59 45.92 44.18 41.86 33.44 51.06 44.34 32.66
Bitumen index®, x 107° 1.996 1.459 1.517 1.935 1.585 1.469 1.263 1.778
Film thickness’, u 9.72 7.11 17.39 9.24 1.12 7.1% 8.15 8.65
Laboratory design voids, percent 6.8 6.1 6.6 9.3 6.8 6.1 3.5 5.8
Hveem side pressure’, psi 60 46 63 48 55 61 55 29
Asphall concrete temperature, deg F 295 3o0 295 260 267 260 275 300
Agpregate temperature, deg F 300 320 310 310 340 310 318 305
Mix temperature, deg F 290 295 310 310 310 305 306 298
Initial field voids, percent 8.7 9.8 11.5% 12.3 5.5 7.1 6.7 5.1
ADT, 1970 2,100 330 590 3,000 500 2,000 1,500 2,400
Condition after 48 months Transverse Exceclient Excellent Severe lrana- Good Good, Good to Excellent

cracks verae and nome excelient
: longitudinal cracks
centerline
cracks

"Mix Design Mathods for Asphalt Concrete. The Asphalt Institute, MS.2, 1962,

®Percent bitumen {agqreqate basicl/soecific surface.

Bitumen index x 4.870.
“At 400 psi vertical load.

A-35



*sexaj ‘sbuiuds 618 ‘auljoiad uedtJawy = 4 "0J Buluasulbul pue yoJeasay
0SS3 = € lJNOSSIN ‘}334) Jebng ‘)10 uestsawy = 2 *sexa) ‘sbutadg B1g ‘aui)osjad uedsiasuy pue ‘BulwoAM ‘Jadse) je odexal wody s3jeydse 40 pUSIq = |

2 2 b Y € 2 2 3 } ¥924n0§
aAllebaN dAL3ebay aAL3eboyN aAtiebaN aA13ebaN anlyebaN dAijebapN aALiebaN aAL3ebaN ) 1s93 jods
910 92°0 20°0 20°0 10" 0¢ 00°0 10°0v 9L°0 20°0 JuddJsad ‘sso) IyB1op
29 09 65 SS 19 9s LS 39 €S uol3eJyauad anpisay
104l
€9 1S 89 SS 28 12 99 i €9 wd ‘3,72 38 A311139NPOJOIH
(392 (37 589 049 0gl (4173 S0Z 069 089 4 Bap ‘203 ‘juiod 8414
559 SS9 529 si9 069 529 0g9 66§ 009 4 6ap ‘203 ‘jutod yseyy
S°6L1 0°8it 0°9L1 0°8L1 o°¢il Sl §°SlLi S°9LL 07611 4 6ap ‘3jutod Buiuaijos
0590°2 226”1 oig’l ssy’l 1821 9011 9lg’L 980°L 9sg’L sesiod ‘4,091
ael oL} Skl 0L°1 yiti oL°l 851 ¢el 91°1 sasjodebau ‘3.2
A31S09SIA
666°0 £00°1 cY0°L 61071 210°1L 1071 290" 1 920°1 1071 22/22 ‘AyiaedB oyioads
26 06 6 28 8 06 16 %6 68 S/00L/L2 ‘uoliediauad
6 8 pA 9 S Y € 4 1 J11STYILIVIVHI

LIVHISY

(e261 @97)

BMO| U] paipnis sjjeydse jo seiuadold 1€V elqel

A-36



Table A.32 Changes in viscosity at 77°F for Iowa test road. (Lee
1973)

Asphalt Viscosity (megapoiscs)

Project Sample 1 2 3 4 $ 6 7 8 9
Original 1.16 1.23 1.58 1.10 1.14 1.70 1.15 1.10 1.22
TFOT 4.22 $.35 3.70 3.09 1.68 3.80 3.90 4.15 2,86
Laboratory aging (hours)
d-24 18.4 1.7 9.50 9.0 3.50° - 7.00" 8.30° 10.30
d-48 20.5 i9.3 14.2 15.7 5.60 14.60 12.50* 12.60 12.50
d-96 23.9 24.6 19.2 22.6 7.40 21.00 22.00° 14.80 15.00
d-240 44.0 36.2 47.0 36.9 13.50 33.00 51.00° 38.00 27.50°
d-480 64.5° 38.8% 76.0° 52.0° 14.70° 37.00 78.50 53.50" 45.00°
d-1000 89.0 - 118.0 64.0 17.30 72.00 89.20 64.00 69.00°
Ficld aging (months)
Plant 4.30 4.70 3.40 3.09 - 2.81 2.07 3.42 2.29
-0
A 4.87 4.60 3.39 3.01 - - 2.25 2.14 2.61
n 4.87 4.60 3.39 3.01 - - - - -
-6
A 4.30 5.98 3.40 3.56 - 8.58 8.30 6.40 4.90
B 5.70 5.3% 3.78 3.50 - 8.70 8.74 6.40 3.90
f-12
A 9.80 8.90 9.66 11.2 - 10.60 9.80 14.50 11.50
B 9.54 9.20 - 12.2 - 11.90 9.80 12.50 8.90
(-18
A 12.7 8.33 12.4 13.9 - 12.10 12.80 11.50 10,50
B 11.5 10.28 12.0 15.5 - 13.80 12.00 10.90 10.50
[-24
A 12.2 - 2.6 21.0 - 12.70 14.50 9.80 12.00
B 5.0 15.0 11.9 18.6 - 7.80 12,20 8.0 8.40
1-30
A 1 18.5 17.0 20.5 - 13.50 12.00 13.50 9.68
n 8.5 19.2 13.2 21.6 - 17.50 12.00 14.00 9.10
{-36
A 12.3 13.8 21.0 16.2 - - 13.80 - 11.50
B 12.5 16.0 19.6 17.7 - - - - -
r-42
A 13.4 17.8 18.8 16.2 - 17.50 - 12.50 -
B 9.5 16.5 14.0 22.2 - - - - -
{-48
A 19.2 19.6 20.7 21.8 - - - - -
B 16.4 20.9 16.1 22.0 - - - - -
*Interpolated value. SA = in wheel tracks. B = between wheel tracks.
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Table A.33

(Lee 1973)

Changes in viscosity at 140°F for Iowa test road.

Asphalt Viscosity (poisen)

Project Sample 1 2 3 4 5 8 7 8 9
Original 1,356 1,086 1,316 1,106 1,781 1,350 1,316 1,922 2,837
TFOT 2,368 3,448 4,041 3,556 2,341 3,556 3,538 4,376 4,412
Laboratory agzing (hours)
d-24 12,094 10,849 5,812 - - - 7.400" 10,500° 12,558
d-48 15248 17,022 7,979 11,830 4,891 12,457 9,000" 20,199 13,826
d-96 23,276 34,249 12,172 13,930 4,459 19,550 12,800° 24,472 23,497
d-240 81,254 89,639 28,062 23,479 1,727 33,431 26,900° 4,01 -
d-4R0 - - - - 16,500 52,000 53,500 66,000 -
d-1000 200,000 - 130,000 71,560 317,000 80,000 130,000 120,000 -~
Ficld aging (montha)
Plant 2,182 2,045 1,913 2,136 - 2,098 2,070 2,634 J,428
-0
At 2,294 2,931 2,122 1,781 - - 2,130 2,456 4,001
n 2,294 2,931 2,122 1,781 - - - - -
{-6
A 2,716 3,735 2,820 2,5R2 - 1,548 5,506 1,762 4,824
n 1,555 3,412 3,038 2,525 - 6,227 5,737 9,292 5,852
(-12
A 5.A14 R 185 4,034 5,7R4 - 5,167 4,834 N7 4,503
n 6,722 8,088 5,029 5,904 - 8,181 4,597 9,005 5,358
[-18
A 4,733 6,964 5,331 5,077 - 9.436 6,753 13,468 6.663
B 3,717 7,806 4,799 6,178 - - - - 8,109
1-24
A 5,158 9,742 6,437 1.672 - 7,797 5,950 8,678 8,653
n 6,675 10,204 6,217 8,526 - - - - -
[-30
A 6,710 9,341 6,229 7,860 - 9,250 6,044 13,092 9,392
B 8,506 8,588 5,593 8,605 - 8,567 - - -
1-36
A 5,747 9,991 7,218 7,177 - - 1.270 10,532 13,040
n 7,031 12,792 8,130 7.484 - - - - -
1-42
A 6,418 12,173 6.951 7,598 - 12,384 - 12,925 -
B 4,954 10,054 9,969 - - - - - -
(-48
A 11,044 13,773 8,305 8,490 - - - - -
B 9,473 14,082 7,549 8,647 - - - - -

*Interpnlated value

A «in wheel teachs.

*B = between whee! tracks
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Table A.34 Changes in softening point during weathering at Iowa

test road.

(Lee 1973)

Asphalt Soltening Point, Ring and Ball (deg F)

Project Sample 1 2 3 4 S 6 7 8 9
Original 119.0 116.5 115.5 114.5 113.0 118.0 116.0 118.0 119.5
TFOT 127.5 131.0 123.0 126.0 119.0 127.0 123.0 129.0 119.5
Laboratory aging (hours)

- 141.0 134.0 131.0 133.5° 121.5° - 125.5° 136.0° 132.5
d-48 140.5 143.0 138.0 138.0 128.5 140.0 128.5* 142.5 136.0
d-98 143.5 149.0 140.5 141.0 126.0 143.0 134.0° 144.5 145.5
d-240 159.0 152.% 145.0 148.5 134.0 152.0 146.6" 150.0 151.5°
d-480 168.0" 167.0 154.5° 154.5° 143.8 163.7° 160.5° 164.0° -
d-1000 175.0 170.0" 171.0 173.% 154.0 174.0 171.0 173.0 -

Field aging (months)
Plant 130.5 129.0 127.% 122.5 - 118.0 120.0 124.0 116.0
{-0

At 127.5 125.0 125.0 119.0 - - 118.0 132.0 124.0

B’ 121.5 123.0 125.0 119.0 - - - - -
{-6 .

A 124.0 128.0 122.5 120.5 - 133.5 132.0 136.0 132.0

nz 125.0 120.5 125.5 120.5 - 133.0 130.0 136.0 126.0
-1

A 129.0 135.0 130.0 130.0 - 134.0 129.5 134.0 138.0

n 129.5 131.5 131.0 131.0 - 138.9 130.0 126.0 132.0
f-18

A 130.0 137.0 - 134.0 - 135.0 132.8 136.4 132.0

B 132.0 136.0 128.0 134.0 - 140.0 132.8 136.0 130.0
[-24

A 129.5 134.5 136.5 136.5 - 129.0 138.0 138.0 136.0

B 136.0 138.0 136.5 136.5 - - - - -
{-30

A 137.0 140.0 136.5 135.5 - 140.0 137.0 141.0 136.0

1) 138.0 137.0 - 136.0 - - - - -
{-36

A 138.0 143.5 138.0 134.5 - - 137.0 - 139.0

B 140.0 142.0 138.0 136.5 - - - - -
1-42

A 133.0 138.0 140.0 134.5 - 142.0 - 144.0 -

B 129.0 138.2 141.0 134.6 - - - - -
£-48

A 134.5 136.5 136.5 136.5 - - - - -

B 137.3 136.4 134.6 136.4 - - - - -

*Interpotsted value.

®A = in wheel tracks.

¢8 = between wheel tracks.
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Table A.35 Changes in microductility at 77°F for Iowa test road.
(Lee 1973)

Anphalt (cm)

Project Sample i 2 3 4 S 6 1 B ]
Ortginal 63 11 12 67 81.4 53.0 68.4 51.0 63.0
TFOT 46 36 82 89 91.0 57.0 84.0 60.0 55.0
Laboratory aging (hours)
d-24 9.2 5.4 59 82 101.0* 16.0° 70.0* 20.0* 11.0
d-48 5.0 3.0 50 41 102.6 5.1 56.0% 7.0 5.5
d-96 2.6 2.0 20 23 122.0 3.0 29.0° 4.0 6.7
d-240 2.0 1.5 5.2 4.7 115.0 0.5 8.0° 2.0 -
d-470 - - - 3.8 79.0° 1.0* 4.0* 1.5 -
d-1000 0.5 - 0.4 1.8 -0.3 1.1 1.3 1.0 -
Field aging (months)
Plant 48 62 87 93 - 5.0 68.0 67.0 65.0
(-0
At 69 72 8 81 - — 60.0 67.0 79.0
n* 69 72 78 102 - - - - 68.0
(-6
A 87 62 102 102 - 23.0 73.0 15.0 37.0
n 87 63 95 101 - 23.0 64.5 14.6 28.0
(-12
A 63 27 44 58 - 24.4 16.0 25.0 57.0
B 70 - 82 56 - 31.0 101.0 24.0 47.0
{-18
A 10 33 R8 84 - - 55.5 8.5 16.5
n 76 3% 19 85 - - 80.5 11.0 16.5
(-24
A 65 14 21 69 - 23.0 57.8 - -
n 16 9.0 43 55 - - - - -
(-30
A 16 1.7 84 65 - 7.2 - 5.9 -
n 17 8.0 69 74 - - - - -
£-36
A 15 8.3 35 26 - -— 50.7 - -
R 17 6.3 35 37 - - - - -
1-42
A 16.5 10.0 43 7 - 4.7 - 5.0 -
n 14.0 4.0 i 12 - -~ - ~ -
(-48
A 4.8 3.8 28 28 - - - - -
B 6.0 - 29 15 - - - - -
*Interpolsted value. ®A = in wheel tracks. 8 « between wheel tracks.
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Table A.36 Properties of original asphalts in Delaware. (Kenis
1962)
Asphalt A Asphalt B
Del. BPR Al Del. BPR Al

Specific gravity, 7T F 1.023 1.023 1.024 1.030 1.030 1.030
Penetration, 100 g, 5 sec, 77 F 60 62 61 65 66 66
Softening point, R&B (°F) 118 123 125 118 124 124
Ductility, 5 cm/min, 77 F (cm) 100 250 150 100 250 150
Flash point (°F):

c.o.C. 585 580 610 610 570 595
P. M. - 505 - - - -
Solubility in CCly (7o) 99.9 99.9 99.2 99.9  99.8 99.9
Inorganic matter insol (76 - 0.10 0.03 - 0.22 0.02

Furol viscosity at 275 F (sec) - 279 - - 285 -
Oliensis spot test Neg. Neg. - Neg. Neg. -
Loss on heating at 325 F (Yo 0. 04 0.02 0.03 0.03 0.0 0.03
Pen residue, 100 g, 5 sec, 77 F (7 56 55 55 60 59 60
Orig. pen (Yo) 93 89 90 92 89 91
Film oven test, /s-in. film,
Shr, 325 F:
Loss (7o) - 0.09 0.08 - 0.08 0.11
Penresidue, 100g, Ssec, 77 F (7o) - 40 40 - 42 41
Orig. pen (7o) - 65 66 - 64 62
Soft point of residue (°F) - 133 132 - 135 134
Duct. res., 77 F, 5 cm/min (cm) - 250 150 - 140 150
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Table A.37 Aggregate characteristics at Delaware test road.
(Kenis 1962)

Characteristic BPR Al Del.
Los Angeles percent of wear 24.7% 21.62 27.5b
Sodium sulfate soundness loss (¥o) 4.6 - -

Specific gravity:
Coarse aggregate:

Apparent - 2,823 -

Bulk - 2.870 -

Absorption (7o) - 0.540 -
Fine aggregate:

Apparent - 2,808 -

Bulk - 2.795 -

Absorption (7o) - 0.150 -
Combined:

Apparent 2.81 2.814 2.79

Bulk 2.176 2.789 2.17

Absorption (¥o) 0.60 0.30 0.30

Sand equivalent 86 83 -

2Based on grading C, AASHO MHethod T96.
Based on grading A, AASHO lethod T96.
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Table A.39 Components of test sections in Montana. (Jennings
et al. 1988)

Additive
Antistripping
Refiner Nonc Lime Ily Ash Agent
Ca 1 2 4 3
Bb 15 16 14 17
AC 6 8 5. 7
Dd 10 9 12 11

NotE: All arc 120-150 grade AC.
al3jend.

£200-300 with Microfil 8.
€200-300 with Chemercte.
dgs-100.
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Table A.41 Rutting measurements in Montana, March 1987.
(Jennings et al. 1988)

Componcnts Rut Dcpth
Scction No. (asphalt/additive) (in.)
10 D 0.16
12 D/fly ash 0.16
2 Chimc 0.22
16 B/lime 0.22
20 200-300/Microfil 8 0.24
1 C 0.25
18 85-100 0.25
9 D/lime 0.27
4 C/fly ash 0.33
11 D/anlistrip 0.33
17 B/antistrip 0.34
3 C/antistrip 0.38
8 Allime 0.39
13 Blend 0.43
5 A/lly ash 0.52
14 B/fly ash 0.52
7 Alanustrip 0.56
15 B 0.56
6 A 0.62
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Table A.42 Crack counts in Montana, March 1987.

(Jennings et al.

1988)
Scction Componcnts Total
No. (asphalt/additive) Cracks
2 Cllime 0
13 Blend 0
1 C 1
3 Cl/antistrip 1
12 D/fly ash 2
20 200-300/Microfil 8 8
9 D/lime 7
4 C/fly ash 7
5 A/fly ash 12
6 A 18
10 D 19
16 B/lime 19
11 D/antistrip 23
15 B 23
8 Allimc 28
7 AJantistrip 29
17 B/antistrip 33
14 B/fly ash 36
18 85-100 >52

A-47



€ 0+ | $'0- (Poyaal
POSTIOW) Xaput uorjzeijasuad

94 €L s ‘B ‘D.09 ‘A3rsodsta
sy 08T U ‘0.5z ‘uorjexjsuad
: sat3xsdoxq 31eydsy
89"V 00°S 0L°S SL"S % ‘3usijuod 3yeydse
-- -- -- L'8L $ ‘A111TqEIS " 381
=" l -- rA ww ‘MOTF
8°§S 9°S : 6°¢ 9y $ ‘sproa 11®
AR A 9°vI /A ! S*ST $ ‘*erura
-- 8vov -- 920§ N ‘A3111qe3lSs
Lg2? 8¢ L6¢C 1ZA%4 cW/38Y ‘A3Tsusp ®
(g0s) sat13iadoig TreySIEN &
S S S S g ‘Ia111d
8 ve -- 8°¥¢ L° 87 $ *AInby pueg
'8 €L 8°9 0°L 1L
£°6 6°6 1°6 8°6 091
N S°91 0°ST v o1 00¥
L"6T 6°2¢ 9°1¢ §*it ut 006
v o¢ _ 1°8¢ 6°9¢ 6°9¢ 0°2
LS 6°6S S°09 28§ 0°S
T°L8 6°88 S°68 8°L8 S 21
00T 00T 00T 00T ur 0° 81
3ursseqd 4
STSATeUY SA3TS
NOI1IONYISNOD  NOHISIA NOILONYLISNOD __ _NOISId
XIW 9-28 XIW 9-2V

(8,61 K9T1InD) -“£Apnis 3Teydse 3Jos uemaydoleyses
ur se13aadoad xtw pue suorzepeid o3ef2138e Jo Liemums ¢#°V °[qel



ontea ydexbowou Y (N) ‘anfeA 1232wodyx ST (¥) 8S9UIITIS °Z

83523 § jJO sabezaae age sanyea IV °T 3$SAION
00% 6LY 006 8v ooy L1T 006 8% {00€ 8¢ 008 (6 JoO¥ LTT 00T 88 [009 LOT 008 L6 [R) u.oaxu.UMovn
59 6 st £t zy L V¢ 9 o1t 82 (@) 8 01x2'D,0
®dX’SSINIIILS
+0s1 | +0s1 Z1t 81 sz 1€ 40ST +0ST +0S1 +0ST | +o0sT +0S1 (4] £€ +0ST £09/W35 D ST
+0S +0§ 40§ z Y L1 9 6 +0§ L L1 +0$ £ y LY §09/WOT'D ¥
. ’ ‘ wa/XLI17IL00d
1] 11 9€ 09 09 9y Ls 0S 8¢ s Ly 6¢ 19 09 £t D, 'Ld ONIRILIOS
£°0 £°0 z°0 't €1 9°0 80 9°0 £°0 L0 $°0 y o 1 11 500 0,SET
¢0TXZ 0f 0TXT 0], 0Txs 0| OTXE €| 0TX0'€ moaxvho gOTX0 T} L0TX9°0] OTXT 0} OTXL*0) OTX¥ 0| 0TxT"0| OTxZ*z] 01X6"Z| 0TXE "0 9509
- ne . . . . . x . . - . Y . . - ,
,0TX876 ] 0TX0 ¥ | 0TXE"Z| 0TX9°Z] 0TXS" 5] OTXY " T| OTXO"T| OTXE " T| OTXZ"¥] OTXE T} OTXT*T|,0Tx2 | 0TX8°2Z| OTX6 ¥ 0TXC 6 | . 3 ,_0Tx5'D 8¢
. . . . . . . x . x . . . - . . . ,
QOTXP ¥ [ 0TXEZ| 0TX0 T} 0TX6"€ | 0TX6°2] J0TX0°2| 0TX9°€] JOTX0Z| JOTXZT*T] JOTX6°Z| 0TXZ" 2] JOTXZ T 0TXE 9] 0TXS € | 0TXE 2 | 1 8 , OTXS D ST
$°®d’XLISODSIA
L9 LT Loz zy €y z8 8s €L 6£1 79 s8 K13 9y 8y 88 55600152
L - 11 8 - vt 41 - 91 o1 - L1 6 - €1 5560010 ¥
82z Lz 19 Lz 8T £s s¢ 62 1 41 s¢ 1€ @ 82 12 £s $09°5002'D,¥
| _onu’ NOTIVYLANTL
SHINOW|TIIWONd [T1INONd | SHINOW |[TTINONd | 1TTIRONd | SHINOW | T1IRONd | TIIWONd | SHINOW|T1iWond | TIIWONd | SHINOW|[T1IRONd |T1IRO0d P —
vz 1s0d | =u4 vz 1s0d | mud e 1s0d | w4 bz I1sod | aud vz 1sod | Fud VHdSY
§-d¥-1 av00T-3 avosT-2 avost-6 Y00T1-Y FdAL ITVHASV

(9L6T £21TnD % I1e1D)
uemayoqeyses ur LZorosayx 3Teydse uyl safueyo jo Liewums HH'V 9a1qel

‘Apnas 31eydse umolq afe

A-49



*saxTW pajoseduocoun wWOXJ P3IAAOIaX Iapurq ITeydsy,

(S Teauswyzadxs war3y pajeTno{ed)
8E~ 8t~ De ‘-dual Buirxdoea) pIIeINOTED
(udezbowoN ‘PLET YVID)
€v- bo- pr- b~ €y- £v- Do ¢ -dway, Burxoead orydezbouon
Y0~ 10~ G0~ 2°'1- 9°0~ [ € X9pul uor3eaIIaUdd
0°9% S 1S 44 € "6£ 0°SP €° 8¢ 2. ‘(uad 008)g1

hoa X b € hoa X 0y w ‘0,02~

woﬂ X 9°g ooa X S°¢ o 'J.0T-

moa x Z°L mo.n X Ty w '200

pOT X 979 p0T X 9°¢ Y$°0 ‘2,01 ‘dway p
Ns\z SSANJIILS TYINTIINIIXI
S v 1P PdI3A0293Y ateydsy m §
01 o1 A % ‘3ua3u0) XeM
$°86 8°86 4 % ‘OXOTYOTIL UT A3TTIQRIOS
1L 9L (doll) 2.5C ® A&3TITONQ
68 v9 88 8s M ‘uag pauvreaIdy
1°0 £°0 m y ‘butby uo ssoy *aM
o1 zT §°ST A »T 61 (3.TV ) 2.6 & ‘uad
001 L [ R84 091 SOT [4:2¢ (3oLl ) Je6Z ® ‘uag
vEY £66 68¢ 861 1444 Lt d ' (3,001) 2,09 @ °*doSTA
€ST Z81 SET (A g¢ bET (4014 350 ‘Y (JeSLT) DoSET D "OSTA
»TEIAOON vm~.MMUﬂkw< TUNIOINO sQIN0OTY vm«.MMU“.rm< TYNIDIYO S3I1¥3codd 1S3l

(W) 05T/001

{ATd) XALISOJSIA MOT NMO1g

(W) 00Z/0ST

(AT8) ALISOJSIA MOT NMOIH

3dAL LTYHASY

(96T "1® 32 m®D)
*1etaa (I9YOoTY) BQOITUBK °XJ 9pPNID UBTPERUER) UISISIMY
woxj saTeydse A37so0STA MmOl umolq Jo saijzaadoad 3sel ¢H'V 91qel

A-50



"eNpPISaa pabe U0 IS,

‘PELT~0 WiISY 03 buTpicooe pabv,

(S 1eavawyaacdxs
woay payeinoyed)
8t- [4 g k424 De ‘-dwal Butydoei) peavINOTED
(ydeaBbowoN $L6T YV1D)
8L~ 6C- 8y~ 3 Ly- St~ e ‘‘duwsy buryoezd dyydeabowon
6°0- L1~ L°0- 1°'0- 0°0 0°'1~ Xapul uoTIeIIIUBg
1°sy o°et o°vs S 9 6°SY £°8t 2. ‘(u=d 008),
moa X LT g0T X T°T | 401 X 6°9 0T X L°¢ 0T X T°¥ woa X 12 Y0 ‘0,07~ ‘dwayr 3
Na\z ‘$S3U3373S Te3juawizadxz
‘UTE §°66 UTW 66 6°66 1°66 2°86 *3m A ‘oxOTydYTal uy AITryanios
‘uta zge ‘uyw 81T 344 e :344 D¢ ‘(20D) 3urod \ysela
‘uyw 9 ‘ura 01 +0S 9 ST (2,2°6€) 0o © ATITAONG
es"UTW GL ss"UTE 001 +0ST Ot €L (3Joll) D0ST & K7TTIONQ
‘uUTe (Y ‘ura Yy 9s 29 19 [Y ‘+uag paurteaay
‘Xeuw ¢g°0 ‘xew £°1 1°0 0 0 ‘M y ‘Buiby vo sEO7 3N
s°C1 T vl LT 81 1T (3eTV ) JeS D ‘Udg
001-58 00Z-0S1 £6 591 L LoT PIT 881 (3oLl ) DeSZ B uagd
osT’1 6LS oTL't €SS esy 10T d ‘(3.,00T) 2,09 @ ‘OSTA
‘uTw 0BT cutw 067 982 [444 112 ST T 14 8D ‘ (3,5LZ) D.SET @ °OETA
UOTPIJBUSG | uoTIRIIBURG
i . *21d0 [e)cia) § *ONIo e
001/58 002/051 s @ ' » Q¥ ST¥0
SNOI1YDIIID3d4S (0)002/081 (o)oot/se {0)00zZ/0S1 SZIJ¥340u¥d 1S3y
OYVYINO (I04INQD)
‘O°1°R A1lISOOSIA HOIH ALISOJSIA MOT ‘NMO16 | ALISODSIA MO ‘NMOIE

(9461 "1® 39 me))

‘TeTa3 (uemopueqeyg) OTaABUQ UISBYIIOU U poasn

saTeydse A umolq pue AH payse(F jJo soraxedoad 3sa] g9u'Vy o[qElL

A-51



*S3593 JO JaQqumu ST U pue

antea sbeisae sy x a1ays (T-u)/,(X

- X) I p = D UOTIRTASD pIepueas,

(udexbowoN ‘$L6T VVID)
0s- £V~ oy~ £v- 148 Do ! dumy butyoead otydezbouwon
g 1~ 0'1~ 9°0- 9°0 L°0- X3puI uoTIRIIBUIE
8°67 0" 1¥ "Ly 8°9S s'zy J. ‘(uad 008)g
8°¢ S°y- 9°'v [ 4 vy paidacoay 3teydsy M &
137 A ¢ 11 s°01 s o1 (3eTP ) DS 9 ‘ueg
09 1421 v8 9§ 0t1 (JolL ) 2.6 ® “‘uag
8LT SLe oS’ 1 0s§‘2 S9E d ‘(3,0vT) 2,09 @ °"oSTA
111 122 zo¢ (4 24 SET 3SD Y (3eGLT) DoSET ® 'OSTA
STIINIICId LTVHASY

00%/00¢ 00£/002 (W) 0Ss1/001 (W) ooz/0s1
§-0% ALISODSIA ROIH | ALISOOSIA HOIH | ALISOJSIA MOT | ALISODSIA MO1 3dAL ITYHASY

NMOT 8 NMOI8

“1e 319 meYH)
woly soxTw

(9L61
‘saeaf Inojy 1o33e TeTI3 (I9YoTY§) BQOITUBK
peox pue sjfeydse paisacoax Jo uollen{ead [V OIqE]

A-52



u:we.mum..m..xo wo13 paIeIndYED)
- sc- - - ts- - - - - d
‘*dwa) buixoead paleindTe)
(4deabowon br61 YViD)
rC- oC~ 1 L= 9%~ er- Ly- Sy~ Ly~ De .
‘+dwsy burxoead dYydeabowon
0" 1~ 0°1- 0°1- 01 €0 $°0 1°0 S°0~ ¥ 0- X3pul uoy3leaIdUSY
poEY PoLY 0°¢p 0°¢LS 018 2°0S [ 14 4 | N4 4 De ‘(uad 008)1
us-0 ‘0,07~ "dwayl §
wo,n X 5°9 wo.n X g7t wOA X 6°7 wo,h X 9°¢ wou X 677 wo.n x sz CT X O°p wo.a x 81 wo.n X 9°1 Ns\z ‘SS3UZ3 T3S 1eauswTaedxy
s [ s 8’y 0°s 0°Ss 6°b 0°s 0°S Poa9A0OFY¢ aTeydsy a
st (44 es (37 SL S8 (4 €9 LL Teutbiio § ‘uag pavresay
$°9 8 01 [ T ST oSt S LT ot (3T ) DeS & -usg
LS (73 6 €9 18 16 86 X4 ¢ 9r T (3ell ) DeST B -Uag
o1zt 06t ore’ 06Y ‘¢ 099'T 0Ls8‘T (a]-72 Ly YOy d ‘(3.,0PT) D.09 9 *O51a
Zop 1344 o1¢ 124 12z 01¢ 2sT LYY 1 221 ASD Y (JeSLT) DeSET B "OSTIA
S3P9A syauoa 9 XTH S3e3A ¢ syavoa g XTH sresl g SUIUOE 9 XTH
383V 3933¥ *3oedwoouf 2933V 3933Y¥Y *3oeduwodun I93j¥¢ J93)V¥Y *soeduodup)
(0) 002/0S1 (0) o01/58 (0) 00Z/0ST

(I0¥INOD) ALISODSIA HOIH

ALISCOSIA MO N4018

ALISOOSIA MI1 RMOTE

(9£61 "1® 3° seY)
uzsy3iou woly s3Teydse paasaooe1 jo say3aedoad 31sal gy'y a1qel

"TeTI3 (uemopueqays) oraeaug

A-53



Table A.49 Properties of recovered asphalts in Alberta. (Anderson
et al. 1966)

Penetration Ductility Absolute Viscosity—Poise
8!
Code 27 39.2 R(c) 17 F. 19.2 F. 140 F. (x 10%) 77 F. (x 10%) 39.2 F. {x 10%)
F.(a) F.(bo) % cm.(d) cm. 1072 gec,”! 107! sec. “c” 1074 gec.”! 107! " 10°? see.”! 10°¢ “c*
A-l 94 34 8 - - 8.98 2.63 0.78 13.3 9.60 0.96 5.30 1.91 0.80
2 126 32 25 - - 2.56 0.92 0.84 111 4.10 0.75 .77 1.61 0.81
3 112 27 24 - - 2.72 .15 0.81 25.6 5.94 0.69 4.92 1.21 0.70
B-1 64 35 S5 150+ S1 (e) 20.3 6.02 0.74 39.1 40.1 1.00 13.7 345 0.70
2 65 35 54 150+ .52 (e) 18.8 5.24 0.72 31.4 24.4 0.94 10.2 3.50 0.77
C-1 11 44 40 - - 9.36 2.67 0.83 46.5 7.40 0.80 3.36 1.29 0.80
2 82 32 39 - - 274 3.90 0.77 20.6 4.1 0.90 7.80 2.10 0.78
D-1 95 27 29 - - 1.4t 0.84 0.95 11.8 6.99 0.93 8.93 1.24 0.79
E-l 53 23 43 - - 6.45 4.81 0.93 81.1 41.6 0.84 17.1 3.00 0.56
2 (&4 23 30 - - 3.3 1.59 0.92 24.5 11.0 0.87 1.68 2.17 0.60
3 94 38 40 - - 3.10 2.13 0.98 .16.9 11.9 0.93 5.13 1.97 0.79
F-1 85 27 32 150+ 8 (1 0.72 0.67 .99 12.3 10.8 0.98 10.7 140 0.58
2 10 30 43 150+ 9 (N 1.18 1.12 0.99 15.3 14.8 0.98 113 1.06 0.44
3 90 36 40 150+ 12 (1) 0.73 1.31 - 9.20 9.20 1.00 8.59 0.84 0.49
G-2 134 36 27 - - 12.0 2.20 0.63 1.7 4.30 0.60 5.58 3.08 0.91
4 150 32 21 - - 25.0 4.60 0.62 24.0 3.30 0.65 3.60 2,61 0.94
H-1 94 27 29 120 3 (e) 6.25 1.52 0.61 7.28 4.55 0.91 7.62 1.10 0.60
2 80 42 52 150+ 7 (e} 6.68 3.48 0.88 16.6 13.6 0.92 6.20 1.81 0.74
J-2 9 29 31 - - 24.2 3.40 0.65 13.0 10.0 0.93 17.30 4.80 0.88
6 95 M 36 - - 61.5 6.60 0.50 13.0 9.30 0.9t 7.80 3.90 0.86
K-1 102 39 38 - - 6.47 2.67 0.87 12.2 8.54 0.93 4.39 1.25 0.72
2 85 33 39 - - 5.33 2.86 0.86 423 214 0.90 17.9 1.37 0.62
3 62 29 47 - - 15.3 7.55 0.72 $7.6 28.0 0.83 11.6 3.3 0.70
L-1 94 22 23 - - 1.74 1.10 0.95 36.1 12.3 0.80 10.0 ° 1.80 0.63
2 89, 34 . 38 — - - 3,75 2.50 0.84 28.9 16.4 0.91 4.68 - 1.80 0.80
M-t 120 27 22 - - 14.55 1.58 0.61 15.4 6.20 0.74 12.3 5.09 0.74
2 121 29 24 - - 8.22 1.91 0.65 173 7.09 0.85 14.9 6.46 0.77
(a) ASTM-D5-52. (c) Ratto: (Pen.@39.2 F. + Pen. @77 F.) x 100. (e) 1 em./min, elongation.
(b) 39.2 F., 200 gms., 60 sec., 0.1 mm. {d) ASTM: D113-44. {f) 5 cm./min. elongation. {RCA-HD 4.2.66)
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Table A.50 Transverse cracking investigation in Alberta; field

sampling areas.

(Anderson et al. 1966)

Route Test Area Cracks per Mile Thickness (ins.) Age of Asphait Code
M. to M1 Max. Av, Min, Surf. Base(a) Total Surface(b) Rel.(c) Pen. Gr.

2-D- 0.00 8.13 i1 8 0 3.7 13.0 16.7 6 mos. 3 150/200 A-l
1/1, 1/2, 1/3 8.13 17.31 187 89 40 4.2 12.7 16.9 6 mos. 1 150/200 2
17.31 24,97 27 7 ] 4.4 12.6 17.0 6 mos. 1 150/200 3
2-G-4 219.5 220.0 - 0 - 4.0 9.9 13.9 8 yrs, 7 150/200 B8-1
225.0 225.5 - 80 - 45 9.9 144 6 yrs. 7 150/200 2
12-8-2 474 83.7 - - 5.2 10.3 15.5 7T yrs. 8 150/200 c-i
83.7 774 142 Kt 2 4.2 8.3 12.5 S yrs. 4 150/200 2
15-A-2 30.0 31.0 - 310 - 4.0 14.0 18.0(d) S yrs. 1 150/200 D-1
18-A-1 5.0 8.0 - 80 - 3.0 6.0 9.0(d) 7 yrs. 8 150/200 E-1
11.0 12,0 - 240 . 4.0 12.0 16.0(d) 3 yrs. 1 150/200 2
25.0 26.0 - 0 - 4.0 14.0 18.0(d) 2 yrs, H] 150/200 3
21-A-1 24.21 26.13 - 229 - 4.9 9.3 14.1 - F-1
26.13 26.34 - [V} - 4.5 10.0 14.5 3 yrs. 10 150/200 2
29.00 29.38 72 - 5.1 9.5 14.6 .3
34-A-1 9.0 10.0 - 540 - 4.4 10.2 14.6 G-2
200 21.0 - i - 50 18 s | 8 mos. un - 200/300 ‘
34-A-2 45.0 45.5 - 158~ - 4.4 12.9 173 3 yrs. 1 150/200 -1
58.0 $8.5 - 5 - 4.1 11.9 16.0 3 yrs. 5 150/200 2
36-D-1 6.0 7.0 - 131 - 5.2 1.1 123 J-2
17.0 18.0 - 0 - 46 74 120 B mos. 3 150/200 s
39-A-1 1.0 2.0 - 55 - 4.0 14.0 18.0(d) K-1
9.0 10.0 - 475 . 40 16.0 20000 | Byrs. 8 150/200 2
19.0 20.0 - 15 - 4.0 14.0 18.0(d) 4 yrs. 2 150/200 3
57-A-1/2 12.55 14.54 - 348 - 4.3 6.7 11.0 4 yrs. 1 150/200 L-1
14.55 16.55 - 0 - 4.1 8.7 128 J yrs. 5 150/200 2
62-A 14.0 15.0 - 20 - 2.5 7.6(e) 10.1 M-1
200 21.0 - 10 - 2.1 7.2e) 9.8 } 8 mos. 10 150/200 2

{a) Includes nominal 2" coldmlx, asphalt bound base. (c) Refinery source. (f) 2" Surface Course. 2" Binder course HPMS (5-150/200) 1962.

(b) Surface age at time of survey. (d) Nominal thickness. Uncracked prior to surfacing.

(e) No asphalt bound base. {RCA-HD 1.2.66.)
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Table A.51 Summary of asphalt cement quality tests, Alberta,

1966. (Anderson & Shields, 1971)
P:l;elr:\l:t;n Softening Viscosity Pene- trr’::\ic-n
Supplier Condition o mn (l;oinl;) 275 F 140 Fb 71 F¢ 39.2 F© (;‘alion Relni:cd
77TF 39.2 F 32 F \9°F (centistoke) (poise x 10°) (poise x 10*) (poisec x 10%) ndex (percent)
1 Supply 265 68 40 103 139 237 3.0 1.2 +1.0 22,3
o (28) (8) (1) (7 (8) (26)
TFOT 177 43 22 108 - 358 8.6 2.5 +0.2 24,3
[4 (12) (7 2) (1) (60)
Mix 138 34 23 109 204 445 5.9 3.8 -1.0 25,3
[ (16)  (3) 2) (2) (15) (63)
2 Supply 215 62 kl:] 101 217 610 2,8 1.0 -1.0 31.2
4 (R} 3) (2) (2) 3) (81)
TFOT 125 41 2% ii0 - I111 7.8 2.4 -0.8 3z.8
0 (3) (2) (¢}) (4) (119)
Aix 113 41 27 1t 309 1,415 13.4 3.4 -1.0 31.8
o (9) (4) (2) (3) (20) (350}
3 Supply 217 SR a5 102 184 544 2.3 0.8 -0.8 28.1
o (15)  (4) 3) 2) (10) (36)
TFOT 112 a8 24 110 - 1,127 24.3 2.0 -0.9 34.0
[ (7) (1) (1) (1) (212)
Mix 102 ki) 26 111 27 1,217 14.5 4.5 -1.3 36.3
(4 (13) (5 (2) (2) (31) (403)

AASTM D 36 26

bastm D 2171.66.

CSliding plate microviscometer at shear rate ol 10-7 sec-2.
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Table A.52 Changes in asphalt properties with time at Alberta.
(Anderson & Shields 1971)

Physical Properties of Asphalt Cement

Asphalt Unit

Penetration Absolute Viscosity at 77 F
Supplier Aee (:a:::g::) w(;::?)“ (Y10 mm) &;f:,'::,“‘ \::sxcrglg (poise x 10%)
77F 393F 9B F) “(ojce) 107 sec-' 107! sec!
1 As supplied 265 68 103 237 4.1 2.2
After TFOT 117 4 108 358 17.9 4,1
After plant mixing
and spreading 5.2 138.2 138 34 109 446 15.9 4,0
12 mo. 5.9 146.8 191 41 105 258 7.3 2.3
24 mo. 5.75 146,6 196 44 102 258 2.8 2.0
34 mo. 5.5 147.9 144 29 107 343
2 As supplied 215 62 101 610 3.0 2.6
After TFOT 125 41 110 1,111 9,2 6.7
After plant mixing
and spreading 5.3 136,7 113 41 111 1,460 22.5 7.8
12 mo. 5.7 142,2 136 41 107 860 8.8 5.0
24 mo. 5.4 143,1 127 38 107 954 6.2 4.9
34 mo. 5.4 1441 105 30 111 1,281
3 As supplied 217 58 102 544 2.6 2.6
After TFOT 112 38 110 1,127 12.1 10.2
After plant mixing
and spreading 4.4 134.2 102 38 111 1,217 15.2 8.6
12 mo. 5.5 139.4 116 36 110 844 12,9 6.1
24 mo. 5.3 141,6 90 28 113 1,215 1.7 10.6
34 mo. 4.3 142.3 70 26 117 1,801
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Table A.53 Asphalt test properties in Pennsylvania. (Kandhal &
Wenger 1975)

Asphait
Property 1 2 3 4 5 6
Belors Pup MU Mixing
Vircosity, polses *
AL14O F 1613 1544 1447 966 2200 2649
AL 275 F* 339.6 3430 47154 3IR.5 509.4 556.7
At 39.2 F at 0.05 scc”’ 1.19 % 10° 2,65 x 10" 4,22 x 10’ 9.50 x 10" 1.68 % 10" 2.57 % 10°
AL 1T F a1 0.05 sec™' 3.05 % 10° 1.06 x 10* 483 % 10° 9.15 % 10° 1.32 % 10° 1.85 x 10"

At 115 F at 0.05 sec”! 2,09 x 10°* 1.54 x 10' 1.15 % 10* 1.15 % 10 2.19 x 10 2.80 % 10°
Shear ausceptibiiity

ALJS.2 F 0.20 0.20 0.35 0.45 0.32 0.32

AMTTF 0.05 0.02 0.114 0.06 0.12 0.09

ALUIS F 0.02 0.03 0.04 0.03 0.04 0.02
Fenetralion

AL 39.2 F, 200 g, 5 nec ] 1 28 19 15 12

AL 7T F, 100 g, § scc 62 92 149 114 94 80
After Pug Mill Mixing
Penctralion at 17 F,

100 g, 5 sec 6 69 98 66" 69 60
Penctration, percentage

relained S8 76 67 58 3 16
Viscoaity at 140 F,

poires 3645 2505 2971 2078 3463 4770
Virconily ratio at

140 F 2.27 1.62 2,00 2.16 1.57 1.80

AZINg index® after mix-

ing based on vigcosily

at 77 F, 0.05 nec"'

shear rate 3.3 1.9 2.5 3.3 2.1 1.9
Viacosity at 77 F, 0.05

sec”! determined

from aging Indexes,

polses 1.01 % 10’ 2.01 % 10" 1.21 v 10* 3.02 » 10" 2.77 % 10° 3.52 x 10°

Mo 1pnsesDIPas VF«18C 32

*In centistabes,

“Na test dats svasinhle. Thete weore detsrmined from Fig 4 of the paner by Halstead and Zenewit? [ASTM, SEP, 309, 1962), which gives
relation hatween percent of origingl penetration and viscotity sging index lor thin fitm test,
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Table A.55 Physical properties of the experimental AC-20 grade

asphalt cements in Texas.

(Adams & Holmgreen 1986)

A B ¢ D E

Viscosity

77°F, poises x10° 3.55 | 1.55 | 1.70 | 1.1 | 2.25

140°F, poises 2242 3012 2183 1812 1911

275 °F, poises 6.42 5.33 3.22 4.09 3.10
Penetration

39.2°F, dmm, 200 gm, 60 sec 13 26 18 26 13

77°F, dmm, 100 gm, 5 sec| 61 64 58 81 45

Softening Point, °F 123 125 121 122 119
Thin Film Oven Residue

Percent Loss 0 0.04 0.05 0.08 0.15

Viscosity, 140°F, poises 4681 5008 4017 3236 4285

Penetration, 77°F, dmm 41 53 32 56 32
Rolling Thin Film Oven Residu

Percent Loss 0 0 0 0.11 0.18

Viscosity, 140°F, poises 5180 7350 5356 6369 5345

Penetration, 77°F, dmm 32 50 24 42 29
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Table A.56 Physical properties of the experimental AC-10 cements.
(Adams & Holmgreen 1986)

A B o D £

Viscosity

1P F, poises X10° 0.66 | 0.22 | 0.66 | 0.50 | 0.88

140°F, poises 973 773 | 1268 931 955

275°F, poises 2.76 2.76 2.85 1 3.18 2.34
Penetration

39.2 F, dmm, 200gm, 60 sec 20 35 16 35 17

77 F, dmm, 100 gm, 5 sec|{ 106 166 80 | 113 80

Softening Point, °F m 106 114 116 115
Thin Film Oven Residue

Percent Loss 0 0.04 0.03 0.13 0.37

Viscosity, 140 F, poises 1280 1210 2539 2381 2436

Penetration, 77°F, dmm 69 121 50 68 42
Rolling Thin Film Oven Residue

Percent Loss 0 0 0 0.01 0.51

Viscosity, 140°F, poises 1663 1608 2911 2865 4886

Penetration, 77°F, dmm 62 113 37 59 28
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Table A.66 Physical properties of the asphalt cement recovered
from cores after one week service from Lufkin, Texas

site. (Adams & Holmgreen 1986)
Viscosity, poises Penetration, dmm
Asphalt Asphalt T7°F 6 .
Producer Grade poises X10 140°F 275°F 39.2°F 77°F
200g, 60s[100g, 5s
A AC-20 3.55 3735 6.92 | 10 48
B AC-10 3.70 3891 6.26 7 56
c AC-20 3.80 2754 3.87 10 46
D AC-20 3.80 2975 4.98 12 52
D AC-10 1.20 2418 4.44 16 63
E AC-20 14.50 8790 5.06 4 23
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Table A.67 Physical properties of the asphalt cement recovered
from field mixed, field compacted samples from Lufkin,

Texas after one year service.

1986)

(Adams & Holmgreen

77UFYiscasitL poises Penetration, dmm

Asphalt Producer| Asphalt Grade| poises X 106 140°F 275%F 39.2°F 77°F
2009, 60s 1100g,

A AC-20 4.8 5553 1.21 0 20

B AC-10 23.0 8666 6.69 3 20

C AC-20 26.0 8970 6.16 - 0 15

D AC-10 2.3 1866 3.99 17 68

0 AC-20 24.0 8400 6.40 0 19

E AC-20 7.1 5190 6.34 9 38
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Table A.73 Chemical composition of original asphalts (Corbett).
(Adams & Holmgreen 1986)

Corbett Fraction
Asphalt | Grade Naphthene Polar
Producer Asphaltenes* | Saturates | Aromatics Aromatics
£ AC-10 11 14 45 30
AC-20 12 10 43 35
A AC-10 49 43
AC-20 52 44
c AC-10 11 9 45 35
AC-20 1 9 47 33
; AC-10 10 16 56 18
AC-20 17 11 47 25
0 AC-10 15 12 47 26
AC-20 18 9 42 K}
e

*
Insoluble in heptane.
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Table A.74 Temperature susceptibility of asphalts in Texas.
(Adams & Holmgreen 1986)

Pen/Vis No.
Penetration | Penetration
Ratio Index 77°F to 275°F 77°F to 140°F
Asphalt | Asphalt
Producer| Grade Original Original Original Original | TFOT | RTFOT
AC-10 21 -1.09 -1.31 -1.16 | -1.14{ -1.03
E _
AC-20 29 -1.84 -1.44 -1.28 | -0.97} -0.90
A AC-10 19 -0.97 -0.71 -0.70 { -1.071} -0.97
AC-20 21 -0.59 -0.09 -0.69 | -0.55} -0.80
c AC-10 20 -1.26 -1.02 ©-0.86 | -0.861-1.14
AC-20 3] -0.99 -1.15 -0.79 | -1.03|-1.14
3 AC-10 21 -0.38 -0.22 -0.19 | -0.24 ] -0.05
AC-20 41 -0.19 -0.34 -0.32 | -0.11 {+0.18
AC-10 31 +0.13 -0.47 -0.65 | -0.46 | -0.50
0
AC-20 32 +0.04 -0.47 -0.47 | -0.451{-0.23
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Table A.74 (continued).

Viscosity-Temperature

Susceptibility Temperature of
Equal stiffness
77 to 140°F 140 to 275°F 77 to 275°F °F(°C)
Asphalt |Asphalt .
Producer | Grade Original Original Original Original
AC-10 4.2] 3.66 3.85 -57 (-50)
E
AC-20 4.13 3.70 3.85 -43 (-41)
A AC-10 4.05 3.52 3.717 -65 (-54)
AC-20 4.22 3.18 3.55 -58 (-50)
AC-10 3.84 3.60 3.69 -57 (-49)
C
AC-20 3.90 3.72 3.79 -55 (-48)
AC-10 3.67 3.42 3.5] -81 (-63)
B
AC-20 3.62 3.44 3.50 -65 (-54)
AC-10 3.94 3.38 3.58 -80 {-62)
D
AC-20 3.83 3.45 3.58 -72 (-58)
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A - TRANSVERSE CRACKS B-ABSOLUTE VISCOSITY
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Figure A.8 Summary of physical properties and transverse cracks measured for
Utah test loads; objective evaluation. (Anderson et al., 1976)
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A-89

Force Ductility - Lbs.

Paraoffins - 9%

N-FORCE DUCTILITY
AT 4°C(39.2°F)
(Average From Field)

30+
27
LI TR

13 )
r—t

204 Ao

L=
104 » 10

o
S4 D3 H2 F3 ClI H4 C3 B2 Al A3

P - RECOVERY COEFFICIENT
(Average From Field)

ZS‘J 23.8
L

20+

154 M. |

0 ,
S$4 D3 H2 F3 CiI H4 C3 B2 Al A3

R - PARAFFINS CONTENT
(Average From Field)

254
22.1
™ eo.a
20+ . T
e a3 .0
)
15+ —1 Y
2.8 b ]
2 0.7
10+
5-

o
S4 D3 H2 F3 Cl H4 C3 B2 Al A3

(continued).



S-NITROGEN BASES/PARAFFINS T-NITROGEN BASES/PARAFFINS
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where 77} , and 712 are viscosity readings at temperatures Tj and Ty

Recovery Coeficient (b) is defined by the Force Ductility curves using
the points after the peak in the equation:

Force (lbs) = a - b 1n (elong.)

Figure A.8 (continued).
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Figure A.9 Longitudinal cracking prediction; objective evaluation. (Anderson
et al. 1976)
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APPENDIX B

UNCONTROLLED TEST ROADS

This appendix contains supplementary tables and figures for the test roads discussed in
Chapter 4. They are organized in the same order as the test roads in Chapter 4,
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Table B.1 Cores and mix properties for Oregon. (Thenoux et al. 1988)

Proj.[Thickness| Max. Air A/C Asphalt Mix Mr NI
(#) (in) Sp. Grav.| Voids %o Suplier Type (ksi) (1)
1 1.72 2.476 11.1 5.0 Chevron B-mix 862.00 80350

AR4000w
2 2.44 2.580 8.5 5.7 Chevron B-mix 1103.19 10005
AR4000w
3 1.91 2.459 11.8 5.9 Chevron B-mix 771.87 276292
3a - - - - AR4000 - - -
4 1.44 2.421 5.0 7.0 Douglas B-mix 281.94 -
AR4000
5 1.41 2.497 8.3 5.8 Chevron B-mix 568.97 42480

5s 1.83 2.484 9.0 5.6 AR4000 703.78 129064

6 2.49 2.535 6.1 5.2 Witco B-mix 1031.63 4112
AR2000
7 1.55 2.444 4.3 6.7 Douglas B-mix 243.30 295241

7s 1.92 2.434 4.3 6.9 120/150p 186.30 1876282

8 1.44 2.158 8.7 7.6 Shell C-mix 621.94 87662
AR2000

(1) Nf, calculated for 100 microstrains
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Table B.2a Chemical composition of original samples and after Rolling Thin Film
Oven Test for Oregon. (Thenoux et al. 1988)

Sample Asph. Sat. N-Arom. P-Arom. Total
% % % % %
Orig.-1 16.5 9.5 26.2 47.0 99.2
Orig.-2 15.7 9.1 26.9 46.6 98.3
Orig.-3 22.7 8.4 24.5 43.3 98.9
Orig.-4 20.2 9.1 24.9 43.8 98.0
Orig.-5 16.6 9.3 26.5 46.9 99.3
Orig.-6 6.0 11.6 33.1 48.1 98.8
Orig.-7 17.0 9.6 279 . 45.3 99.8
Orig.-8 6.9 10.9 32.4 48.3 98.5
RTFO-1 21.4 7.9 25.5 43.7 98.5
RTFO-2 20.5 7.8 25.2 45.1 98.6
RTFO-3 27.8 74 22.3 41.8 99.0
RTFO-4 24.5 8.1 22.8 43.9 99.3
RTFO-5 21.8 8.2 25.0 43.8 98.8
RTFO-6 11.2 10.9 29.7 46.9 98.7
RTFO-7 21.3 9.2 24.6 44.5 99.6
RTFO-8 14.2 10.3 27.1 47.0 98.6
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(Thenoux et al. 1988)

Table B.4a Physical test results of recovered asphalt from Oregon using Method-
A, projects 1 to 8,

Sample Pen-4 Pen-25 Vis-60 KVis-135
# {poises) (cStokes)

1-Top 2 11 59284 1933
2-Top 4 15 13299 572
3-Top 9 10 225129 3952
3a-Top 6 12 100000 3802
4-Top 26 51 3403 399
5-Top 14 22 13584 885
5s-Top 12 26 11755 853
6-Top 11 27 4440 330
7-Top 32 63 5524 745
7s-Top 31 80 3611 616
8-Top 6 11 25104 665
1-Base 5 12 74152 1953
2-Base 6 14 12571 569
3-Base 6 16 106328 2798
3a-Base 9 22 45564 1916
4-Base . 51 3194 401
5-Base * ‘ ‘ *
5s-Base 15 47 4360 531
6-Base . 42 2565 268
7-Base - 80 1769 466
7s-Base - 114 1752 465
8-Base 13 45 2845 318

Sample Contaminated
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Table B.4b Physical test results of asphalts from projects 3, 5 and 7 in Oregon
obtained using all four methods of extraction and recovery. (Thenoux

et al. 1988)
Sample | Method Pen-4 Pen-25 Vis-60 KVis-135
# (poises) (cStokes)
3-Top A 2 11 59284 1933
B 4 11 160000 3472
C 134 140 - 3213 493
D 14 21 46179 1969
3a-Top A 6 12 100000 3802
B 5 10 185999 6509
C 16 23 56593 2242
D 7 16 .44869 2872
5-Top A 14 22 13584 885
B 3 21 17253 896
C 8 20 15284 985
D 32 80 19444 451
7-Top A 32 63 5524 - 745
B . . . .
C 22 54 6392 764
D 22 48 7507 819
3-Base A 6 16 106328 2798
B 6 16 85619 2413
Cc 16 123 1228 407
D 6 15 102308 2187
3a-Base A 9 22 45564 1916
B 6 20 42937 1926
C 18 43 18040 1222
D 10 22 10799 1797
5-Base A * . * .
B 9 36 7630 717
C 12 36 6681 657
D 11 32 8036 718
7-Base A - 80 1769 466
B 38 89 3060 545
Cc 27 80 3002 560
D . . . .

Sample Contaminated
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Table B.7 Rheological properties and stiffness moduli of recovered asphalt
cements for Oklahoma. (Noureldin and Manke 1978)

L Ring & Ball . Absolute Kincmatic Stiffncss
. Cracking . Pcnctration o o
Site Softening Viscosity at  Viscosity at Modulus
Index . at77 F e eeeres
No. (C.1) Point, (25 C) 140 F 275 F ke/m?  Pa
" F (C) (60 C), Poisc (135 C), cSt ' ©
1 6.5 168 (76) 26 651,700 5,408 282 217
2 10.5 160 (71) 32 65,327 3,063 250 24.5
3 15.5 136 (58) 44 22,311 1,214 343  33.6
4 24.5 173 (78) 18 218,360 2,353 1000 98.1
5 2.0 124 (51) 57 3,606 546 190 18.6
6 9.0 140 (60) 41 20,630 1,146 258 253
7 20.0 129 (54) 58 3,853 536 205 20.1
8 0.0 126 (52) 59 4,058 639 170 16.7
9 0.9 123 (51) 62 2,610 502 189 18.5
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Table B.8 Composition and stiffness moduli of field specimens for Oklahoma.
(Noureldin and Manke 1978)

Stiffncss Modulus

Site Cracking Asphalt Bul!(. Per Cent Volume Co.nc. at-23.3C
No Index Content. % Specific Densit of Agg. Mix,
" (L) " Gravity y (Cy) kg/cm? Pa

1 6.5 5.6 2.35 94.4 0.839 30,463 2,987.4
2 10.5 5.9 2.33 93.5 0.824 22,361 2,192.9
3 15.5 5.6 2.40 97.1 0.860 49,226 4,827.4
4 24.5 5.9 2.18 91.4 0.814 49,292 4,833.9
5 2.0 5.5 2.44 97.5 0.874 34,091 3,343.2
6 9.0 4.9 2.40 96.5 0.872 53,268 5,223.8
7 20.0 5.8 2.39 97.4 0.854 32,236 3,161.3
8 0.0 5.5 2.44 97.2 0.859 31,267 3,066.2
9 0.5 5.6 241 97.4 0.859 33,940 3,328.4
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Table B.9 Asphalt cement properties for Ontario. (Fromm and Phang 1972)

ORIGINAL
ASPHALT RECOVERED ASPHALT
MICRO COMPOSITION
PEN. | visc. | PeN. PEN. SOFT VISC.
SAMPLE | CONTRACT | 779F, | 2750F, | 770F, | 39.2°F, | POINT | wvisc. | 60OF,

NO. NO. dmm e, dmm, dmm, oF, 275°F. X104 % ASPH, % SAT. % L.AROM, % H, AROM,
3 60200 - 95 205 a8 18 132 352 7900 28 18 22 32
5 95 205 48 18 132 352 7900 28 18 22 k7]
8 95 205 35 12 132 369 9350 28 18 22 32
12 60.200 95 336 55 25 134 553 2010 36 13 24 27
15 95 336 55 25 134 553 2010 36 13 24 ”
18 95 336 32 13 138 734 4060 36 13 24 7
21 60-200 95 427 41 13 134 784 8100 30 9 24 k7]
23 95 a7 A1 13 134 784 7020 30 9 24 ¥
26 95 a7 41 13 130 | 784 7020 30 9 24 37
27 63.088 a7 am 32 ] 134 630 9600 27 13 23 6
28 87 338 35 15 134 616 7840 27 13 23 36
30 61.078 84 425 38 9 3 760 9250 33 9 23 35

31 84 425 38 9 13 760 9250 33 9 23 a5

32 84 425 38 9 131 760 9250 33 9 23 35

33 84 425 38 9 13 760 7600 33 9 23 35

34 84 425 37 15 133 762 7600 a3 9 23 35

35 84 425 37 15 133 762 6250 33 9 23 35

36 84 425 34 14 134 830 6250 a3 9 23 35

37 84 425 34 14 134 830 6250 33 9 23 35

38 61-025 87 208 32 15 133 395 11000 29 13 24 34

a9 87 208 32 15 133 205 11000 29 13 24 34

40 87 208 26 3 138 464 14000 29 13 24 34

a1 87 208 26 3 138 464 14000 2 13 21 34

a2 87 208 34 1" 133 393 10000 29 13 24 3

a3 87 208 34 1" 133 393 10000 29 13 24 34

44 60-102 m 141 33 b1 142 801 9250 30 15 24 31

a5 132} 141 50 24 130 435 4000 30 15 24 31

50 60-193 89 a 36 19 141 875 10900 35 14 27 30

51 89 el 36 19 141 875 10900 35 14 21 30

52 89 33 38 20 137 828 7100 35 14 21 30

53 89 331, 38 20 137 828 7100 35 14 . 21 30

54 89 33 36 20 139 725 8900 35 14 Fll 30

55 89 33 36 20 139 775 8900 35 14 2% 30

56 60-123 96 211 40 18 133 378 8250 27 17 n 35

57 96 21 40 18 133 378 8250 7 17 21 3%

58 96 " 38 17 133 398 7600 27 17 21 35

59 96 21 38 17 133 398 7600 27 17 21 35

[]+] 96 21 38 16 127 410 7250 27 17 ral 35

61 96 21 38 16 127 410 5170 27 17 21 35

62 96 M 48 18 128 330 5170 7 17 21 35

63 96 2n 48 18 128 330 5170 27 17 21 35

70 §9-062 161 256 68 28 122 414 2080 26 16 21 37

7 161 256 57 26 125 a47 2080 26 16 21 37

72 161 256 63 26 123 377 4950 7 16 21 3?

73 60-041 145 2 52 17 127 395 4040 32 16 21 3

74 145 222 52 25 128 437 4420 32 16 21 31

75 145 222 53 25 129 449 4210 32 16 21 3t

76 60-187 183 171 87 36 121 204 1680 31 14 24 N

77 183 m 61 27 126 234 2510 3 14 24 3

78 183 m 65 29 126 234 3000 AN 14 24 3

80 59177 170 139 83 26 120 213 3110 22 16 27 35

81 170 139 87 24 119 192 1930 22 16 27 35

82 62.138 144 77 81 32 117 386 2370 29 12 20 29

83 144 277 81 R 117 386 2370 29 12 20 k]

84 184 m 60 22 128 an 2030 29 12 20 39

85 144 277 60 22 128 an 2030 29 12 20 39

86 62030 180 13 63 28 125 627 2040 3 9 25 35

87 180 313 63 28 125 627 2040 n 9 25 a5

88 180 313 63 27 126 663 2140 31 9 75 35

93 180 n3 a4 18 129 704 5570 31 £} 25 35

102 61-188 84 205 50 12 121 284 5390 23 14 28 35

103 84 205 43 12 122 301 7950 23 14 28 35

105 157 142 62 20 120 273 2780 18 19 25 38

106 157 142 99 28 116 230 875 18 19 25 38

107 84 205 93 20 18 237 1150 22 17 29 a3

108 84 205 50 20 129 358 3150 22 37 29 33

m 53.023 20 350 20 9 138 999 12750 k7] 9 P2 34

112 90 350 27 15 143 999 11200 7 9 21 34

113 49.051 - - 33 21 130 600 5540 7 12 23 44

114 - -~ 35 17 132 580 5850 F3) 12 23 44

118 - ~ 38 18 132 592 5900 P2 12 23 44

116 57121 180 306 49 26 129 633 3650 32 9 23 36

17 180 306 81 32 127 693 2110 32 9 23 36

118 180 306 a1 19 132 752 4000 32 9 23 36

19 180 306 56 23 122 702 2090 32 9 23 36

120 180 306 a4 19 128 604 3550 32 9 23 36

121 180 306 56 20 127 670 4480 32 9 23 36
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Table B.9 Continued.

ORIGINAL
ASPHALT RECOVERED ASPHALT .
MICRO COMPOSITION
PEN., VISC. PEN. PEN. SOFT VISC.
SAMPLE | CONTRACT | 779F, | 2759F, | 779F, | 39.29F, | POINT | VISC, 60°F,
NO. NO. dmm, cs. dmm. dmm, OF. 275°F, x10? % ASPH, | %SAT.| XL.AAROM. | X H.AROM.
122 68-277 175 270 61 22 124 512 2630 33 1" 24 32
123 175 270 A3 19 132 670 , 4540 33 11 24 32
124 175 270 56 24 122 544 2380 33 1 24 32
125 64-140 183 226 53 22 129 414 3550 30 13 26 3]
126 153 226 63 22 128 403 1720 30 13 26 31
127 153 226 53 21 125 430 3050 30 13 26 31
128 153 226 a7 24 126 408 810 30 13 26 N
129 163 226 53 24 125 101 2610 30 13 26 31
130 64.012 153 223 76 a4 116 314 1230 33 12 24 <3
131 163 223 47 17 127 438 2260 33 12 24 3
132 153 223 62 25 124 358 2140 33 12 24 3t
133 153 223 41 22 128 458 2430 33 12 24 N
134 163 223 48 19 128 346 4200 33 12 24 N
135 153 223 44 19 126 436 5320 33 12 24 31
136 153 223 47 19 124 427 3120 33 12 24 31
137 62.065 85 420 A3 10 129 586 4870 29 1 29 N
138 85 420 46 19 127 540 4100 29 " 29 <]
139 85 420 62 24 124 604 3620 29 AR 29 N
140 56-384 176 252 10 15 125 660 2520 3 10 27 30
141 176 252 34 15 132 725 6360 3 10 27 30
142 176 252 53 20 132 701 3030 a3 10 27 30
144 62.185 151 250 97 38 15 354 809 24 15 k1) Jo
145 151 250 63 29 128 483 2800 24 15 )] 30
146 52.080 90 350 27 12 134 7n? 9700 24 1" 22 43
147 90 350 26 15 133 846 10050 24 1 22 13
148 90 350 24 16 136 820 10900 24 " 22 43
149 90 J50 3 18 136 842 17600 24 1" 22 a3
150 * 90 350 20 10 140 932 17700 24 1 22 13
151 90 350 22 n 134 899 12850 24 11 22 43
152 90 350 26 8 141 758 14800 24 1" - 2?2 3
163 20 350 36 18 139 885 18500 24 " 22 43
154 90 350 30 13 133 758 10800 24 1" 22 43
155 $3.048 90 350 N 13 136 827 7300 30 15 21 A
1566 90 350 31 13 136 629 13600 30 15 21 34
157 90 350 23 10 134 768 12800 30 15 21 34
158 61.124 87 382 a9 17 132 669 4190 30 12 27 N
159 87 382 33 16 136 593 7200 30 12 27 3t
160 87 382 27 9 132 404 8100, J0 12 27 31
161 87 382 24 17 130 424 11100 27 15 26 32
162 87 382 33 14 130 344 7330 27 15 26 32
163 87 382 41 12 128 315 5690 27 15 26 32
164 61-113 85 150 A4 17 129 631 6150 35 " 27 27
165 85 150 43 18 134 757 5620 35 " 27 27
166 85 50 28 14 136 805 10550 5 " ” 27
167 85 450 33 17 139 993 11300 35 1k 27 27
168 62-609 83 216 33 16 137 650 6400 26 15 . 25 J4
169 83 216 38 10 132 619 6850 26 15 25 J4
120 | 83 216 39 18 - 130 612 7950 26 15 25 J4
171 83 216 43 20 . 134 677 6530 26 15 25 a4
172 83 216 37 20 134 661 6220 26 15 25 34
173 83 216 35 18 136 675 5960 26 15 25 34
174 59-038 164 259 A4 21 137 572 3170 25 17 24 a4
175 164 259 55 33 132 a74 2100 25 17 21 34
176 164 259 . a1 22 130 541 4160 25 17 24 4
177 164 259 51 27 126 463 2070 25 17 24 34
178 164 259 59 29 123 A58 2660 25 17 24 4
179 164 259 54 26 126 476 3060 25 17 24 34
1R0 60-122 159 139 56 20 127 272 6180 24 16 5 a5
181 169 139 42 14 127 259 6080 24 16 25 5
182 159 139 53 15 122 242 5460 24 16 25 35
192 60-102 m 141 39 16 133 802 9600 34 14 22 30
193 M 141 33 18 134 753 8710 34 14 22 30
194 m 141 25 14 M 898 8050 34 14 22 30
195 60-183 168 226 A6 20 125 280 3070 29 19 25 27
196 168 226 43 17 127 424 4650 29 19 25 27
197 168 226 48 17 122 262 6230 29 18 25 27
198 168 226 38 14 137 615 6360 29 19 25 27
199 168 226 51 23 13t 502 4110 29 19 25 ?7
284 168 226 a5 17 127 614 4000 29 19 25 27
285 61.052 168 243 70 24 122 418 2970 22 17 28 33
286 168 2413 78 32 117 364 1950 22 17 28 a3
287 168 243 8O 29 124 382 2400 22 17 28 a3
288 168 243 110 46 11 306 917 22 17 28 Rk
290 60-131 154 203 51 22 129 478 3360 33 15 23 29
291 154 203 40 2 138 599 6350 33 15 23 29
243 154 203 45 20 124 505 5150 33 15 23 29
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Table B.10 As constructed asphaltic concrete for Arizona. (Way 1978)

Grading Pcrcent Passing

. Date Aggrcgatc Percent . Air
e Bt TYPe 34 ym 4 40 z00 ASPPAIL Do Voids
Sybil Top Lift 10/1975 °*S &G 100 93 68 17 4.3 5.3 138.0 8.1
Sybil Bottom Lift 6/1960 S&G 97 81 64 23 8.3 5.3 136.3 10.6
Wilmot 12/1957 S&G 97 70 56 16 4.3 3.5 132.1 13.0
Marana 7/1963 S&G 99 78 60 19 3.4 4. 140.6 9.3
Casa Grande 3/1968 S&G 96 71 55 16 4.1 4.7 135.3 9.1
Williams Ficld 12/1966 S&G 96 69 52 16 5.1 4.3 138.9 8.2
Tonopah 2/1975 S&G % 72 55 14 3.6 4.9 140.6 6.5
Upper Deer Valley  7/1964 S&G 98 67 47 17 6.9 4.8 136.0 12.0
Agua Fria 8/1964 S&G 97 70 49 14 6.0 4.5 138.5 12.3
Sunsct Point 8/1964 S&G 99 69 51 19 5.7 4.4 140.6 111
Cherry 10/1969 S&G 98 75 60 19 7.8 4.7 149.0 6.0
Sedona 8/1960 S&G 98 72 54 21 7.0 4.4 143.6 10.3
Kachina 7/1974 Basalt 99 77 54 9 3.6 6.2 131.1 8.0
Bellemont 10/1965 Cinders 100 78 54 18 6.0 7.7 1156 224
Woody Mountain  10/1968  Cinders 96 74 59 25 6.9 6.4 129.5 9.1
Winona 7/1969 Limestone 98 70 50 22 7.5 5.9 129.1 7.9
Decad River 6/1960 Basalt 99 47 17 4 2.6 4.0 140.4 12.9
Crazy Creck 9/1961 Basait 98 62 32 9 5.7 4.7 142.2 118
Alpinc 9/1973 Basalt 97 63 41 15 6.6 6.4 139.7 8.0
Ash Fork 11/1964 Cinders 100 73 49 18 9.1 7.9 126.0 19.1
Avondalc 12/1956 S&G 90 67 58 27 3.0 3.7 140.0 9.0
Benson 5/1965  Granite 98 70 53 22 5.6 4.9 135.6 10.6
Cosnino 6/1969 Limestone 98 70 50 22 7.5 5.9 133.3 5.6
Cutter 6/1940 S&G 90 68 52 18 8.1 53 —_—
Flagstaff NB 9/1966 Cinders 98 80 61 20 7.6 11.0 120.0 10.0
Flagstaff SB 7/1974 Basalt 99 77 54 9 3.6 6.2 131.1 8.0
Gila Bend 1/1970 S&G 97 69 52 21 3.4 5.2 139.1 8.5
Minnctonka
Top Lift 5/1972  Cinders 100 92 73 17 4.6 10.1 118.2 12.8
Middle Lift 7/1958 S&G 100 BO 61 31 8.0 4.3 134.9 10.1
Bottom Lift 571958 Sand 100 97 95 51 6.0 3.3 120.1 14.2
Show Low 7/1946  Cinders 100 98 66 13 3.1 11.5 ——
Tempe 1/1961 S&G 99 72 53 21 4.5 4.0 138.3 8.3
Topock 6/1966 S&G 97 84 70 33 5.5 4.0 133.1 11.4

*S & G is sand gravel from mixed rock sources.
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Table B.11 As constructed asphalt properties for Arizona. (Way 1978)

Unaged Aged
Site . Abs. Visc. Kin. Visc. . Abs. Visc. Kin. Visc.
Pen. @77 F  oisor @275F T™@TTTF Glior @275F

Sybil Top Lift 170 774 2.33 62 1,482 3.29
Sybil Bottom Lift 145 — — — ——— e
Wilmot 129 ——— o—— —_— — —
Marana 93 — — 51 ———— —
Casa Grande 89 1,165 2.75 47 2,421 3.43
Williams Field 96 1,301 2.00 53 2,515 2.69
Tonopah S8 1,819 2.54 33 3,584 3.45
Upper Deer Valley 93 1,015 2.13 50 —— —
Agua Fria 128 520 1.67 v 75 —_— —
Sunsct Point 89 1,062 2.05 48 — ———
Cherry 94 887 1.97 46 — —
Sedona 132 —— —_— 64 —_— ——
Kachina 104 883 2.00 64 1,657 2.44
Bellemont 224 —_— —_— 95 —_— —
Woody Mountain 87 1,121 1.90 56 2,261 2.56
Winona 96 1,040 2.10 60 2,340 2.52
Dead River 89 50 —— —_—
Crazy Creek 93 —— —_ 46 —— —
Alpine 99 772 2.75 58 1,608 3.28
Ash Fork 254 — —_— 145 —_— _
Avondale 159 — —_— — —_— —
Benson 135 402 1.71 72 813 2.10
Cosnino 98 802 2.15 52 1,754 2.62
Cutter Cut Back — — —_— — —_
Flagstaff NB 140 861 1.50 66 1,786 2.01
Flagstaff SB 104 883 2.00 64 1,657 2.44
Gila Bend 87 1,078 2.63 46 2,333 3.02
Minnetonka

Top Lift 99 912 2.60 60 2,475 —

Middle Lift 219 —_— — — —_— —_—

Bottom Lift RC-3 Cut Back 8.1 — —_— — —
Show Low Cut Back — — —_— — —_—
Tempe 90 —— —_— 49 —_—— —_—
Topock 92 819 1.60 51 1,700 1.98
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Table B.12 Post construction asphalt properties for Arizona sampled March 1976.

(Way 1978)
Site Agein Pen. T’:::o \Q:’: Percent
Months @77 F (25 C) ®77F(25C) @ 140 F (60 C) Asphaltencs
1. Sybil Top Lift 5 75 1.4 1,250 25.1
2. Sybhil Bottom Lift 189 12 79.0 27,294 46.5
3. Wilmot 219 6 280.0 Too Viscous 46.0
4. Marana 154 8 173.0 Too Viscous 39.2
5. Casa Grande 96 10 150.0 123,000 36,2
6. Williams Ficld 111 s 350.0 Too Viscous 43.4
7. Tonopah 13 23 17.5 8,200 29.3
8. Upper Deer Valley 140 8 210.0 Too Viscous 39.5
9. Agua Fria 139 15 46.5 41.200 35.4
10. Sunsct Point 139 16 41.2 19,600 32.2
11. Cherry 77 23 19.0 7,120 28.2
12. Scdona 187 14 51.3 43,510 36.9
13. Kachina 20 34 7.9 4,420 22.4
14. Bellemont 128 25 14.1 5.030 30.1
5. Woody Mountain 89 15 42.2 112,700 3.6
16. Winona 80 19 29.6 8.940 28.0
17. Dead River 189 7 201.0 Too Viscous 41.2
18, Crazy Creck 174 6 226.0 Too Viscous 40.3
19. Alpine 30 57 2.4 2,920 21.5
20. Ash FFork 136 22 21.1 10,200 28.7
21. Avondale 231 R 250.0 Too Viscous 40.2
22. Benson 130 32 8.6 5,130 24,6
23. Cosnino 81 27 12.1 18,350 36.2
24, Cutter 429 16 36.4 22,500 41.2
25. Flagstaff NB 114 19 25.4 7,640 29.3
26. Flapstaff SB 20 59 2.1 2,240 22.9
27. Gila Bend 62 18 3o.1 14,740 31.0
28. Minnctonka Top 46 19 26.1 18,270 33.3
29. Minnctonka Middle 212 17 33.6 20,230 38.7
30. Minnctonka Bottom 214 5 539.0 Too Viscous 43.6
31. Show Low 356 44 4.7 4,640 27.7
32. Tempe 182 6 275.0 Too Viscous 41.1
33. Topock 117 6 368.0 Too Viscous 42.1
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Table B.13

Asphalt aging determined from Minnetonka-East project cores

Arizona. (Way 1978)
Unaged
Asphalt Ma March  March March March March March
Grade 197)'2 1972 1973 1974 1975 1976 1977
Penctration ® 77 F (25 C)

40/50 48 34 14 11 12 14 11

85/100 103 36 30 23 21 19 15
120/150 144 115 — 43 39 23 26
200/300 242 89 70 70 54 31 33

Micro-Viscosity @ 77 F (25 C) in Thousands of Poiscs

40/50 3.49 7.78 53.90 87.50 69.20 51.9 91.0

85/100 .88 6.69 10.20 18.20 21.40 28.3 45.5
120/150 .43 .57 —— 4.64 5.60 26.3 16.3
200/300 .13 .97 1.61 1.59 2,90 9.8 8.5

Absolute Viscosity ® 140 F (60 C) in Poiscs

40/50 2,492 6,622 37,732 44,782 38,269 34,500 36,310

85/100 1,018 5,443 8,322 14,272 35,510 10,200 20,520
120/150 542 822 — 3,627 3,962 7,120 7,520
200/300 258 1,006 1,410 1,423 2,329 4,4660 06,070

Percent Asphaltenes by Weight

40/50 30.1 33.6 30.2 32.7 29.6 35.6 33.00

85/100 26.2 36.4 29.4 — 35.5 36.3 334
120/150 28.1 32,5 — 26.3 28.4 31.4 30.6
200/300 20.0 264 26.4 26.9 27.3 30.2 29.8
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Table B.14 Average rut depth in inches for Arizona. (Way 1978)

Site 1973 1974 1975 1976 1977
Sybil .21 .23 .25 *olay -—
Wilmot 45 .50 .59 .62 .65
Marana .19 .20 22 .22 .24
Casa Grande .20 .23 .30 31 32
Williams Ficld .16 .20 .21 .23 .26
Tonopah —_— — .10 12 .13
Upper Deer Valley .14 .18 .27 J3o 33
Agua Fria .16 .18 .20 .21 .25
Sunsct Point .15 17 .20 21 22
Cherry 17 .18 .20 .20 .21
Sedona .18 .18 .20 .20 .22
Kachina **conc —_ — e _—
Bellemont .28 .30 .33 .36 42
Woody Mountain conc — — -~ .-
Winona .15 .19 23 27 .30
Dcad River .14 .18 24 olay ——
Alpine —_— .10 12 13 .15
Ash Fork .08 11 .15 21 .26
Avondale .02 .09 olay — —
Benson .18 .22 .26 olay —
Cosnino conc — — — —_—
Cutter .09 .10 14 .16 .20
Flagstaff NB .08 .16 25 .26 .27
Flagstaff SB conc —_— — —_ ——
Gila Bend .14 .14 .15 .15 .16
Minnctonka olay-1972 — — —_— -
Show Low .24 .30 37 .40 41
Tempe .05 olay — — -
Topock .20 .20 22 .24 .24

*overlay

* *concrete
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Table B.15 Average percent cracking for Arizona. (Way 1978)

Site 1973 1974 1975 1976 1977
Sybil 2 2 3 *olay —_
Wilmot 80 80 80 80 80
Marana 3 5 7 9 12
Casa Grande 0 0 0 1 1
Williams Field 1 1 2 3 5
Tonopah —_ — 0 0 0
Upper Deer Valley 2 4 6 8 10
Agua Fria 1 1 1 1 2
Sunsct Point 1 1 1 1 2
Cherry 1 1 1 1 1
Sedona 1 1 2 3 3
Kachina **conc ~— — - -
Bellemont 70 70 70 70 70
Woody Mountain conc — —_— — —_
Winona 12 18 30 40 olay
Dead River 28 35 olay olay —
Crazy Creck 30 39 50 olay _
Alpine — 0 0 1 1
Ash Fork 15 20 24 29 35
Avondale 39 43 44 47 51
Benson 10 12 14 olay —
Cosnino conc - — — -
Cutter 32 32 35 40 50
Flagstaff NB 8 10 12 i3 15
Flagstaff SB conc —_— — — -_
Gila Bend 0 0 0 0 0
Minnetonka olay-1972 — — - -—
Show Low 75 75 75 75 75
Tempe 10 olay - -— -
Topock 0 0 1 1 1
*overlay

**concrete
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Table B.16 Test results of recovered asphalt for Wyoming: Progressive studies
(Gietz and Lamb 1968)

Sample Types: O = Original; S-R = Service, Recovered

Calculated
Softening Pene- Stiff{ness | Pavement Alr
Sample Sample | Sample Age Crack Pene- Point tration | Modulu F/A Voids
Lncation Type Yr.- Mo. Spacing | tration °r Index Xg/Cm Ratfo Percent
12 he. 32°F
Bosler No. |} S-R 1-2 None 62 il 2.1 0.2 0.54 3.2
S-R 1-7 None 40 124 -1.7 1.5
Boaler Ro, 2 S-R 1-4 None 3] 17 -2.2 0.7 0.47 4.9
1-10 None 21 129 -2.0 2.0
Rock Rivers 0 0 .. 7 110 -1.9 0.1
McFadden S-R 1-2 None 2% 129 -1.7 3.0 0.28 5.0
S-R 17 None 25 127 ~1.6 3.0
Rock River- o 0 .. 17 mnm -1.8 0.1
Noreh S-R 1-3 None 2) 128 -1.8 4.0 0.40 5.6
SR i-8 None b1 123 -1.9 4.0
Sodergreen 0 0 .- n 112 -2.0 0.1
§-R 1-3 None 4l 121 -1.8 1.5 0.30 6.3
‘1-8 Nonce 4sS 120 -1.5 0.6
Summit No, | ] n .- .13 ins 2.2 0.2
S-R n-4 None 12 126 *3.3 .- 0.57 1t.6
$-R 0-8 None 40 120 -1.8 1.0
Suma{t No, 2 0 0 ~a 79 109 -2.0 0.1
S-R 04 None i 4l -l 3.0 0.52 7.2
Rnck Springs
Marginal
Core No, 1
(1n4) S-R 1-9 Nene 57 120 -0.9 0.2 0.21 6.6
Core No. 2 S-R 1-9 None 64 17 -1.3 0.2 0.29 4.8
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Table B.17a Test results of recovered asphalt for Wyoming: Performance samples.
(Gietz and Lamb 1968)

Sample Types: O = Original; S-R = Service, Recovered

Calculated
Softening Pene- Sti{lness Pavement Alr
Sample Sample Sample Age Crack Pene- Point tration Hodului F/A Voids
Location Type Yr.- Mon. Spacing [tration °f Index Kg/Cm o Ratlo Percent
12 he J2F

Wonds Landing- S-R 8-6 Kone 46 134 +0.1 0.7 0.37 5.8
Went
Mountaln Home S-R 8-6 69 ft., 23 128 -1.8 2.0 0.36 11.6
Sodergreen- S-R 2-6 None 1 126 -1.6 0.5 0.28 6.1
West
Werrick Lane S-R 8-6 25 fe. 22 134 -1.4 5.0 0.27 9.0
Pahlow Lane S-R '5-6 54 fe. 19 139 -1.1 6.0 0.28 9.7
ftarmony Lane S-R 5-6 10) 22 141 -0.7 w0 0.16 7.4
Flaming Corge S-R 3-0 None 59 113 2.1 0.} 0.26 9.8
Walcott s-R 2-0 None 45 114 2.7 2.0 0.43 9.6
Table Rock Base] S-R 7 50 ft. 27 127 -1.8 4.5 0.6l 1.6
Table Rock S-R ? 50 fe. 18 134 -1.7 10.0 0.46 8.1
Surface
Rock Springs
Alrporet

Core No, |

(108) S-R 2-9 None 30 127 -1.5 1.5 0.24 2.0

Core No. 2 S-R 2-9 None 55 125 -1.6 1.5 0.2) 12.5
Rock Springs
Superior Jct.

Core No. 1

(113) S-R 2-9 None 23 13) -1.6 5.0 0.49 8.6

Core No. 2 S-R 2-9 None Jo 124 2.0 3.0 0.46 9.0
Wamsutter

Core Ne. 1 S-R 7 80 (¢, 26 128 -1.8 5.0 0.24 4,8

Core No. 2 S-R 7 80 ft. 2) 129 -1.8 5.0 0.21 5.5

B-29



Table B.17b Test results of recovered asphalt samples for Wyoming: Beacon Hill
Site. (Gietz and Lamb 1968)

Sample Types: O = Original; S-R Service, Recovered

Calculated
Softening Pene- Stiffness | Pavement Alr
Sample Sample Sample Age Crack Pene- Point tration | Madulus F/A Volds
Locntion Type Yr.-Mo, Spaclng |tration °F Index Kg/sz Ratio Percent
12 hr, 32°F
Beacon NI}
Horth Site
Horthbound Lane
Base $-R ~6 50 fe. 9 156 -0.6 50.0 0.76 15.4
Surface S-R 66 50 ft. 15 149 -0.5 10.0 0.31 9.9
Southbound Lane
Bagn S$-R 66 50 ft. 12 154 -0.3 21.0 0.52 14.2
Surface S-R 66 50 ft. 10 160 0.3 40.0 0.31 8.9
Snruth Site
Northbound Lane
Base S-R 6-6 Extreme 10 156 -0.5 25.0 0.47 12.7
Surface S-R 66 {Spacing 10 161 «0.2 30.0 0.25 9.6
exceeds :
Southbound Lane 1000 ft)
Rase S-R &6 10 145 -0.5 6.0 0.52 15.9
Surface S-R 66 18 161 -0.8 6.0 0.24 11.2
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Sample Type:

A-0 = Orfiginal Asphalt; P.M. = Plant Mix (uncompacted); Core = Sample from Completed Road

Table B.18a Results of IGLC tests for Wyoming: Progressive samples. (Gietz and
Lamb 1968)
Sample Type: A-0 = Originel Asphalt; P.M. = Plant Mix (uncompacted); Core = Ssmple from Completed Road
Calculated Phenol
Sample Sample Soften- Pene- |Stilfness alp Tri- Piper~ | Alr |[Crack
Age Pene- lng tration Modulys Initial after | ethyl- }idine |Volds { Spac-
Location Type |[Yr- Mo | tratinn | Point Index Kg/Cm 1p Oxide- | amine ip (Pct) ing
°F 12 he, 32°F tion | Ip
Bosler A-0 o .- - .- - 128 4 -6 .-
No. 1 P.M. o .- - e .- 127 25 -1 62
Core | 0-9 .- .- -- -- 130 2% 2 62 3.0 | None
Core 1-2 62 111 -2.1 0.2 118 32 4 65
Core 1-7 40 124 -1.7 1.5 125 30 4 13
Bosler Core 1-4 (3] 138 -2.2 0.7 114 19 1 65 4.9 | None
No. 2 Core 1-10 27 129 -2.0° 2.0 120 13 s 52
Rnck A-0 [} 77 1o -1.9 6.\ 125 11 -2 60
River- P.M. 0 .- .- - - 122 1 ] 51
McFadden | Core 0 -- .- -- -- 120 10 0 b1}
Core | 0-8 .- .- - - 118 10 4 b1} 4.6 | None
Core 1-2 24 129 -1.7 3.0 t19 9 2 67
Core 1-7 25 127 -1.6 3.0 126 8 1 65
Rock A-0 0 ” ni -1.8 0.1 123 1t -1 60
River- P.N. 0 .- .- .- -- 125 6 2 53
North Core 0 -- .- - .- 125 6 o 56 5.3 | None
Core | 0-8 .- - - .- 120 9 -1 56
Core 1-3 23 128 -1.8 4.0 12) 10 6 ©
Core 1-8 3 123 -1.9 4.0 12) 10 1 56
Snder- A-0 o kA 112 -2.0 0.1 11 29 -1 61
green .M. o .- -- .- -- 134 23 -1 19
Core ] -- -- .- -- 127 26 1 53 6.2 | None
Core | 0-10 .- -- - -- 131 21 6 65
Core 1-3 (3 121 -1.8 1.5 126 28 1 67
Core | 1-8 45 120 ~1.5 0.6 135 18 3 68
Summit A-0 0 84 108 -2.2 0.2 118 "o -2 59
No. 1 P.M. 0 -- -- .- - 126 n o 57
Core | 0-4 12 126 -3.3 N/A 126 28 6 69 i11.5 | None
Core | 0-10 40 120 -1.8 i.0 130 ra o 66
Summit A-O 0 79 109 -2.0 0.1 122 b L0 -1 61
P.M. 1] -- -~ .- - 118 36 5 68 7.2 | None
Core 0-4 16 141 -1.1 3.0 120 n 1 6)
* Ip values in excess of 150 are reported as infinite.
Table B.18b Results of IGLC tests for Wyoming: Performance samples. (Gietz and
Lamb 1968)

Calculated Phenol
Sample Sample Soften- Pene- |Stifinesns Alp Tri~ Piper- | Alr | Crack
Age Pene- ing tretion Modulys Ioitlal after |ethyl- | idlne | Voids | Spec-
lncetion Type [Yr- Mo | tration | Point Index Ke/Cm Ip Oxide- | amine Ip (Pct) ing
°F 12_hg, 32°F tion Ip

Herrick | Core | 8-6 22 134 -1.4 5.0 138 14 16 13 9.0 125 ¢
Lane
Pahiow Core | 5-6 19 139 -1 6.0 163 4 19 73 9.7 |56 fe
Lane
Rarmony | Core [ 5-6 22 141 -0.7 4.0 127 ? 98 7.4 103 fe
Lane
Woods Core | 8-0 .- .- .- .- 132 16 2 3 5.8 | None
landing- | Core | 8-6 46 136 g.1 0.7 132 19 6 68
Went
Mountain | Core | B-6 2) 128 -1.8 2.0 134 14 20 11.6 |69 £t
Home
Snder- Core 2-0 . .- .- -- 11 20 4 67 6.0 | None
zrfﬂn Core | 2-6 L3} 121 -1.8 0.5 127 27 ? 98
est
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Table B.22 Summary of physical properties of recovered asphalt cement for West
Texas. (Anderson and Epps 1983)

Highway Section

M Us 285 us 285
Property 1-20 1-10 1053 SH 18 (186) {195)
Penetration at 77°F (25°C), dmm 18 15 21 n 25 32
22 15 21 55 ) 20
15 14
Penctration at 39.2°F (4°C), dmm 15 9 10 19 10 12
7 5 12 22 0 11
10 9
Penetration Ratio* 83 60 43 61 40 i3
32 i3 57 40 - 55
67 64
Yiscosity at 77°F (25°C), x 106 29.0 23.0 14.8 8.4 15.6 18.0
poises 21.0 32.0 21.8 6.4 22
38.0 47.6
Viscosity at 140°F (607°C) poises LA bl .o b oo .o
Viscosity at 275°T (135°C), poises 10.5 10.8 1.5 1.7 5.9 1.5
7.9 12.1 12.0 3.6 10.9
11.2 1.7
Softening Point °F ( °C) 157(69) 161(72) 160(7) 130(54) 140(60) 151(66)
R&B 155(68) 164(73) 153(67) 126(52) 185(85) 156(69)
161(72) 167(75)

“Penctration .. 39.2

ration ., 3¢ 2009, 60 scc, 3
Penetration 2

9°F
i60g, 5 sec, 77°F

3521 X 100, Loading

e
Too hard to test
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Table B.23a Field condition evaluation data for West Texas,
Summer 1974 (Anderson and Epps 1983).

Highway Section
FM - Us 285 Us 285
1-20 1-10 1053 SH 18 (186) (195)
Pavement Rating
PRS 34 75 82 90 92 87
Serviceability
Index 2.4 4.0 4.4 4.2 4.5 | 4.4
Length of Cracking
ft/100 1t (1974) » 60 63* 0 0 9
Length of Cracking
(1976) 180 120 0 0 0 AL
Dynaflect
X 0.293 0.085 0.329 0.176 0.209 0.157
[ o.on - 0.05Y 0.084 0.075 -

'Lator inspection in 1976 showed this cracking to be away from the
test slab,

Table B.23b Predicted cracking temperature for West Texas—-Limiting Stiffness of
1 x 10% N/m2 (1.45 x 105 psi) (Anderson and Epps 1983)

Softening Point Predicted Cracking
Pavement R&8 Temperature**
Section *F *C ¥ T
1-20 158 70 -4 -20
1-10 164 73 +1.4 -17
FM 1053 156 69 -5.8 =21
SH 18 128 83 -34.6 <37
Us 285
(186) 140* 60* -22 <30
us 285 154 68 -7.6 <22
(195)

'One test only.

"Temperature difference from R&8 softening point for P. 1. = -1.0 =
90°C from Van der Poel nomograph at 1/2 hour loading time.
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Table B.24 Original and recovered asphalts from Texas field test sites 1 through
1l4. Viscosity at 77°F for sample from each site possessing highest
microductility value. (Traxler 1967)

Ape of Sample Ductility @ 77 F. Viscosity @ 77 F,

Site Producer Having Highest @ 0.5 cm./min,, Megapolses
Ductility at 77 F. cms, $ x 102 gec.”?
3 8 Original 5.1 1.00
4 1 Original 4.3 .17
9 3 Original 5.0 1,18
10 11 Plant 5.8 1.28
11 6 Plant 10.4 1.45
1 3 Plant 6,1 1.90
2 18 Paver 8.t 1.90
12 2 One Day 6.8 2,05
13 5 Two Wecks 6.9 2.206
8 1 Paver 1.3 2,40
6 7 Paver 6.9 2.60
ki 15 One Day 4.2 2,85
14 6 Four Months 10.2 2.92

Table B.25 Asphaltene contents for Texas test sites, percent. (Traxler 1967)

Extracted Asphalt After

Site Refinery Original
Onc Year Two Years

i 3 22.6 240 25.0
9 3 25.8 30.6 26.8
11 6 4.9 8.2 11.6
14 6 2,0 6.8 6.9
] ] 14.4 22,1 23,7
[] 7 20,0 25,4 21.0
4 1 1.5 21.4 22.4
10 11 20.5 2.1 25.2
1 15 13.3 ‘19,9 18,3
12 2 13.7 22,0 24.0
13 5 9.4 1.5 13.9
Average 15.0 ) 19.8 19.9

Table B.26 Viscosities (poises) of petrolenes at 77°F for Texas. (Traxler
1967)
Viscositiea of Petrolenes Poises,
s at 77 F,, from Ratlo
1t R .
e efinery Ot lginal I):tf;:hallz E;'xtracic(d Vis (2)/Vis (1)
Asphalt (1) er 2 Years ol
Scrvice In Pavement (2)
1 3 5,220 8,600 1.65
9 3 1,600 9,600 1.25
11 6 47,600 278,000 5.85
14 (] 75,000 1,600,000 20.10
6 7 17,000 21,000 1,25
8 7 10,800 25,000 2.30
4 11 4,780 .- .-
10 11 4,040 4,700 1.15
7 15 16,700 26,000 1.55
12 2 29,800 31,200 1.05
13 5 70,000 206,000 2.95
Averape 26,230 221,010 3.9
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Table B.27 Flow properties of original 90 penetrations asphalts and those

recovered from mixtures with various aggregates for Texas. (Traxler
1967)
Sliding Plate Viscometer.
at 5 x 10°? sec.! Vacuum Capillary. Stokes Pen. at
site :ro- Age of Rate of Shear—Megapolses 71 F.
ucer Sample 100 /5
77F..RV. 95F. RV. 140F. RV. 275F. R.V. gm./o sec,
1 3 Original 1,15 -- 0.15 -- 1830 -~ 4,35 -- 84
Plant 1.90 1.65 0.20 1.35 2040 1.1 4.80 1.1 66
Paver -- .- -- -- -- - .- -- --
1 day J.15 2.7 0.36 2.4 3610 2.0 5.35% 1.2 52
2 weeks - - -- -- - -- .- .- -
4 months 10,3 8.95 0.55 3.7 6120 3.3 6.20 1.5 39
1 year 10.4 9.10 0.67 4.5 1070 3.9 6.25 1.5 36
2 years 10.6 9.25 0.93 6.2 8820 4.8 6.80 1.55 35.5
9 3 Original 1,18 -- 0.17 -~ 1870 -- 4,00 -- 81.5
Plant 2.85 2.4 0.34 2.0 3860 2.1 5.30 1.3 53.5
Paver 2.82 2.4 0.43 2.5 4090 2.2 5.55 1.4 54.0
1 day 2.80 23 0.41 2.4 3910 2.1 5.60 1.4 §5.0
2 weeks 5.56 4.7 0.48 2.8 4970 2.7 5.95 1.5 54.5
4 months 8,76 7.4 0.84 7.1 6710 3.6 6.40 1.6 44.5
1 year 12,00 10.2 1.44 8.5 10400 5.5 8.83 2.2 36.5
2 years 13.30 11.3 1.45 8.5 11190 6.0 8.90 2.2 32.5
11 6 Original 0.57 «- 0.06 -- 1100 -- 2,10  -- 99.5
Plant 1.45 2.6 0.14 2.6 2020 1.8 3.45 1.25 62.5
Paver .- - -- .- -- .- - -- .-
1 day -- - -- - - - - - --
2 weeks 2,05 3.6 0.20 3.8 2440 2.2 3.80 1.40 54.0
4 months 8.60 15.2 0.34 6.4 3570 3.2 4,20 1,55 41,0
1 year 12,40 22,0 0.63 11.9 5610 5.1 4.7 1,75 29.5
2 years 15.40 27.0 0.70 13.4 6540 5.9 5.00 1.85 21.5
14 6 Original 0.58 -- 0.075 -- 1280 .- 3.55 -- 98.5
Plant 1,03 1.8 0.096 1.3 1780 1.4 4.05 1.1 76.5
Paver - - - - i - - - -
1 day 1.10 1.9 0.118 1.55 1910 1.5 4.25 1.2 70.5
2 weeks -- -- -- -- -- -- -- -- --
4 months 2,92 5.0 0.168 2.25 2740 2.1 4,55 1.3 52.5
1 year 6.20 10.6 0.304 4.05 3905 3.0 5.55 1.6 317.5
2 years T.24 12.7 0.530 17.10 6815 5.3 6.60 1.95 33.8
6 1 Original 0,96 -- 0.11 -- 1150  -- 2,45 -- 79.0
Plant 250 2.6 0.22 20 1950 1.70 3.10  1.25 54.5
Paver 2.60 2.7 0.23 2.1 2010 1.75 3.20 1.30 51.0
1 day 3.00 3.1 0.25 23 2215 1.90 3.25 1.5 49.0
2 weeks 535 5.6 0.46 4.2 2500 2.20 3.35 1.40 417.0
4 months 20.80 21.5 1.06 9.6 5820 5.10 4.40° 1.80 27.0
1 year 23.60 25.0 1.52 10.4 7650 6.60 4.70 2.00 24.5
2 years 38.20 40.0 2,34 21.2 11680 10.10 5.00 2.05 21.5
8 7 Original 0.86 -~ 0.11 -- 1160 -- 2,40 -- 80.0
Plant 235 2.7 0.34 3.1 1990 1.7 3.00 1.25 50.5
Paver 2,40 2.8 0.22 2.0 2040 1.8 3.00 1.25 48.0
1 day 2,80 3.25 0.38 3.5 2200 1.9 3.10 130 41.0
2 weeks 6.56 1.6 0.47 4.3 3320 3.0 3,45 1.40 38.5
4 months 12,40 143 0.73 6.6 4560 3.9 3.90 1.60 30.5
1 year 15.00 17.5 1.04 9.5 7390 6.4 4.46 1.85 26.0
2 years 28.60 33.0 2,26 20.5 12380 10.7 4.80 2.00 20.5
4 11 Original 117 -- 0.13 -- 1620 - 2.60 -- 85
Plant 1,96 1.70 0.23 1.75 2270 1.40 3.20 1.2 66
Paver 2.06 1.75 0.26 2,00 2400 1.50 3.35 1.3 64
1 day 236 2,00 0.28 2,15 2520 1.55 3.85 1.5 59
2 weeks 2,56 2.20 0.38 2,90 2790 1,70 2.60 1.4 59
4 months 1140 9,70 0,98 7.50 6130 3.80 4.25 1.6 40.5
1 year 12,40 10.65 1.06 8.20 7570 4.70 4.40 1.7 39.5
2 years 15.00 12.80 1.85 14.20 15100 9.30 5.50 2.1 a3
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Table B.27 Continued.

Sliding Plate Viscometer.

at 5 x 1072 sec.! Vacuum Capillary. Stokes Pen. at
Site :’ro- Age of Rate of Shear~Megapolses 77 F.
ucer  Sample 100 /5 sec
7TF. RV. 95F. RYV. 140F. RV. 275F. R.V. gm. :

10 11 Original 1.12 -- 0.13 - 1660 - 2.85 -- 88.5
Plant 1.28 1.15 0.16 1.20 2060 1.25 3.15 1.10 B2
Paver 1.76 1.55 0.20 1.55 2370 1.40 3.45 1.20 71

1 day 2.10 1,90 0.22 1.70 2630 1.60 3.75 130 68.5
2 weeks 3.20 2.85 0.38 2.90 3560 2.15 4,20 1.50 56
4 months 9.30 8.30 0.76 5.80 6255 3.70 4.45 1.55 41
1 year 15.40 13.80 1.84 14.10 16690 10.00 6.10 2,10 33
2 years 23.00 20.50 2.46 18.90 20220 12.60 6.10 2.10 28

7 15 Original 1.00 -- 0.11 - 1165 - 2,75 .- 92,5
Plant 1.7 0.7 0.17 1.55 1660 1.4 3.35 1.2 15
Paver 1.85 1.85 0.24 2.2 2060 1.75 3.55 1.3 66
1 day 2.85 2.85 0.31 2.8 2430 2.1 3.70 1.35 58
2 weeks 435 4.35 0,33 3.0 2960 2.5 3.75 135 54

4 months  13.20 13.20 0.86 7.8 5370 4.0 4.45 1.60 36.5

1 year 14,50 14.50 1.28 11.6 8100 6.9 5.00 1.80 33.5
2 years 21.40 21.40 2,20 20.0 15100 13.0 5.90 2,15 29
12 2 Original 0.86 - 0.088 ~-- 1190 - 2,25 -~ ki
Plant 1.20 1.4 0.116 1.3 1430 1.2 2,80 1.1 68
Paver 1.40 1.6 0.130 1.5 1780 1.5 2.95 1.15 62
1 day 2.05 2.4 0.196 2.2 1995 1.7 3.15 1,25 55

2 weeks 2.20 2.6 0.210 2.4 2175 1.8 3.17 125 53.5

4 months 4.95 5.7 0.400 4.5 3340 2.8 3.70 1.45 39.5

1 year 13.20 15.3 0.690 7.8 8775 7.4 5.16 2.00 25.5
2 years 25.00 29.0 2,300 26.0 15600 13.0 6.97 2.75 19
2 18 Original 0.90 -- 0.09 -- 1410 - 3.35 -- 86
Plant ~- -- - - - -- - -- -
Paver 1.90 2.1 0.24 2. 2450 1.75 4.15 1.25 52

1 day 2.80 3.1 0.31 J.4 3200 2.30 435 1.30 44.5

2 weeks 3.20 3.6 0.39 4.3 3340 2.40 4.65 1.40 40.5
4 months 8.35 9.3 0.45 5.0 4510 3.20 4.90 1.45 35
1 year 12,00 13.3 1.06 i1.8 8210 5.80 6.00 1.80 32
2 years -- - - - - - - - -
3 8 Original 098 -- 013 -- 2650 -- 995 -- 7
Plant 2.30 2.3 0.30 2.3 4340 1.6 12.85 1.30 66
Paver 2.65 2.7 0.35 2.7 4930 1.8 12,70 1,30 GO0

1 day 2,18 2.8 0.34 2.6 4980 1.9 12.30  1.20 58.5
2 weeks 3.50 3.6 0.54 4.1 6690 2.5 13.55 1.35 53
4 months 5.94 6.0 0.59 4.5 7865 3.0 14,40 1.45 47
1 year -- - .- -- -- -- - -- --

2 years 730 7.45 0.62 4.8 9225 3.5 14,50 1.47 44.5
13 5 Original 0.81 .- 0.074 -- 940 -- 2,60 -~- 90
Plant 1.78 2.2 0.200 2.7 1590 1.7 3.30 1.25 59

Paver 1.98 25 0.200 2.1 1920 .0 3.40 1.30 57.5
1 day .- -- - - - - - .- -
2 weeks 2.26 2.8 0.244 33 1990 2.1 3.5 1.35% 52
4 monlhs 4.66 5.7 0.250 3.4 2200 2.3 3.65 1.40 48
1 year 7.96 9.85 0.660 8.9 5690 6.0 4.35 1.65 30
2 years 17.80 22.00 1.160 15.7 7790 8.3 5.20 2.00 26
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Table B.28

Relative viscosities of the 13 asphalts hardened under various
conditions and times, temperature 77°F for Texas.

(Traxler 1967)

Site 1 2 3 4 ] 7 8 9 10 1 12 15 14 Range Average
Laboratory Test* 4.2 27 21 27 635 3.2 5.1 12 3.2 3.2 255 2.8 2.55t0 6.35 3.58
Plant 165 .- 23 17 2.6 175 2 24 105 26 14 22 1.8 1.15t0 2.3 2.00
Paver - 21 21 115 2.9 1.85 2.8 23 156 .- 1.6 2.5 - 1.55to 2.8 2,20
1 Day 2.9 3.4 28 200 3.1 285 325 23 19, - 24 - 1.9 1.9 to 3.25 2,60
2 Weeks - 3.6 36 220 5.6 435 7.6 47 285 36 26 2.8 - 2210 7.6 3.95
4 Months 895 983 60 970 215  13.2 143 74 83 152 51 575 5.0 3.3 to2ls $.50
1 Year 91 133 -~ 1065 250 145 175 102 13.8 220 153 9.8 106 9.1 to25.0 14.30
2 Years 925 .- 7.5 128 400 2.4 33,0 113 205 270 200 220 127 1.5 to40.0 20.5

* After Laboratory Hardening Test (see text),
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Table B.30 Standard test results of the 150/200 pen asphalts. (Hattingh 1984)
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Table B.31 Michigan roads evaluated with high performance liquid chromatography
(HPLC). (Plummer & Zimmerman 1984)

Crude
Source(3)

Road  Roadll) Year Course Asphait
No. Location Constructed  Typei?) Content(?)
Roads Exhibiting No Significant Cracking
1 Us-31, Muskegon Co, 1964 0.9 in. wear
2 mi. south 1964 1.0 in. leveling 4.9
Lakewood Road, NBL 1964 2.1 in. binder
2 1-96, Ottawa Co, 1961 1.1 in. wear
8.5 mi. Post, EBL 1961 1.1 in, leveling 4.7
1961 2.1 in, binder
8 M-52, Ingham Co, 1972 1.5 in. wear 5.8
0.1 mi. south Red 1964 0.2 in. seal
Cedar Bridge, NBL 1952 2.3 in. binder
9 M-52, Ingham Co, 1972 1.9 in. wear 5.8
Across from Roadside 1964 0.3 in. scal
Park Entrance, NBL 1952 2.8 in. binder
10 M-52, Ingham Co, 1977 1.3 in. wear
Station 373 + 25, 1972 1.3 in. wear 5.6
NBL 1964 0.2 in. seal
1952 1.9 in. binder
Roads Exhibiting Cracking
3 s-27, Clare Co, 1961 0.8 in. wear
1 mi. north M-61 1901 1.0 in, leveling 5.0
Bridge, NBL 1961 1.9 in. binder
4 Us-27, Clare Co, 1961 0.9 in. wear
1/2 mi. south Bailey 1961 0.8 in. leveling 4.9
Drive Bridge, NBL 1961 2.1 in. binder
5 US-27, Roescomon Co, 1961 0.7 in. wear
1/4 mi. south Canoe 196l 1.1 in. Yeveling 5.0
Camp Road, NBL 1961 1.9 in. binder
6A US-27, Roscomon Co, 1976 1.1 in, wear
0.9 mi. north Canoe 1976 0.7 in. leveling 4.8
Camp Road, NBL
6 UsS-27, Roscomon Co, 1961 0.9 in. wear
0.9 mi. north Canoe 1961 1.4 in. leveling 4.8
Camp Road, NBL 1961 1.9 in. binder
! US-27, Roscomon Co, 1961 0.8 in. wear
1/4 - 1/2 mi. north 1901 1.4 in, leveling 4.8
Canoe Camp Road, SBL 1961 2.1 in. binder
Comments

M ATl samples taken in right wheel path.
NBL = north bound lane, EBL = east bound lane, SBL = south bound lane

(2)
(3)

Road 6A is an overlay on road 6

Extractions performed by Michigan Highway Dept. during road
construction.

Bow River is a Canadian crude.
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Table B.32 Indiana roads evaluated with high performance liquid chromatography
(HPLC). (Plummer & Zimmerman 1984)

Road Road(1) Year Course Asphalt
No. Location Constructed Type Grade

Roads Exhibiting No Significant Cracking

1 1-64, east of US-37 1976 3/4 in sand surface AE-60
WBL 1976 full depth AC-20
2 1-64, east of US-37 1976 1/2 In. sand surface AE-60
WBL 1976 full depth AC-20
3 State 17, south of 1979 1 In. sand surface AE-60
1-64, SBL 1979 13 in. full depth AC-20
4 State 37, south of 1979 5/8 in. sand surface AE-60
1-64, SBL 1979 16 in. full depth AC-20

Roads Exhibiting Cracking

5 1-64, 90 mi, 1976 i1/2 in. sand surface AE-60
marker, WBL 1976 full depth AC-20
6 State 37, 6 mf, 1980 1/2 1n. sand surface AE-60
north of 1-69, NBL 1980 3 in. binder AC-20
1980 7 in. No. 2 open grade ——omw
1980 5 In. subbase = cece-
7 State 37, south of 1979 $/8 in. sand surface AE-60
1-64, SBL 1979 12 in. full depth AC-20
8 State 37, south of 1980 1/2 fn. sand surface AE-60
1-64, SBL 1980 14 in. full depth AC-20
Comments
1) A1l roads were sampled in the right wheel path.
SBL = south bound lane NOL = north bound lane
WOL = west bound lane EBL = east bound lane
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Table B.33 Asphalt properties for Pennsylvania (1961-1962 pavements). (Kandhal

1977)
Beaver Lycoming  Washington Lecbanon
Property 1 2 ] 4

Penetration at 77°F, 100 g, 5 s 96 69 76 76
Viscosity at 140°F, poiscs © 2570 - 4024 Ji63 3000
Ductility at 60°F, 5 cm/min, cm 150+ 150+ 150+ 150+
Ductility at 39.2°F, 5 cm/min, cm 12.5 8.0 59 7.8
Softening point, ring and ball, °F 1180 - 1220 123.2 126.4
Flash point, °F 510 505 580 585
Thin film oven test

loss by weight, % 0.135 0.368 0.040 0.060

retained penctration, % 58.4 57.8 59.1 61.2
Rostler Analysis -

asphalitenes 26.3 26.4 19.3 222

nitrogen bases 29.9 354 23.1 26.4

first acidiffins 14.0 9.5 5.9 8.4

second acidiffins 22.7 20.2 8.4 2

paraffins 7.1 8.5 13.3 11.8

Properties of asphalt after
mixing in pug-mill

penctration at 77°F, 100 g, S s 60 47 67 56
viscosity at 140°F, poiscs 7273 15 158 3800 5100
ductility at 60°F, 5 cm/min. cm 39 19 24 45
ductility at 39.2°F, 5 cm/min, ¢m 5.3 42 4.7 5.4
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Table B.3%4 Properties of asphalts studied. (Sisko and Brunstrum 1969)

UNAGED TFOT
PENE- VISCOSITY VISCOSITY PENE- VISCOSITY VISCOSITY

PR TRATION * AT (40 ¥ AT 275 F TRATION * AT [40 ¥ AT 275 F

NO. (om) (roises) (cs) (bmM) (rowses) (cs)
(a) 1954-55 survey

27 89 1410 283 47 3700 436
39 |8 1660 3RS 51 4740 580
v 78 1460 357 46 4800 . 553
19 91 1920 426 53 5540 659
9 921 1820 411 51 S080 655
62 RS 1610 430 55 4580 632
71 R2 1620 3RR 54 2720 481
97 94 2150 267 36 6270 523
25 RS 3000 620 5l 11100 1120
74 93 1160 495 64 2120 662
185 78 1470 365 4R 3290 480

114 94 1270 306 54 3370 455

* All penctrations in this and in other tables arc in decimillimeters (dm) at 100 gm, § sec, and 77 F,
* Not part of the 1954-55 survey.
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Table B.35 Properties

of asphalts extracted from roads.

(Siéko & Brunstrum

1969)
VISCOSITY VISCOSITY
PENE- AT 140 1 PENE- AT 140 1

ASPHALT TRATION (x1Lo- AT275TF ASPHALT TRATION (X11.0- AT 2751
SOURCE (%) (oM) POISES) (cs) SOURCE (%) (hM) POISES) (cs)
Calif. 4.55 19 23.6 R95 Okla. 4.57 48 342 549

5.03 39 26.4 942 5.06 43 4.32 578
Ky. 6.00 16 145 1610 Ore. 5.88 38 5.25 471

6.75 21 84.2 1370 5.36 20 16.0 721
1N 3.84 38 9.29 691 Tenn, 6.17 25 20.6 3140

1.61 38 9.56 682 5.25 23 750 3710
M. 3.68 21 19.8 1100 Tex. 3.80 28 33.0 1980

3.80 13 171 2520 3.27 28 25.7 1830
Mass. S.IK 14 —_— — Wis. 5.23 27 46.7 1170

S.13 30 16.2 1060 4.64 30 39.2 1080
Nch. 4.65 64 3.66 590 Wyo. 5.68 S0 2.34 379

4.19 50 6.40 709 5.6R 45 2.51 384
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Table B.36 Asphalt compositions. (Sisko & Brunstrum 1969)

COMPONENT 8 (%)

ASPHALT SPECIMEN A IR SR ©
Calif, Unaged 15 28 35 22
TFOT 19 25 3 22
Road 24 310 22 24
Ky. Unaged 12 20 40 28
TFOT 15 19 39 27
Road 24 28 24 24
. Unaged 16 20 37 27
TFOT 20 20 34 26
Road 22 24 29 25
M. Unaged 19 19 36 26
TEOT 22 18 35 25
Road 24 27 29 20
Mass. Unaged 15 22 3% 25
TEOT 19 19 39 23
Road 28 26 27 1Y
Nebr.  Unaged 1 24 39 26
TFOT 14 22 38 26
Road 15 24 35 206
Okla. Unaged 8 26 44 22
TFOT 10 27 42 24
Road 12 32 36 20
Ore, Unaped 1S 28 30 27
TEOT 20 26 28 26
Road 21 29 26 24
Tenn. Unaged 23 18 39 20
TEOT 26 19 37 18
Roud 37 18 26 1Y
Tex, Unaged 1 38 41 20
TFOT I3 40 20
Road 3 52 26 19
Wis, Unaged 14 23 39 24
TFOT 16 25 38 21
Road 260 25 26 0
Wyo. Unaged 15 20 43 22
TFOT 18 21 40 21
Road 18 23 35 24

* A == asphaltenes; 1R = hard resins; SR = solt resins; O = oils.
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Table B.37 Summary of road evaluations. (Sisko and Brunstrum 1969)

PLASTIC
nrR ROAD DEFOR-
NoO, LOCATION TYPE rioc CRACKING MATION
92 California Residential 35 Moderalc None

39 Kentucky Gen. purpose 3.5 Scvere Slight

—_— 1linois Hecavy duly 4.0 None None

19 Maryland Heavy duty 3.5 Scvere Slight

9 Massachusetts Heavy duty 3.5 Severe None

62 Nebraska Heavy duty 3.5 *Slight "~ Moderale-
71 Oklahoma Heavy duty 3.7 None Moderate
97 Oregon Heavy duly 4.0 Slight Nonc

25 Tenncssce Heavy duty 25 Slight Severe
74 Texas Heavy duty 3.5 None Nonc
185 Wisconsin Heavy duty 22° Moderate Nonc
114 Wyoming Heavy duly 30 Slight Slight

* Judged to be In need of service.
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Table B.38 Saskatchewan sites assessed for rutting behavior.

(Huber & Heiman

1987)
SITE STRUCTURE TRAFFIC ASPHALT YEAR OF AGE RUTTING
NUMDER LOCATION TYPE SFEED  CEMENT  CONSTRUCTION X LIFE PERFORMANCE
1 C.S, 1-8 €B I 4.28 Overlay Fast AC 1.5 1977 55 Poor
2 C.5. 1-8 EB km 1,44 Overlay Fast AC 1.5 1977 55 Fair
3 C.5. 119 O km 4.6 Conv, Fast AC 1.5 1983 40 Poor
4 C.S. 1-19 w8 km 7.0 Conv. Fast AC 1.5 1983 40. Poor
5 C.S. 119 "8 i 9.0 Conv. Fast AC 6 ' 1983 40 Fair
6 C.5. 1-19 EB km 19.5 Overlay Fast AC 6 1984 5 Good
7 C.S. 9-5 5B ln 17.1 Overlay/ Slow AC 1.5 1982 15 Poor
Recycle
8 C.%. 9-5 SB km 19.5 Overlay Fast AC 6 1981 25 Fair
C.S. 9-6 58 km 16.1 FDAC Fast AC 5 1972 90 Good
10 C.S. 22-2 B km 24,75 Overlay Slow AC 1.5 1982 20 Good
Recycle
11 C.S. 80-1 W8 km 10.13 FDAC Slow AC 6 1975 200 Good




Table B.39 Testing program for Saskatchewan study sites. (Huber & Heiman 1987)

PROFERTY © DESIGN CONSTRUCTION PRESENT
Percent Asphalt X X X
Aggregate Gradatlion X X X
Crushed Aggregate Faces X X X
Percent Alr Volds X X X
Percent WMA X X
Marshall Stability X X X
Hveem Stabllity X X
Asphalt Penetration (25°C) X
Asphalt Viscoslty (60°C) X
Aggregate BSG X x1 x}
Rice 756 X xi x1
Rut Depth x2 X
Layer Thickness X X X

1 agsumed equal to design
Assumed equal zero
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Figure B.1 Recovered asphalt cement properties from all sections plotted on the bitumen test data

chart for West Texas. (Anderson and Epps 1983)
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