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Auvgust 8, 1974

Mr. A.,W. Lane, Materials Engineer
Vermont, Department of Highways ‘
Montpelier, Vermont 05602

Dear Mr, Lane:

I am enclosing two copies of Mobil's research studies relative to the work
on I-91, This study was partially designed to investigate the potential use
of newer analytical laboratory testing devices.

We want to acknowledge the considerable amount of help and data you, Russ

H, Snow, Frank E, Aldrich, and others in Vermont have given us to meke this
study possible, After you have had a chance to review this, we would be
pleased to discuss the results and other matters at your convenience,

No further work is planned here at this time.

Sincerely,
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Ralph G, Adams
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ASPHALT TRANSVERSE CRACKING STUDY -
VERMONT I 91 TEST ROAD

INTRODUCTION

Transverse cracking of asphalt concrete roads is a
serious and costly problem in the Northern United States, Canada,
and in comparable cold climates throughout the world. As a
result, symposia(l)'(z)* have been held to consider possible
solutions to this problem; and technlcal papers related to this
problem have been presented at recent meetlngs (3),(4) Several
states, in which this is a critical problem, are carrying out the
recommendations of these symposia in their road construction and
maintenance programs. In 1970, the state of Vermont initiated
such a program involving most of their construction and maintenance
work during that year. Their studies included an asphaltic con-
crete overlay of Vermont I 91, a 12 mile, four lane road, just
north of the Massachusetts border. In this project, the use of
a softer than normal asphalt (120/150 penetration versus 85/100
penetration) to reduce transverse cracking was evaluated. For
this study, about 80,000 tons of hot asphaltic concrete mix were
applied to the road as a two-inch overlay in two one-inch thick
lifts. To rehabilitate the badly cracked road, approximately
35,000 bbl. of Mobil's E. Providence asphalt were used. Because
an economical solution to the transverse cracking problem in the
Northeastern United States would enhance future Mobil asphalt
sales, NAD Marketing consequently requested MRDC to follow this
Vermont project closely to assist wherever possible in this
critical evaluation of Mobil asphalts.

A major goal of this exploratory study was to develop
technology to evaluate and relate changes in asphalts and'asphaltic
concrete mixes with road durability for use in future research
programs.

*Underlined numbers in parentheses refer to the list of references.
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SUMMARY

1. The original Vermon£ T 91 road was designed for a 20
year (1958-1978) service life. The highway was built on a good
foundation soil and with an overall thickness design adequate
for the predicted traffic loads. The original road has a gran-
ular baseiéﬁ% subbase 30 inches thick and a three-inch asphaltic
concrete surface. Its premature failure in 1970 appeared to be
due to thermal effects resulting in transverse cracking which
was not considered in the thickness design procedures.

2. The selection of a two-inch asbhalt concrete overlay to
remedy the cracked condition of the Vermont I 91 on this 12 mile
strip was based on AASHTO 1972 standards. It did not meet the
Asphalt Institute recommendations for asphalt concrete overlays.
In the Asphalt Institute publication MS-17, a four-inch overlay
would have been designated as the minimum thickness for a road
carrying the traffic of Vermont I 91. The selection of a two-
inch overlay for this road resulted in a severe test for the
overlay materials.

3. Samples of: a) asphalt from the refinery, b) asphalt-
aggregate hot-mixes, aggregates and asphalts from the contractor's
mixing plant, and c) road core samples obtained from the road
after construction, at 4, 8 and 12 months by the Vermont Highway
Department were analyzed and tested by MRDC and Vermont Highway
Department Labofatory. ASTM, Asphalt Institute or Mobil standard
methods of testing were used for all experiments in the research
program.

4. The refinery asphalt met all the Vermont Highway Depart-
ment penetration grading specifications in use during 1970. The
average penetration was about 140 at 77°F meeting the 120-150
penetration specified instead of the 85~100 penetration grade
usually used for overlay and construction purposes in Vermont.

5. MRDC tests on the road cores and the hot-mix samples
obtained from the Vermont laboratory and construction contractor's
plant showed that the asphalt and aggregate were of high quality
and properly proportioned to meet ASTM and AI mix design criteria.
The mix design of the asphalt overiay met all the requirements of

2
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the Marshall ASTM method for high quality asphalt concrete. Tests

on the laboratory compacted hot-mix samples produced Marshall
test specimens with high Marshall stability, adequate flow and
low air voids meeting the Asphalt Institute criteria.

6. Road core samples were obtained by Vermont for ASTM
Marshall and rheological tests by MRDC during the first year of
road service. Major conclusions of laboratory tests on road core
samples are:

® Asphalt content within specifigations/

® Asphalt physical and chemical properties in agreement .

with tests on residue from ASTM thin film oven test
Aggregate content within range .
‘Aggregate properties in agreement with specifications -
All the road cores had low Marshall stability and high
flow values when judged against the general Asphalt
Institute mix designs., However, there are no required
Marshall test standards for road core samples. This
test on road cores did show, however, the additional
compaction due to traffic.
Summarizing the above results, it would seem that the
proper materials and asphalt paving hot-mixes hadwfeen used by

e N 4
Vermont. But a stronger pavement overlay(@a§§ha$e been con-

structed by proper compaction of a single £ﬁo—inch lift rather
than two one-inch 1lifts.

7. Physical and chemical tests were made on the original
asphalt, asphalt recovered from the hot-mix plant blends and
asphalt recovered from the road core samples taken over a year's

road service. The most rapid rate of change in physical and

" chemical properties took place during the short time of asphalt

batch plant mixing, transportation and construction operations.
During the year's road service no significant changes had taken
place in the asphalt binder.

8. Chemical composition tests on the original asphalt and
the asphalt recovered from hot-mixes generally followed any major

changes in the asphalt physical properties.

N
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9. Gradient elution chromatography, nuclear magnetic
resonance and infrared absorption were the most informative chem-
ical tests in evaluating fundamental changes in the properties
of the asphalt. These tests confirm that the majority of the
asphalt aging takes place due to oxidation during the plant mixing
and construction operations. These results may be of value in
future asphalt research programs within the Joint Asphalt Research
Project CR-42.

Chemical changes in the binder take place very slowly
during road service. Of interest were the thin film oven test
results which checked the chemical and physical changes occurring
during the hot mixing and road construction operations. Road
cores and hot-mixes with asphalt contents above or equal to the
design optimum generally had significantly less age hardening.
Mixes with low asphalt contents and thinner asphalt films -
generally exhibited considerably more age hardening and subsequent
increases in the asphalt mixture stiffness. The road cores with
lower air voids also seemed to have less age hardening and better
durability. '

10. After eight months of service, from September 1970 to
April 1971, the 12-mile section of overlay developed a transverse
cracking pattern over certain portions of the road. At that point
the cracking did not impair the riding characteristics or overall
appearance of the road. The performance appeared to be very good
and completely acceptable to Vermont. During the next three years
of service (1971-1974), there was no significant change in the
degree or location of transverse cracking in this overlay.

11. An area analysis of the transverse cracking pattern
showed that the cracking which occurred was directly related to
road area rather than to asphalt, aggregate, hot-mix or road core
void content, voids in the mineral aggregate, density, compo-
sition, etc. While the composition of the overlay was relatively
uniform, in contrast the transverse cracking frequently was not
uniform. Many of the 0.1 mile road test sections had no cracks,
whereas some sections had cracks at 22 foot intervals (240 cracks

per mile).
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12. Comparison of road areas indicated the following signi-
ficant differences in cracking frequency:
® Passing lane (high cracking frequency) vs.
travel lane (low cracking frequency)
® Northern section (high cracking frequency) vs.
southern section (low cracking frequency)
The good performance of the travel lane is due to the beneficial
compaction of traffic. The better performance of the southern
section may be due to many factors sgch as: construction methods,
climatic, drainage, and soil conditions or differences in the old
road condition before the overlay.

13. The predictive formulas of Anderson and Shields, McLeod,
or Hajak and Haas were applied to the data on the asphalt extracted
from the overlay road cores. The formulas predict that no trans-
verse cracking should be experienced in the overlay in that service
period. Published freezing index contour maps of the U.S. were
used to determine typical temperature data for the calculations.
Since cracking occurred, it is concluded that the transverse
cracking in the two-inch overlay is mainly reflective cracking
over the larger cracks in the old road. This conclusion was
confirmed by cutting cores directly over the overlay transverse
cracks through the old road laying underneath and observing the
transverse cracks in the original pavement.

14. It is recommended that the same mix design be used in 1

A%
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future overlays, but that thicker compaction lifts and gréater
thickness be used in future overlays. It is also recommended
that these thicker overlays be placed and subjected to increased
amounts of compaction until the cores show higher initial Marshall
stability values. The use of nuclear devices to evaluate asphalt
contents and pavement compaction should be initiated.

15. It is believed that the use of Full-Depth construction ' C)?
for new roads in place of the relatively thin asphalt pavement 1;
surfaces with thick granular bases now used in Vermont would
reduce transverse cracking in this northern area. Recent technical




publications have indicated that increasing the thickness of

the asphaltic concrete layer will significantly reduce induced
thermal stress and subsequent cracking frequency in the asphalt
layers when all other variables are the same.(é)'(ﬁ) Full-Depth
field test sections are therefore proposed to evaluate these
technical advances.

16. The uniform properties of the asphalts, hot-mixes and
road cores from representative locations in the I 91 highway
overlay contrast sharply with the random transverse cracking
interval (TCI) data. This excludes any Eorrelations between the
asphalt and the asphalt mixture stiffness moduli, other properties
studied and transverse cracking interval data unless other overlays
throughout Vermont with different asphalts are included in the
research program. This is beyond the limited scope of the present
exploratory study.

17. Asphalt pavement cores were tested at periodic intervals
during the initial one-year road service period at The Ohio State
University using materials science test procedures under the
direction of MRDC. These exploratory tests evaluated the strength
properties of the road cores in constant-load creep compression
and sinusoidal dynamic tests over a wide range of experimental
temperatures using special MTS universal testing equipment.
Marshall and unconfined compression tests were also performed
on the road cores at MRDC. The test results indicated:

® Marshall stability increased with age due to traffic
compaction. Marshall flow, voids in the mineral aggregate,
and air voids decreased with service life.

® The fundamental mechanical behavior of road cores can
be defined by the linear viscoelastic and time-temperature
superposition concepts. These concepts can be applied
to the creep and dynamic data to investigate the influence
of experimental loading time and temperature on stiffness,
rheological strength properties and road performance.

® Repeatability of experimental data obtained from core
test specimens was excellent. Mechanical properties
of representative road cores were uniform.




® The creep moduli, dynamic stiffness, unconfined
compressive strength and moduli of elasticity increased
with road service life.

® This new technology can be used directly in future pave-
ment design, asphalt mixture aging, asphalt additive
and transverse cracking studies. Foamed asphalt stabil-
ized mixes and Mobilplast binder mixes can be evaluated
using this technology.

18. For the conditions and materials studied, the use of
fundamental stiffness properties of‘the asphalt and dynamic
stiffness of the asphaltic concrete mixtures show considerable
promise for future field and laboratory asphalt pavement research
as well as pavement design studies. The exploratory study has
clearly indicated the importance of evaluating the fundamental
properties of not only aggregates and asphalts, but also the
combination of these components - the paving mix used in actual
road service conditions. Future basic studies should utilize
this type of research approach and evaluate the dynamic stiffness
of the paving materials which can be related to transverse crack-
ing interval data, road durability, layer thickness equivalency
values, road design criteria and performance data.

19. Two approaches to determine the stiffness of bituminous
materials were used in this investigation:

® Direct testing in creep and dynamic experiments over
a wide range of temperatures and loading times
® Indirect estimation using the van der Poel and McLeod
stiffness modulus nomographs
The indirect methods for roughly estimating the stiffness moduli
of asphaltic mixes are quick and easy to use; however, there
are many limitations to their use and application. The most
serious objection is that large errors in estimating stiffness
are possible using the indirect methods, as compared to the use
of direct testing methods. .
The direct testing phase of the study has established
that the mechanical properties of road cores can be defined by

the linear viscoelastic and time-temperature superposition




concepts. As a result, the road designer is now able to establish
the stiffness moduli of asphalt paving materials for a wide range
of loading times and temperatures desired by use of the master
stiffness moduli - time functions and the temperature shift factor -
temperature plots. The assumptioh'that time and temperature
are interchangeable has been experimentally verified in the
rheological tests. In other words, by conducting creep tests
on road cores at only a few temperatures, the designer is able
to determine the stiffness moduli over lérge loading time and
temperature ranges. Although beyond the scope of this limited
exploratory program, the final step would be to directly correlate
the stiffness moduli of road cores from test roads with the
transverse cracking frequency of the pavements.

The new technology outlined in this report will allow
the stiffness of road cores obtained from selected test roads
to be directly evaluated and correlated with transverse cracking
frequency. The study should evaluate the test roads for about
a four year testing period. Establishing the fundamental strength

properties of bituminous mixes by direct testing will supply the
road design engineer with a valuable engineering research tool
to investigate the low temperature shrinkage cracking of bitum-
inous pavements. The subgrade type and properties can also

greatly influence low temperature shrinkage cracking and should be
incorporated into the research program.
The resilient modulus test device recently installed at

Paulsboro is a simple, reliable, cheap and nondestructive test
apparatus which can be utilized to directly evaluate the stiffness

moduli of road cores over extensive loading time and temperature L
ranges.

20. Although not directly related to this exploratory study,
the development of economical techniques to retard or eliminate
the reflection of shrinkage cracks through asphalt overlays
warrants considerable attention because of the thousands of miles
of cracked roads in North America which are overlaid or soon will

require such upgrading. Today our existing technology and




i materials are unable to economically prevent the rapid reflection
of cracks through overlays, and this has limited many transverse

- cracking research studies.




DETAILED REPORT

A. Design and Performance of Original I 91 Roadway

The original road was constructed in 1958-1960 with a
design life of 20 years. A summary of the thickness design details
which were obtained from the Vermont State Highway Department is
shown in Table 1. A standard 85/100 penetration grade asphalt
was used in its construction. The road has 30 inches of granular
base and subbase with a three inch asphaltic concrete surfacing.
The location of the Vermont I 91 project is shown in Figure 1.

A conversion chart to change road stations to distance in miles

from Massachusetts border is shown in Figure 2 for reference.

The thickness of the various structural layers were as follows:

Original I 91 ‘ é
Structural Courses Thickness (inches) 4 e

Bituminous Concrete
Crushed Stone Base

Crushed Rock Subbase 21
Sand Cushion _6
Total 33 inches

Using the Asphalt Institute thickness equivalency
conversion factors,(é)'(g) it was shown that a 33-inch gravel
based road is structurally equal to about an ll-inch Full-Depth
asphalt concrete road constructed directly on the subgrade soil.
The Asphalt Institute thickness design formulas also indicate
that a six-inch Full-Depth asphalt concrete road layed directly
on the soil would have been structurally adequate for the 1958-
1978 traffic estimate using the 1958 data and calculations. It
appears that the Vermont design calculations have been more
conservative than the present Asphalt Institute conversion factors

and have included other significant environmental design factors

such as climate, fatigue, shrinkage fracture, permanent deform-

ation, etc. The location of the I 91 section involved -has an
(7). (8)

approximate freezing index of 1000 degree days and a

frost penetration depth of 52 inches. Since the original road
is 33 inches thick, the extra depth may have been designed to fgww
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approach the frost penetration depth with the granular material
to eliminate the critical temperatures and free water necessary
for frost heave. It should be noted that, although the total
thickness appeared to be adequate, the asphalt concrete pave-
ment layer of only three inches is below the minimum of four
inches for a medium traffic road and five inches for a heavy
traffic road as recommended by the Asphalt Institute publications
in 1970. The Vermont Highway Department does not have the road
performance record or inspection detajils during the 1958-1970
period and consequently no area analysis of the transverse crack-
ing pattern could be made on the old road. This reference material
for the transverse cracking pattern would be of value in quanti-
tatively measuring the effectiveness of the overlay in repressing
transverse cracking. Identifying reflection cracking areas in
the overlay would also be possible with these data. It was
consequently assumed that the entire 12-mile section had sufficient
transverse cracking in critical sections to require an overlay.
B. Thickness Design of 1970 Overlay

The design of a strengthening asphalt concrete overlay

calls for the calculation of a thickness that will strengthen

the pavement structures sufficiently to accommodate the estimated
traffic for the design period. An asphalt concrete overlay bonds
to the underlying road pavement and becomes an integral part of
the total pavement structure. The added road thickness provides
sufficient stress distribution properties to prevent critical
tensile and compressive stresses from being reached(g)'(lg),
Inspection of Table 2 indicates that a two-inch asphalt concrete
overlay was selected because it upgraded the total road strength
to a value approximately equal to the original road. Using the
Asphalt Institute conversion factors,(é) the structural layers

of the old road plus the two-inch asphalt overlay was equivalent
to 11 inches of Full-Depth asphalt (the value calculated for

the 1958 road design). The Asphalt Institute calculations call
for a total of 7.5 inches of Full-Depth asphalt for the increased
traffic as compared to the original requirement of six inches.
The structural design of 11 inches should have provided sufficient
structural strength to reduce cracking problems in the road.
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Although the total road effective thickness was adeguate,
it should be noted that the asbhalt surface layer consists of
three inches total - one inch equivalent from the old road surfacing
and two inches from the new overlay. The Asphalt Institute rec-
ommends a minimum of four inches for asphalt pavement layers over
untreated granular bases(é)'(g).

Recent technical publications have shown that by increas-
ing the thickness of the asphaltic concrete paving layer the
thermally induced stresses and subsequent shrinkage fracture in
roads is greatly reduced(li)’(la)e Research programs have used
theoretical viscoelastic calculations, direct laboratory testing
of asphaltic mixes and full-scale test roads to document these
conclusions. The Asphalt Institute has also recently published
technical information(i)'(g) which indicates that roads with
granular bases are susceptible to water and thermal effects; and
consequently, the AI no longer favors this type of construction.

C. Design of 1970 Overlay Paving Mixture

Design of the asphalt concrete overlay was carried out
by Vermont using the Marshall method of mix design (ASTM Designation
D 1559). The standard ASTM, AASHTO Or Mobil methods of test were
used throughout the experimental program. The selection and
proportion of the aggregates met the gquality standards of the
Asphalt Institute as shown by the lab tests performed on the
hot-mix samples and lab compacted Marshall specimens reported in
Table 3 and Figure 4. The Marshall stability tests performed on
the laboratory compacted hot-mix samples shows that the 93 percent

aggregate and 7 percent asphalt mixes had following average
properties: 1905 lb. stability and 0.13 inches flow. These
data are plotted in Figure 3 with Marshall test data obtained
from tests on the road cores.

An analysis was conducted by MRDC of the air voids,
voids in the mineral aggregate (VMA) and extracted asphalt content
of the undisturbed road core samples obtained by Vermont and also
of laboratory compacted Marshall samples prepared from the hot-mix
samples obtained from the construction contractor's plant by
Vermont. The results of the analysis are presented in Tables 3
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and 4 and Figure 5 and indicate the probable service performance
of the road and degree of mix compaction during construction.

The road performance and mix compaction will be reviewed in later
sections.

D. Construction of the 1970 Overlay

The overlay was constructed during the period from
July 6 to August 28, 1970 during a very favorable weather period.
Prior to the overlay application, the major transverse cracks
in the old road pavement were filled with a polymer-asphalt
material, coated with a sand-asphalt emulsion surface treatment
to seal the fine cracks and then leveled with a thin hot mix
leveling application where necessary. The overlay was applied
in two one-inch thick lifts as indicated by the construction
schedule shown in Table 5.

E. Composition and Properties of Road Cores

As part of their final acceptance procedure, Vermont

‘'removed core samples at 22 locations in the northbound lanes and

26 locations in the southbound lanes immediately after construction.
Cores of both the top one-inch course and the base one-inch course
of the asphalt overlay were evaluated separately and tested to
determine specific gravity, asphalt content, and aggregate content
and gradation. Vermont reported that the values were within the
variations permitted by their highways specifications. This
preliminary analysis by the Vermont highway engineers was made

for construction evaluation and to distinguish between different
sections of the road from the standpoint of uniformity of overlay
compaction. It was noticed and recorded that the top courses

were generally not as well compacted as the base courses indicating
a lower degree of consolidation in the top courses.

At the same time a similar set of core samples at 15
locations in the northbound travel lane and 15 locations in the
southbound travel lane was also taken by Vermont for testing by
MRDC. An initial set of cores was taken in September .1970. A
second set of samples was taken in December 1970, a third set
in April 1971 and a fourth set in August 1971. The road cores
were sealed in'polyethylene bags filled with an inert gas (carbon

13
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dioxide) and shipped to Paulsboro via the Albany Marketing District.
For each period of sampling eight cores were selected as being
representative of the entire road and separate Marshall analyses
were made on these field compacted cores. The results of the
Marshall stability and flow, material specific gravity determinations,
air voids, voids in the mineral aggregate, extracted asphalt content
and sieve analysis are shown in Tables 3 and 4 and Figures 3, 4

and 5. An interpretation of the results using Asphalt Institute
criteria (3) indicates that: (1) the pavement overlay was not
compacted to a density of at least 97 ﬁercent of the laboratory
compacted Marshall specimens prepared in accordance with ASTM
Designation D 1559 from asphalt hot-mix samples obtained at the
contractor's plant; (2) the Marshall stability values and flow
values on the original cores did not approach the laboratory
asphaltic concrete mix design criteria recommended by the Asphalt
Institute; all cores had high flow and low stability values at
140°F; (3) the VMA and air void values were high indicating that
sufficient initial construction compaction had not taken place

at the time of sampling for the original cores to obtain the

design stability; it was also noted that the Marshall stability
load increased steadily with time probably due to the compaction
under traffic. \

At the end of a 12-month road core sampling period the
overlay was practically within the specified limits of the Asphalt
Institute regarding the Marshall laboratory mix design criteria.

It should be noted that there are no required standards for Marshall
stability and flow values for field-compactéd road cores. The
Marshall tests were conducted on the road cores to evaluate the
changes in the mechanical properties of the pavement with time.
The state of compaction cannot be uniquely characterized by a
single parameter; the simplest, that of the density of the road
core, is affected by the density of the constituent materials.
More useful parameters are those which take into account the
strength of the materials in pavement service conditions or in
representing the state of compaction, the effect of density of
aggregates and binder. These are the mixture fundamental strength
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properties evaluated in this research program or density. Density
can be expressed as a percentage of the theoretical maximum
density or void content. It was noted that the initial VMA and
air void values of the new overlay were high and decreased due

to traffic compaction; this would also confirm that sufficient
compaction had not taken place at the time the original cores

were taken after construction. After 12 months service, the voids
in the mineral aggregate and the air voids had decreased to a
marginal pass on the Asphalt Institute specifications. The
somewhat high Marshall flow values do indicate that the asphalt
road overlay is more flexible and plastic than the conventional
asphalt mixes usually employed. Figure 3 shows the increase in
Marshall stability values of the road cores with time after
exposure to traffic and weather on the road. Figure 5 indicates
the rate of decrease in air voids in the overlay during the
12-month period.

F. Physical Properties of Original
and Recovered Asphalts

In Table 6 the physical test data are given on the
original 120/150 penetration asphalt made from Panuco crude at
the E. Providence refinery for the I 91 road study. Comparison
of the results with the Vermont specifications for 1971 show that
this asphalt meets the specifications being used in the New York
and New England area at the present time. Under these viscosity
specifications, the asphalt would be classed as an AC-10 paving
asphalt with good low-temperature ductility after the thin film
oven test. Other supplementary quality tests such as the pene-
tration index, vispen, viscosity-temperature susceptibility, and
Kinnaird's characterization factor indicate that the original
asphalt was of excellent quality.

Table 6 and Figures 6 and 7 show the important changes
in the key physical properties of the asphalts during hot mixing,
road construction operations and roadway service. The penetration
values in Figure 6 show good agreement between the residue from
the thin film oven test (D 1754) and the asphalts from the road
cores recovered using the modified Abson method (ASTM 1856).
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Since the degree of hardening during the standard thin film oven
test has been shown to be about equal to the hardening in asphalt
that occurs during carefully controlled hot-mix plants, the agree-
ment shown in Figure 6 clearly indicates that the mixing, handling,
spreading and compaction of the hot mix was done with adequate
control. The penetration values of the asphalts recovered from
the road cores showed no major change between the 1970 cores and
the 1971 cores. After the initial rapid change from an average
penetration of about 140 in the original asphalt to 82 after the
hot mix operation and to 64 in the newlf constructed road, the
exposure of the asphalt in the road to oxidation, evaporation or
other hardening effects appeared to be very greatly reduced. The
changes that occur in the asphalt during exposure in the road

are of a relatively slow nature so that they must usually be
measured in terms of years instead of days or months. Traffic
compaction would also reduce the rate of age hardening.

In Table 6 the viscosities of the asphalts recovered
from the hot mix samples and from the road cores increased from
835 poises at 140°F in the original asphalt to approximately
1850 poises in the hot mix and 2600 poises in the 1970 road cores
and 2800 poises in the 1971 road cores. The viscosity of the
residue from the thin film oven test was 3247 poises at 140°F.
The viscosity data plotted in Figure 7 did not correlate as well
as the penetratidn data, but they do confirm the trends and the
conclusions obtained from the penetration data, that physical
changes in the asphalts occur rapidly during the hot mix plant
and spreading operations and the rate of these changes are greatly
reduced during the service life of the road. The viscosity
changes also indicate that the hot mixing, rolling and spreading
operations were normal and carefully controlled. The penetration
index values of the asphalts recovered from the hot mix, the
road cores and the thin film oven test were practically constant
indicating that the type of asphalt is not changed during any of
these exposure periods. This is also supported by the uniformity
of Kinnaird's blowing factor for all the samples tested.
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G. Chemical Properties of. Original
and Recovered Asphalts

l. Gradient Elution Chromatography

The most informative analyses of the chemical nature
of asphalts has been obtained by gradient elution chromatography,
GEC, using Mobil Method M-1012 13) developed by w. . Middleton.
This test separates an asphalt into seven components that are
chemically different and also retain their identity in material
balances during blending and physical separations. The seven
GEC hydrocarbon components are listed‘below with the range of GEC
values for typical good paving asphalts and the original asphalt
used in the Vermont overlay. The GEC composition range of typical
good paving asphalts was established by evaluating many good
paving asphalts produced from Mobil's worldwide sources that have
been used successfully in pavements throughout the worild.

GEC Analysis, % Wt.
Typical GEC Composition

GEC Range for a Good Original Vermont
Components Paving Asphalt Asphalt

Saturates 7-12 12
Mono and Dinuclear

Aromatics 8-11 ; 11
Polynuclear Aromatics 16-17 17
Soft Resins 24-26 24
Hard Resins 13-15 13
Eluted Asphaltenes 13-16 14
Non-Eluted Asphaltenes 9-14 9
Total 100 100

The good agreement in the M-1012 component analysis of the asphalt
used in the Vermont overlay and the GEC criteria for good paving
asphalts indicated that the asphalt prepared at E. Providence was
of good quality in terms of the original distribution of its
fundamental chemical components, .

The effects of hot mixing, spreading, compaction and
road exposure on the seven GEC component distribution of the asphalt
are shown in Table 7 and also in Figures 8 and 9. The results

are also in agreement with the changes occurring in the asphalt
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exposed to the thin film oven test. The eluted and non-eluted
asphaltenes increased during construction at the expense of the
soft resins and to a lesser extent the other components. It can
be seen that the major changes in component distribution took
place during the mixing and construction of the road whlle the
asphalt was hot and exposed in thin films on the aggregate parti-
cles. Practically no change occurred in the asphalt GEC component
distribution from the 1970 and 1971 road cores. This is demon-
strated graphically in Figures 9 and 19°
2. Infrared Absorption
During the infrared absorption studies, the compositional

changes-in the asphalt were monitored by measuring the following:
@ Infrared absorbance index (IA) - ratio of the average absorbance

at 12.4 and 13.4 microns due to aromatic components divided

by the absorbance at 13.85 microns due to aliphatic components.
© Infrared transmittance index (IT) - ratio of the transmittance

near 3.4 microns due to aliphatic C-H stretching divided by

the transmittance near 3.3 microns which corresponds to aromatic

C-H stretching vibrations.
® Aromatic Ring Condensation Index (IR) - ratio of the mean aro-
matic absorbance near 12.35 and 13.41 microns to the absorbance
at 13.85 of the paraffinic methylene chain.
® Carbonyl index (Ic=o) - the absorbance in the c=o region
(5.75 = 5.93 microns) divided by infrared cell length.
A In and IR are measurements of the relative
amounts of aromatic and aliphatic hydrocarbon types present in
the carbon disulfide soluble portion of the asphalts. If the

relative aromatic or aliphatic content of the asphalt changed

Basically, I

then this would be reflected in changing values of IA, IT and IR‘

The carbonyl index (Ic= ) is a measure of the extent of aging

o
(oxidation) of the asphalt in the road surface.

As can be seen from the data in Table 7, the Dell Indices

(I, and I.) and the aromatic ring condensation index (Ip) changed
little during the hot mixing, spreading and compaction operations.
However, this was not the case with the carbonyl index (I__ ).
The absorption value of I o’ listed in Table 7 and plotted in
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Figure 11 show that some limited oxidation of the asphalt took
place during the hot mixing, spreading and compaction operations.

Oxidation of the asphalt continued during the period of road

service but, as can be seen from the data in Table 7, this occurred

at a greatly reduced rate.

In the infrared absofption studies, the values for the
original Vermont asphalt are typical for conventional good paving

asphalts. The absorption value in the I region is customarily

c=0
used in oxidation studies of asphalts. Using the Ic—o infrared
¢

absorption value, as a criterion for asphalt oxidation, it can
be seen that the oxidation obtained in the thin film oven test

is in agreement with the oxidation taking place during the hot
mixing, spreading and compaction operations. The chemical prop-
erties of the asphalt were evaluated using standard MRDC research

test procedures.

3. Nuclear Magnetic Resonance

The nuclear magnetic resonance test shows the distribu-
tion of hydrogen atoms in the asphalt in terms of the position

of the hydrogen atoms in relation to the carbon atom in the aromatic
ring structure. The hydrogens consequently can be classed as

attached to a carbon atom attached directly to a carbon atom in
the ring called an alpha hydrogen, or in the beta and gamma

Tz positions, each one is a carbon atom further removed from the
ring carbon. The NMR values given in Table 7 show that the
original asphalt has a normal distribut;on of hydrogen atoms for

a typical paving asphalt. The distribution of hydrogen atoms in
the asphalts recovered from both the hot mix samples and the road

cores showed a lowering of the percentage of hydrogen atoms on
the alpha carbons which results in a relative gain in the other

positions. This is due to oxidation. The preferred position of
oxygen (air) attack is the hydrogen atoms on carbon atoms adjacent
(alpha) to aromatic rings. In the normal asphalt air-blowing
process at high temperatures, the asphalt is dehydrogenated
without addition of oxygen. At lower temperatures such as in

road laying a more normal oxidation process takes place. Hydrogen
atoms are removed and replaced by oxygen. The NMR data and

]
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infrared data definitely tie-in with the expected oxidation

mechanism which can be represented by these chemical equations:

N H P O - OH 0

~

{()J-i—R+02—-9{\\Q//J-cé—R g [8/— - R

The loss of hydrogen from the alpha caybon was rapid during the
period of hot mixing, spreading and rolling and matched the loss
occurring during the thin film oven test. Subsequent exposure
in the road did not seem to cause major changes in the alpha
hydrogen values. The relation of the loss of hydrogen from the
alpha positions with the aging in the hot mix and road exposures
is plotted in Figure 12.

4. Gel Permeation Chromatography

The gel permeation chromatography data, which is con-
tained in Table 7, is reported in terms of average molecular
size Ai. The three listed values of Ai are: An (number average),
Aw (weight average) and Az (z average). These values are the
result of calculating the average molecular size distribution of
the asphalt sample from the same G.P.C. data, but using different
data resolution techniques. The An value gives equal statistical
weight to all fractions in the asphalt sample while both the Aw
and Az calculated values are statistically weighted to the larger
molecules. Manipulation of data in the fashion enables one to
not only determine if changes in the asphalt afe taking place,
but also to determine which portions of the asphalt sample are
undergoing the major changes. It must be kept in mind when
analyzing the G.P.C. data that the Ai values are relative deter-
minations of molecular size distribution and do not have a simple
relationship which is easily converted to actual molecular weight
or carbon number distribution. ‘

The gel permeation chromatography data have not shown
a consistent trend in this testing program. However, a continued

evaluation of this technique will be made in an attempt to refine
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it and make the results more meaningful. The differences
between the original asphalt and the recovered asphalts are
negligible showing that there is very little change in compo-
nents during exposure in the road. It is believed that the
chemical composition of the asphalt does change during the mixing
and laying of the road and with time during the service life of
the roadway and that these chemical changes are revealed by the
gradient elution method but not the ggl permeation chromatography.
By inspection of the data from comparable cores it was
noted that in general, the asphalts recovered from the mixes and
road cores with higher asphalt contents experienced less oxidation
and adverse changes in their chemical composition and physical
properties during the construction operations. Low asphalt content
and effective asphalt content mixes had more age hardening as
measured by their chemical composition and specification properties.
These results were confirmed by measured changes in the stiffness
moduli of the asphalt mixes. A clear relationship was also noted
between percent air voids in the road cores and increases in
paving mixture stiffness. Road cores with high air voids had
greater age hardening and higher dynamic stiffness moduli for
given conditions. This relationship was confirmed by the asphalt
chemical and physical test data.
H. Road Performance of the Vermont I 91 Overlay

Vermont has furnished MRDC with periodic inspection
data on the transverse crack interval (TCI in feet) from the
I 91 roadway overlay taken late during the winters of 1970-1971,
1971-1972, 1972-1973 and 1973-1974. The TCI is the average
distance in feet between major transverse shrinkage cracks (those
cracks which extend across at least 75 percent of a 12 foot
traffic lane). They reported that during the period from September
1970 to February 1974 the general appearance and riding qualities
of the road were excellent and that they were pleased with the
performance of the overlay. The overlay, however, did not com-
Pletely eliminate transverse cracking. For this report, the
Vermont TCI data were converted to transverse cracking frequency,

21




TCF, (cracks per mile) for analyses. The transverse cracking
frequency data are summarized in Table 8 and typical TCF data
for February 1973 are plotted in Figqgure 13. Figure 14 is a
picture showing typical transverse cracks in a section of thé
I 91 highway taken during February 1971.

Table 8 shows the location and degree of transverse
cracking as TCF (cracks per mile) that occurred during 1971-74.
In February 1971 after several months of winter exposure, it can
be noted that the overlay at this time‘had about 2,880 transverse
cracks in the 48 lane miles of road for an average of about 60
cracks per lane mile. Subsequent inspection on February 28, 1973
showed a very slight increase to 3,450 total or 72 cracks/mile.
These data clearly indicate that the early transverse cracking
developed in the overlay and is a form of reflection cracking
due to underlying transverse cracks. Normally it would be
several years before transverse cracking occurred to this extent.
In February 1974 the Vermont and Asphalt Institute highway
engineers reported that the transverse cracking frequency has
not changed significantly from the February 1973 TCF values as
shown in Table 8. The general location of the transverse cracking
and riding qualities of the road have also not changed signifi-
cantly during this period. » |

It can also be seen in Figure 13 that some locations
were essentially free of transverse cracks and other sections
had excessive transverse cracking - as high as 240 cracks per
mile. The area analysis of the transverse cracking data given
in Table 9 and Figure 15 show that there is no significant differ-
ence in TCF for the northbound and the southbound lanes of travel
(65 vs. 73). However, the travel lanes had a significantly lower
cracking frequency than the passing lanes (42 vs. 96 TCF) due
to traffic compaction. The TCF area analysis also showed that
the section of the road from 0 to 6 miles above the Massachusetts
border had significantly fewer cracks than the area 6 to 12 miles
above the Massachusetts border 36 vs. 102 TCF). The variation
in cracking performance of the overlay is in sharp contrast to

the uniformity of the composition and strength of the road cores
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"Predicting Low-Temperature Cracking Frequency of Asphalt Concrete

w(16)

Pavements. They proposed the use of a mathematical model,

derived empirically from road performance studies in Ontario, to
predict the cracking frequency of asphalt concrete roads from the
following variables:
s = Stiffness modulus of original asphalt according to
McLeod's method in kg/cm2 x 10 at temperature m,
load time 20,000 seconds
I = Cracking Index as defingd by Ontario - the number
of full plus one half of the half transverse cracks
per 500 foot section
= Thickness of asphalt concrete, inches
Age of asphalt concrete, years '

Qo
il

= Subgrade type; clay = 2, loam = 3, sand = 5
m = Winter design temperature, °C
The numerical form of their predictive equation is:

k ’} 10T = 2.497 x 1030 x g(6-7966 - 0.874t + 1.3388a) (7.054 x 10”34
1 x (3.193 x 10713 y §0-60265s

This equation has been developed into a nomograph in

Figure 23 for simplicity. This nomograph was applied to the

i Vermont I 91 data. Figures 19, 21, 22, 24 and 25 were used in
3 converting the known variables into the form required by the nomo-

graph in Figure 23.

The use of the nomograph in Figure 23 indicates that
the Vermont I 91, two-inch overlay of asphalt concrete, if placed
directly on an adequately stable base would not fail by transverse
cracking for more than 15 years using the assumptions and cor-
relations developed. This is in contrast to the transverse cracking
behavior of the actual road, which reached a cracking frequency
in eight months equal to that predicted by the equation for about
15 years. A summary of the data and calculations are presented
in Table 11. The cracking in the overlay at eight months must
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be due to reflection cracks .from the old road as indicated by
the field core photographs in Figure 16.

J. Rheological, Stability and Durability
Properties of Vermont I 91 Field Cores

Paving mixtures are designed not only to provide struc-
tural stability under traffic loads and riding surfaces of high
quality for safe traffic operation, but also to retain these
properties during the service life of the pavements, i.e. these
mixtures are designed with respect to stability as well as dura-
bility under in-service environmental donditions. According to
the stability design criteria utilized, the paving mixtures are
celected to resist the applied traffic loads. The durability

design criterion, however, is concerned with performance of

paving mixtures under repeated loads occurring during the service
1ife and under the adverse environmental factors to which pave-
ments are exposed. Then to ensure selection of a mixture with
the highest performance characteristics, consideration must be
given to the mixture stability, temperature susceptibility, age
hardening and softening characteristics and shrinkage crack
resistance properties.

In this study, the strength and rheological character-
istics of asphaltic concrete field cores were investigated.
Vermont I 91 asphaltic pavement cores designated as Batch B-1,
B-2, and B-3 were subjected to creep compression, unconfined
compressive strength and axial sinusoidal loading conditions,
and the results are presented graphically as well as in tabulated
form. Road core Batch B-1, B-2 and B-3 were obtained during
September 1970, December 1970, and August 1971, respectively, by
Vermont highway engineers. The cores under study represent
initial construction, three month old and one year old test
specimens. The objectives of the above rheological experiments,
limitations and conclusions reached are presented. Complete
details of the experimental procedures and equipment used can
be found in the following technical reference publications of

(il)’(lg). Because Paulsboro does not have the

the authors
- expensive and sophisticated MTS universal testing equipment to
carry out such laboratory testing, the actual tests were conducted

at The Ohio State University under the direction of MRDC.
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K. Summary of Rheological;
Durability and Stability Study

The plan of testing carried out in this investigation
consisted of the following phases:
1. Sample Preparations

All pavement cores obtained by Vermont were sawed at
MRDC to a uniform height of two inches so that L/D ratio (ratio
of height to core diameter) was constant for all specimens. The
diameter of all cores was 3.75 inches. Only those specimens
having parallel top and bottom surfacé; were selected for testing.
Prior to testing, the density of all the pavement cores was
determined using geometric and specific gravity methods and the
‘average average values are presented in Table 12.

2. Constant-Load Creep Experiments

Selected pavement cores were subjected to uniaxial
compression creep experiments at temperatures of 41°, 77° and
104°F. Test specimens were subjected to a mechanical conditioning
test in which loads were applied and removed while Creep response
was recorded. The load/unload cycle, after which there is no
significant difference in the creep response, was selected for
experimentation. The data indicated that the third or fourth
loading cycle could be selected for experimental characterization
with no further mechanical conditioning.

To check the linear viscoelastic response of the creep
experimental data, creep tests were conducted at three different
stress levels, and the assumption of linear viscoelastic response
of the field cores was verified. The strain-time relations of
all field cores experiments were studied to check the repeat- -
ability of all test methods and specimens. The effect of
temperature on the creep response was evaluated by conducting
creep tests at three different test temperatures of 41°, 77° and
104°F. Also, the temperature~dependence function, aT,
creep curves were prepared from the experimental data..

3. Determination of Strength Characteristics
of Field Cores at Three Temperatures

and master

The unconfined compressive strength of field cores at
41°, 77° and 104°F was obtained. The Young's modulus of elas-

ticity was also determined for these specimens.
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4., Determination of the Response of Specimens Under
Dynamic Loading Simulating Traffic Loading Conditions

The creep data were transformed into dynamic data by
use of an available analytical method. A limited number of dynamic
tests were also carried out using the MTS universal testing machine.
Viscoelastic model parameters describing the viscoelastic response

of field cores werekalso determined for the road cores.

L. Discussion of Rheological Test Results

1. Creep Experiments
In the compression creep experiments, each specimen is

subjected to a constant compressive load and the resulting axial

deformation or strain,.ezz, is recorded.
The results of creep experiments are often reported in

terms of axial strain-time relations (€ z—t), or in terms strain

zZ

s . . £ . .
per unit-stress time relation, ( %E -t) which is referred to as
creep compliance, o(t) - time relation. Analogous to time-

independent materials, the results can also be presented in terms
of creep modulus Ec—time relation. In such a case, creep modulus
is determined as the inverse of the creep compliance; i.e.,
Ec(t) = BT%T' In this report, data are presented in both Ec-t
and o(t) - t relationships. (

A creep curve of a time-dependent material such as
asphaltic concrete may consist of three distinct parts; nanmely,
(1) an initial or instantaneous elastic deformation, (2) a delayed
elastic deformation, and (3) a viscous deformation as shown in
Figure 26A. The instantaneous elastic deformation part has been
primarily associated with the nature of aggregate skeleton; whereas
the delayed elastic and viscous deformation are affected by

rheological characteristics of asphaltic binder as well as the

properties of the aggregate system. Since asphaltic concrete
mixtures as other viscoelastic materials are temperature dependent,
the relative magnitude of the components of creep deformation
is also affected by the testing temperature.

In this investigation, the test specimens were first
subjected to a mechanical conditioning test in which loads were

applied and removed while the changes in the creep response were
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noted. The load/unload cycle after which there is no significant
difference in the creep deformation was selected for the analysis
of results.

In Figure 26B, the result of a typical mechanical con-
ditioning test is shown for the Vermont road cores. It is noted

that after the fourth loading cycle there is no significant change
— in the creep response. Furthermore, to ensure validity of the
assumption of linear viscoelastic response for the three mixtures,
linearity tests were performed, , '

The typical results presented in Figure 27 shows that
for the range of loads applied, the creep deformation at a given
time is a linear function of applied load. Therefore, for the
range of compressive stresses used in this investigation, the

asphaltic field cores can be treated as linear-viscoelastic

material and the mechanical properties of the road cores studied
mi? can be used in pavement design investigations.

. In Figures 28 through 33, the results of Creep experi-
ments are presented. In Figures 28 through 30, the creep compliance
J(t) for the three batches of field cores at temperatures of 41°,
77° and 104°F are presented. In Figures 31 through 33, the creep
modulus-time relation for these specimens at different test tem-
peratures are shown. As noted previously, the creep modulus is
an inverse of creep compliance and it decreases with an increase
in loading time. The creep modulus measured at any time also
increases with a decrease in testing temperature.

In Figures 34, 35 and 36, the repeatability of experi-
mental data are presented. 1In these figures for the purpose of
clarity, the repeatability data are only presented for typical
. experimental data at one temperature. The repeatability of
ujj experimental data is shown as a scatter band including the average
and the upper and lower limits of observation. Despite the
inherent variability of all field cores, the creep modulus data
are shown to be quite reproducible indicating uniform test
specimens. The greatest variability in the creep modulus data
was found at 41°F temperature; whereas,\the least variability is
noted for specimens tested at 77°F,

[
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In Figure 37, the long-term deformation characteristics
of asphaltic field core batches B-1 and B-2 are presented. In
this experiment field cores were subjected to 21 psi uniaxial
compressive stress at the temperature of 77°F. After the initial
preconditioning period (three load/unload cycles), these specimens
were stressed and creep strains were recorded for a period of
6000 seconds. The shape of the creep-strain-time relation is
identical with the data presented previously for short term creep
tests. It is interesting to note that ;hese mixtures do not
exhibit substantial steady-state deformation, and the creep com-
pliance tends to approach to a constant and limiting value probably
caused by interlock of the aggregates.

From the results of creep experiments presented graphically
in the previous figures and also by Tables 13 through 18 in Appendix
A, the following conclusions can be reached:

(a) There is a noticeable difference in long term creep
deformation of field cores batches B-1, B-2 and B-3. The field
core batch B-1 exhibits the highest creep compliance (lowest creep
modulus), whereas mixture batch B-3 attains the lowest creep
compliance (highest creep modulus). The mixture batch B-2 exhibits
an intermediate response. In brief, there are changes in long
term creep deformation of these specimens which are attributed
to differences in the asphaltic mixture stiffness and asphalt
stiffness and viscosity of these specimens due to traffic compaction
and aging.

(b) Because of inherent limitation of creep experiments,
it is difficult to accurately establish differences between instan-
taneous elastic deformation of these specimens. For this reason,
direct dynamic tests were performed at various loading frequencies,
and the instantaneous elastic deformations were determined using
the dynamic modulus or stiffness at high frequencies using the
MTS equipment. In Figures 38 and 39, the dynamic modulus-frequency
relation for batches B-1, B-2 and B-3 are presented. It is inter-
esting to note that mixture batches B-2 and B-3 exhibit similar
response; whereas batch B-1 shows higher dynamic response
corresponding to a greater instantaneous elastic response at higher
frequencies. It can be postulated that this response may be due
30
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to the elastic nature of the aggregate structure in the paving
mix. After excessive compaction by traffic and exposure to weather
in the road the particle structure is broken and the response is
essentially controlled by the stiffness of the mixture and asphalt
as well as the compacted aggregate structure. At low frequencies,
corresponding to long creep loading times, the dynamic response
will approach to that of creep modulus response.

To investigate the effect of temperature on the rheo-
logical characteristics of field coreg, the creep modulus data
at various temperatures were subjected to time-temperature
superposition principle(iz)° In Figures 40 through 43 the master
curves which resulted from superposition of the short term creep
modulus data are presented. The temperature shift factor, a.,
which describes the temperature dependency of asphaltic mixtures
is shown in Figure 44(£§).

2. Strength Evaluation

To evaluate the strength-deformation characteristics of
pavement field cores, unconfined compressive strength tests were
conducted at 41°, 77° and 104°F using the standard ASTM test
procedures (ASTM D 1074). The unconfined compressive strength
(c*c) data and the Young's modulus of elasticity (E) of the field
core data are presented in Table 19 and graphically in Figures
45 and 46. The results indicate that the E and 0'c do not greatly
change with age although the specimen batch B-3 generally has
the greatest ¢g'c strength; whereas batch B-1 generally has the
lowest unconfined compressive strength. The field core specimen
batch B-2 exhibits intermediate strength values. This observation
is in agreement with the results of creep deformation data presented

pPreviously.

The results of Young ‘s modulus of elasticity data indicate,
in general, that mixture B-3 has the greatest modulus; whereas
mixture B-1 exhibits the lowest. The Young's modulus of mixture B-2
appears to be intermediate between those of batch B-1.and B-3.

3. Dynamic Response |

As noted previously in this study, the dynamic response
of paving mixtures under cyclic loading was determined using direct
dynamic testing as well as operational mathematics transformation
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techniques(iz). In Figures 38 and 39 and also Tables 20 and 21,

the dynamic modulus of paving mixtures determined by direct MTS
testing at temperatures of 41°F and 77°F are presented. For the
range of frequencies at which these tests were conducted, the
asphaltic mixtures behave as linear elastic materials. Therefore,
the magnitude of the dynamic modulus primarily reflects the
instantaneous elastic response characteristics of these mixtures.
The dynamic modulus determined at lower frequencies, however,

not only reflects the elastic characteristics but also characterizes
the damping and viscous nature of the aébhaltic materials.

In this study, the creep compliance data were subjected
to an operational mathematical transformation technique in which
response in time domain was transformed to a frequency domain
response. The creep data were first approximated by an equation

of the form:

n _a!t
J(t) = Jo + Jo = c; e 1
=]
where: Jo = %~ initial compliance
o
EO = Instantaneous Elastic
Response (Spring Modulus)
Je = Final Compliance
L 1
Joo = 5 summation of (E—) of all Kelvin elements
i i )
i=1

where c and a, are constants describing the viscoelastic behavior
of the mixtures.

These constants were determined by the procedure devel-
oped by Brisbane(lg) used in this study. Using a well-known
transformation technique, the dynamic modulus and phase angle can
d(lz). In Figures 47, 48 and 49, and in Tables

22 through 30, the dynamic modulus-frequency temperature data are

easily be calculate
presented for essentially the same mix tested at three different

ages. Frequency and dynamic modulus values tabulated in Tables 22
and 30 have units of CPS and psi, respectively. The values of the
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coefficients (alphai and Ci) shown in the tables are the visco-
elastic generalized Voigt model parameters describing the
mechanical properties of the materials(lz)'(li). The creep
compliance values, c; have units of E%T and the retardation times
have units of seconds and are equal to 5T in the tables. 1In the
lower intermediate frequency range, it is noted that batch B-3
has a higher modulus than batches B-1 and B-2. At higher frequencies,
however, where only instantaneous deformation takes place comparable
to fast traffic loads, a reverse trend is clearly observed. A
typical Voigt mechanical model is shown in Figure 50 to illustrate
the utility of the data in Tables 22-30. The values of the
coefficients from Table 22 have been used to construct a typical
model which defines the response of the asphaltic concrete batch
B~1 to applied stresses at 41°F. These models can be directly
used in pavement design calculations and materials evaluations.
This new technology on the aging and subsequent changes in the
rheological properties of highway pavements evaluated by tests
on road cores is not available in the literature.
4. Summary of Results from Exploratory Rheological Tests

(a) Field core specimens designated as batch B-3 have
the greatest stiffness modulus and lowest creep deformation.

(b) Field core specimens designated as batch B-1 have
the lowest stiffness and highest creep deformation.

(c) Field core specimens designated as batch B-2 exhibit
an intermediate behavior. The response and stiffness moduli of
these mixtures are very similar to that of batch B-3.

(d) Rheological testing procedures can be used to evaluate
the fundamental time and temperature dependent stiffness moduli
of asphalt paving mixes.

(e) The mechanical behavior of dense asphaltic road cores
can be defined using the linear viscoelastic theory. Direct
experimental verification was obtained by creep and dynamic tests
using MTS testing equipment.

(f) The time-temperature superposition concept can be
applied to pavement road cores as a good engineering approximation
for future pavement design studies. The number of experiments
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required to evaluate the stiffness properties of the materials
over a range of loading times and temperatures can be greatly
Laboratory tests have provided direct verification of
The new technology developed in this study

reduced.
this application.
will provide the pavement design engineer with a powerful research
method to evaluate the low temperature shrinkage fracture of
bituminous pavements. The stiffness moduli of road cores can

now be directly evaluated and correlated with transverse cracking
frequency instead of being roughly approximated using indirect

stiffness modulus nomographs.

34




100

11.

‘References

Anderson, K. O., B. P. Shields and J. M. Dacyszyn, "Cracking
of Asphalt Pavements Due to Thermal Effects," Proceedings,
Association of Asphalt Paving Technologists, 1966.

McLeod, N. W., "A 4-Year Survey of Low Temperature Transverse
Pavement Cracking on Three Ontario Test Roads," Proceedings,
A.A.P.T., 1972.

Kasianchuk, D. A., et al, "A Design System to Minimizing
Fatigue, Permanent Deformation and Shrinkage Fracture Distress
Of Asphalt Pavements," Proceedings, Third International
Conference on the Structural Design of Asphalt Pavements,
London, 1972.

Fabb, T. R. J., "The Influence of Mix Composition, Binder
Properties and Cooling Rate on Asphalt Cracking at Low
Temperatures, " Proceedings, AA.P.T., 1974.

"Asphalt Overlays and Pavement Rehabilitation,"
The Asphalt Institute, MS-17, 1969.

+ "Thickness Design - Full-Depth Asphalt Pavement

Structures for Highway and Streets," The Asphalt Institute,
Ms-l, 19690

el

McLeod, N. W., "The Influence of Hardness of Asphalt Cement
on Low-Temperature Transverse Pavement Cracking," Proceedings,
Canadian Good Roads Association, 1970.

Haas, R. C. G., "A Method for Designing Asphalt Pavements
to Minimize Low-Temperature Shrinkage Cracking," The Asphalt
Institute Research Report 73-1, 1973,

Barksdale, R. D., and R. G. Hicks, "Material Characterization

and Layered Theory for Use in Fatigue Analyses," Highway
Research Board Special Report 140, 1973.

Fromm, H. J., and W. A. Phang, "A Study of Transverse Cracking
of Bituminous Pavements, " Proceedings, A.A.P.T., 1972.

Christison, J. T., et al, "Stress Prediction and Low Temperature
Fracture Susceptibility of Asphaltic Concrete Pavements, "
Proceedings, A.AP.T., 1972.

35




12.

13.

14.

15.

le.

17.

180

19.

36

Burges, R. A., et al, "Ste. Anne Test Road - Flexible Pavement
Design to Resist Low-Temperature Cracking," Proceedings,

Third International Conference on the Structural Design of
Asphalt Pavements, London, 1972.

Middleton, W. R., "Gradient Elution Chromatography Using
Ultraviolet Monitors in the Analytical Fractionation of Heavy
Petroleums," Analytical Chemistry, Vol. 39, 1967.

Anderson, K. 0., and B. P. Shields, "Some Alberta Experience
With Penetration - Graded Asphalt Cements Having Different
Viscosities at 140°F," Highway Research Record No. 350, 1971.

McLeod, N. W., "Transverse Pavement Cracking Related to
Hardness of the Asphalt Cement," Proceedings, Canadian Technical
Asphalt Association, 1968.

Hajek, J. J., and R. C. G. Haas, "Predicting Low-Temperature
Cracking Frequency of Asphalt Concrete Pavements," Highway
Research Record No. 407, 1972.

Pagen, C. A., "Dynamic Structural Properties of Asphalt
Pavement Mixtures," Proceedings, Third International Conference
on the Structural Design of Asphalt Pavements, London, 1972.

Pagen, C. A., "Rheological Response of Bituminous Concrete,"
Highway Research Record No. 67, 1964.

Brisbane, J. J.. "Characterization of Linear Viscoelastic
Materials," Rohm & Haas CO., Redstone Arsenal Research Division,
Huntsville, Alabama, Army Missile Command Contract No.
DA-01-021-0RD-11878, 1966.




i

S&.mwnl%

Table 1

|
o

VERMONT I 91 ROAD STUDY
THICKNESS DESIGN OF ORIGINAIL ROAD
1958 CONSTRUCTION

Road Design Estimates:

Average Daily Traffic ADT (1958) 2200

| Average Daily Traffic ADT (1978) 6640
""E Daily Heavy Vehicles DHV (1978) * 1000
s Trucks, % 7.5
Traffic Growth Rate, § - o 5.0
Average Subgrade California Bearing Ratio 12.8

Thickness Design From Vermont Design Curves:

Bituminous Concrete, Item 361 B, inches 3.0

Tack Coat on Crushed Stone 0.4 gal./sq. yd.

Crushed Stone Base, Item 211, inches 3.0

Crushed Rock Subbase, Item 204, inches 21.0

Sand Cushion, inches 6.0
Total Thickness, inches 33.0

Conversion of Vermont Thickness Design
to Full-Depth Pavement Equivalent:

Thickness Factor Tp Equivalent

Inches " Inches
Bituminous Concrete 3 1.0 3.0
Crushed Stone Base 3 0.4 1.2
Crushed Rock Subbase 21 0.3 6.2
Sand Cushion 6 0.1 0.6
11.0

Thickness Design in Full-Depth Constructio
From Asphalt Institute Tables:

Initial Daily Traffic IDT (1958) ’ 2200
Daily Heavy Trucks 80
Gross Weight of Trucks, lb. 35,000
Initial Traffic No. I.T.N. 50
Design Period, yr. . 20

“”E Growth Rate, % 5

B I.T.N. Factor : 1.67
Design Traffic No. ) ‘ 83

ww} Average Subgrade California Bearing Ratio 12.8

o Required Total Thickness Full-Depth Pavement 6.0 inches
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Table 2

VERMONT I 91 ROAD STUDY THICKNESS
DESIGN OF PAVEMENT OVERLAY
1970 CONSTRUCTION

Road Overlay Design Estimates:

Average Daily Traffic ADT 1970 8700
Average Daily Traffic ADT 1990 14,100
Average Daily Load (18 KIP Equiv.) 853.7
Design Hour Directional Distribution, % S 69
% Trucks in Design Hour .3
Design Hour to ADT, % 0 18
Percent of Trucks of ADT, % 9
Traffic Growth Rate, % , 5

Thickness Design From Vermont Design Curves:

Asphalt Concrete Overlay, inches
0ld Road Structural Sections:
Bituminous Concrete, inches
Crushed Stone,; inches
Crushed Rock, inches
Sand Cushion, inches
Total, inches

N

N
oY W W

w
6}

Conversion of Vermont Thickness Design to Full-Depth Equivalent:

Thickness Factor Tp Equivalent

Inches Inches
Bituminous Concrete Overlay 2 1.00 2.0
O0ld Bituminous Concrete 3 0.33 1.0
Crushed Stone Base 3 0.40 1.2
Crushed Rock Subbase 21 0.30 6.2
Sand Cushion 6 0.10 .6
11.0
Thickness Design in Full-Depth Construction
From Asphalt Institute Tables:
Initial Daily Traffic IDT (1970) 8700
Daily Heavy Trucks 376
Gross Weight of Trucks, 1b. 40,000
Initial Traffic No. I.T.N. 270
Design Period, yr. 20
Growth Rate, % . 5
I.T.N. Adjustment Factor 1.67
Design Traffic No. 627
Average Subgrade California Bearing Ratio 12.8.
Required Total Thickness, Full-Depth Ta 7.5 inches
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Table 5

VERMONT I 91 ROAD STUDY
CONSTRUCTION SCHEDULE OF OVERLAY

Schedule of Overlay

Date Item Stations

July 6-7, 1970 - 1" Base Course NBL Station 400 - 620
July 8-9 1" Base Course SBL Station 400 - 620
July 10-14 1" Top Course NBIL Station 400 - 620
July 15-17 1" Top Course NBL Station 400 - 620
July 27-30 1" Base Course NBL Station 0 - 400
August 3=7 1" Top Course NBL Station 0 - 400
August 17-20 1" Base Course SBIL Station 0 = 400

0 - 400

August 24-28 ‘1" Top Course SBL Station

See Figure 2
To convert station to miles above
Massachusetts border (station = 100 ft.)

Special Overlay Construction Details

1.

All cracks were filled in with a polymer-asphalt joint
sealer prior to overlay construction. o

A hot mix leveling course was applied where needed to
smooth out the road.

A sand-asphalt emulsion was applied to all lanes to
seal the fine cracks and to break the bond between the
overlay and existing pavement in an attempt to reduce
reflection surface cracking.

A one-inch hot mix base course was applied and opened to
traffic. '

A second one-inch hot mix surface course was applied.
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B
4 . Table 9
4 VERMONT I 91 ROAD STUDY

AREA ANALYSIS OF TRANSVERSE CRACK FREQUENCY
APRIL 1971 INSPECTION

: E
i
i v E

3 Average Transverse Difference From
- Cracking Frequency Total Road
Locations Cracks Per Mile Average
”5§ All Passing Lanes 96 +27
All Travel Lanes | 42 =27
0-6 Miles Above Mass. Border 36 =33
iz 6-12 Miles Above Mass. Border ' 102 , +33
ME Northbound Lanes 65 ‘ -4
Southbound Lanes 73 I Y
Road Average 69 0
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VERMONT I 91 ROAD STUDY
ANDERSON-SHIELDS TRANSVERSE CRACKING FORMULA

Minimum
Viscoslty Value A-S
Asphalt Sample Penetration Softening 140°F Viscosity
Identification 77/100/5 Point R+B, °F Poises Poises
é
1. Vermont I 91
Original 70-93374 140 - 110 835 670
2. TFOT Resid 64 123 3247 1800
3. RTOF Resid 60 126 3204 2000
4. Hot Mix, Vermont Highway ‘ :
Lab. 80 122 1800 -1350
5. Sept. 1970 Road Cores 61 130 2877 1900
6. Dec. 1970 " W 65 126 2351 1500
7. April 1971 7 " 64 128 , 2500 1800
8. August 1971 " b 64 128 3212 1800

Minimum Value (Anderson-Shields)

Log Viscosity = 5.6 - (1.28 Log Penetration at 77/100/5)
at 140°F
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Table 11

VERMONT I 91 ROAD STUDY
PREDICTION OF TRANSVERSE CRACKING
USING HAJEK AND HAAS MODEL

1. Freezing Index Vermont I 91 Location,
Degree Days 1000

2. Winter Design Temperature, °C -23

" 3. Original Asphalt

a. Penetration 77/100/5 (25°C) 140
b. Viscosity at 275°F, cs 267
¢. Penetration Index =0.5

d. Difference in °C Between Base and :
Penetration Temperature 17

e. Base Temperature, °C,[?enetration
Temperature (25°C) + Base Temperature . A
(17°C)) 42

f. Degree Difference Between Base and
Design Temperature, °C (42° + 23°) 65

g. Stiffness Modulus of Asphalt Cement,

Kg/cm2 20.4
psi 288
4. Thickness of Asphalt Concrete Overlay, inches 2

5. Predicted Cracking Index From Figure 23 in
Cracks per 500 feet

Age of Overlay in Years 0 0.7 15
Over Clay 0 0 7
Over Loam 0 0 5
Over Sand 0 0 2

Figure

Figure

Figure

Figure

Figure

Figure

Figure

19
24

25

22

22

21

23

6. Approximate Actual Cracking Index of I 91 From Table 8 in Cracks per 500

feet (Average for all Lanes)

Age of Overlay in Years

Over Cracked Road 0 0.7 1.7 2.7 3.7

'TFC Grand Average + 10 0 7 7 7 8
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Vermont
Highway Core
Batch No.

48

Table 12

Average Density of Field

Date Cores Removed
' From I 91

Septmeber 1970

December 1970

April 1971

August 1971

Core Specimens

Average
Density, 1lb./cu.ft.

140.4
143.0
143.3

144.8
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VERMONT | 91 ROAD STUDY - MARSHALL
STABILITY AND FLOW
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Figure 4

VERMONT | 91 ROAD STUDY -
ON AGGREGATE EXTRACTED FROM HOT-MIX

DRY SIEVE ANALYSIS C-136
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Figure 5

VERMONT | 91 ROAD STUDY - AIR VOIDS
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Figure 7

ROAD SiSTUI)iY —-EASPHALT VISCOSITIES
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" Figure 8
VERMONT 1 91 ROAD STUDY - CON\POS'ITlON OF ASPHALT

BY GRADIENT ELUTION CHROMOTOGRAPHY
MOBIL METHOD 1012
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Figure 9

S

VERMONT | 91 ROAD STUDY -

] CHANGES IN CHEMICAL COMPOSITION
EVALUATED BY GRADIENT ELUTION CHROMOTOGRAPHY
1 MOBIL METHOD 1012 .
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Asphaltenes (EA + NEA) by G.E.C., % by Wt
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| 91 ROAD STUDY -
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Figure 11

VERMONT | 91 ROAD STUDY -
CHANGES IN | ABSORPTION BY INFRA-RED
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Figure 12

VERMONT 1 91 ROAD STUDY -
CHANGES IN HYDROGEN ON ALPHA CARBON BY N.M.R.
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Figure 13

VERMONT I 91 ROAD STUDY -

TRANSVERSE CRACKING FREQUENCY
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Figure 14

VERMONT I 91 ROAD STUDY
PICTURE OF ROAD SURFACE SHOWING TYPICAL
TRANSVERSE CRACKING PATTERN

February 4, 1971 5°F +

Guilford-Vernon-Brattleboro I 91-1 (37)

Picture taken in area of delineator 10/85 SB
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Figure 16
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Figure 17

VERMONT | 91 ROAD STUDY - ANDERSON AND

SHIELDS TRANSVERSE CRACKING FORMULA

(Data Plotted From Table 10)
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Number of Transverse Cracks Per Mile

Figure 18
VERMONT | 91 ROAD STUDY -
CALCULATED MODULUS OF STIFFNESS OF ASPHALT
CONCRETE VERSUS TRANSVERSE CRACKS PER MILE

8-Yr Pavements - Canada Per Mcleod
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‘Figure 20

VERMONT I 91 ROAD STUDY - RELATIONSHIPS BETWEEN
MODULI OF STIFFNESS OF ASPHALT CEMENTS AND OF
PAVING MIXTURES CONTAINING THE SAME ASPHALT CEMENTS
(Based on Heukelom and Klomp)
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Figure 21

SUGGESTED MODIFICATION
OF HEUKELOM'S AND KLOMP'S VERSION OF
VAN DER POEL'S NOMOGRAPH FOR DETERMINING MODULUS
OF STIFFNESS OF ASPHALT CEMENTS (AETER McLEOD)
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Figure 22
SUGGESTED MODIFICATION
OF HEUKELOM'S VERSION OF PFEIFFER'S AND VAN DOORMAL'S
NOMOGRAPH FOR RELATIONSHIP BETWEEN PENETRATION,
PENETRATION INDEX AND BASE TEMPERATURE (AFTER McLEOD)
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Figure 23

VERMONT | 91 ROAD STUDY - NOMOGRAPH FOR PREDICTING
LOW-TEMPERATURE CRACKING FREQUENCY
OF ASPHALT PAV&ZN\EN 1
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KINEMATIC VISCOSITY AT 275°F - CENTISTOKES
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VERMONT | 91 ROAD STUDY -

SUGGESTED MODIFICATION OF
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Figure 26A

AX1AL CREEP STRESS AND STRAIN VS. TIME
RELATIONS FOR VISCOELASTIC BURGERS MODEL
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TYPICAL MECHANICAL CONDITIONING--AXIAL CREEP STRAIN UNDER
REPEATED LOADING FOR ASPHALTIC CONCRETE FIELD CORE
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Complex Modulus, E* x 104 psi/in/in

86

Figure 38

Complex Modulus Versus Frequency for Asphaltic
Concrete Field Cores at 41°F
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. Figure 39

Complex Modulus Versus Frequency for Asphaltic
Concrete Field Cores at 779F

14.0 . Test Temperature 77°F

Complex Modulus, E* x (104) , psi/in/in
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Temperature Shift Factor
Log ar
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Figure 44

Log an Versus Temperature
for Asphaltic Concrete Field Cores
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Figure 45
Variation of Modulus of Elasticity with the Age of Field Cores
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Figure 46

Variation of Unconfined Compressive Strength
with the Age of Field Cores
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September 1970 December 1970 August 1971
il { g , |
B~1 B-2 B-3

Field Core Batch Numbers
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Figure 50

TYPICAL VOIGT MODEL FOR ASPHALTIC
CONCRETE BATCH B-1 AT 41°F

Model Co:efficients From Table 22

Y. i
JO = Eo 33,000 psi
44,500 = )\ll_-:J % E, - éc'l“ = 44,500 psi
psi - Sec. 1
7,300,000 - X, | -] 1 ,
psi - Sec. 2 EZ = @; 730, 000 psi
5,880,000 = X, || | 1 .
osi - Sec. E3.= 63_ = 58,800 psi
10,080,000 = A, =] L ~
[ [] 4 E = 108, 000 DSE
psi - Sec. 4 Cd

E, |
a . - il l 4 E. 1
W | i C,
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TABLE 13

CREEP COMPLIANCE OF ASPHALTIC CONCRETE

TIME
(SEC)

DTN O

15
30
50
100
200
400
600
900

FIELD CORES AT TEMP = 41°F

CREEP COMPLIANCE J;, X 10”0 1/psi

4

Road Core Batch Number

5.62
5.95
6.41
6.76
7.14

o O

.85
.18

46

.75
.88
17
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TABLE 14
- CREEP COMPLIANCE OF ASPHALTIC CONCRETE
J FIELD CORES AT TEMB = 77°F
TIME CREEP COMPLIANCE J, X 10721 /psi
z (SEC)
1 2 3
A 0.5 4.17 4.08 3.81
1 5.56 5.74 4,51
-y 2 9. 52 8.13 5.18
-4 '3 10.75 8.19 5.68
5 11.43  9.71 6. 54
3 10 11.90 10.75 7.63
- 50 13.33 11.76 9.09
100 13.81 12.19 9.61
3 200  14.18 12.66 10.
e 400 14,77 12.98 10. 64
600 15.01 13.33 10.99
900 15.34 13.69 11.36

§ | | 101
R



TABLE 15

CREEP COMPLIANCE OF ASPHALTIC CONCRETE
FIELD CORES AT TEMP = 104°F

é

TIME _g '
(SEC) CREEP COMPLIANCE J, X 10 1/psi
1 2 3
0.5 10. 00 8. 44 8.55
1 17.86 12.69 10.52
2 19.30 15.27 13.16
3 19. 61 16.02 14.28
5 20. 00 16.53 14.56
10 21. 00 17.15 15.72
15
30 ‘ 22. 32
50 18.31 17.15
100 23.58 19.27 17.73
200 24.33  20.04 18.59
400 25.13 20.83 19.45
600 25. 44 21.14 19. 61

900 25,71 21.83 19. 88
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TABLE 16

CREEP MODULUS OF ASPHALTIC CONCRETE FIELD
CORES AT TEMP = 41°F

TIME (SEC) CREEP MODULUS E, X 104 psi

1 2 3

0.5 3.3 3.20 3.3
1 2.8 2.85 2.67
2 2.36 2.50 2.49
3 2.33 2.37 2.47
5 2.21 2.33 2.39
10 2.12 2.13 2.30

30 2. 00

50 1.99 2.06
h ? 100 1.78 1.75 1.93
} : 200 1.68 1.83
400 1.56 1.56 1.74
600 1.48 1.70
900 -+ 1.40 1.41 1.62

103
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TABLE 17

s it i e

CREEP MODULUS OF ASPHALTIC CONCRETE FIELD
CORES AT TEMP = {7°F

TIME (SEC)

100
200
400
600
900

CREEP MODULUS E _ X 10%psi

1

2.40

1.80

1.05
.93
. 875
.84
.75
124
.705
. 677
. 666
.652

2

2.45

1.74
1.23
1.22
1.03
.93
.85
.82
.79
7
.75
.73

Bt et ot et b ek DND B

3

. 620
.215
.93
.76
.53
.31
.10
.04
.98
.94
.91
.88




TABLE 18

CREEP MODULUS OF ASPHALTIC CONCRETE FIELD
CORES AT TEMP £ 104°F

TIME (SEC) CREEP MODULUS E _ X 10%psi
1 2 3

0.5 | 1.00 1.184 1.17

1 .56 .788 .95

2 .518 .855 .76

3 .510 . 624 .70
5 .50 .605 . .686
10 .476 .583 . 636

30 . 448

wig 50 .546 .583
ik 100 , 424 .519 .564
200 .411 .499 .538
400 . 398 . 480 .514
600 . 393 .473 .510
900 . 389 .458 .503

»»»»»»»»»
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TABLE 20

Temperature T = 77°F

Dynamic Modulus Data Obtained by using MTS Testing System

é

Frequency, ¢ E*x104, psi

Cycles/Second B-1 B-2 B-3
j

0.5 . 5.16 3.46 4.04
2.0 | 7.99 6.26 6.35
4.0 9.46 7.89 7.41
6.0 10.98 9.20 8.50
E 8.0 12,77 1'0.03% 9.12
10.0 - 13.61 10.26 9.61

Biaiad il
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TABLE 21

Temperature T = 41°F

Dynamic Modulus Data Obtained by using MIS Testing System

Frequency ' B* x 10‘%L‘psi
Cycles/Second B-1 B-2 B-3
i
0.5 10. 66 6.94 6.67
2.0 12.51 8.44 : 8.18
5.0 13.78 9.56¢ | 9.16
10,0 15.95 10,54, 10,18
; ; t
20.0 . 17.24 10.82é 10,67

!
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i
PEDHALY)
AL PHA(2Y
At DHA{ )
AL PHATLY

Ei

A1
=1 .N0000
=0,17220
=0,01000
=0.70100

FREQUENCY=

TABLE 22

VAL UIFS AF COEFFTCIFNTS

ey
c{2)
CUp)
Cia)

dononon

. 1
Bl = &1~
Ne?748990F~04
1,1372129F=-15
N1 701058F~N4
N, Q2328460NF-18

DYNAMIC MODULUS=

psi

cps

D.N0INN
0. NNGON
0.00700
©).01207
0.02000
" 0.06000
0.10000
N,20000
1,40000
"N, 60000
1.,0N000
2.07000
4, 00000
10. 00000
. 40.00000
100.00000

00 1494419F 405
Do 16416T1F+05
N, 1T377495405
0.1830R2277%05
D.?21195R6%+0%
0e220N904F 405
0.7238940F+05

0.2292549F 405

0,24N06365+05
Ne 25454 04F +05
0. 2894664F+05
0.3653316F+05
043015707405
0.4622029F+05
0.4691270F+05
0.4H952T9F+05

Viscoelastic Parameters and Dynamic Modulus Obtained from Creep Data for
Batch B-1 at 41°F
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TABLE 23

TVALUES NF_(QFFFICTENTS e T
a.=El : e ) 1

i T e . Bi = ..____,._..Cl

CArpHACY) =1.00000 CO1) = . 0.17849€3F-04
A PHAL?) =0.10000 Cl2) =  =0,7214707150-26
AU PHALR) =0,01000 - C{3}  0.207T654F~04
AL PHALAY =C,0N0100 Cl4) 0. 84084 TOF=-0%

TR B T

FREQUENCY= | DYNAMIC MODULUS=
cps ERERUREE psi '

0.,00100 L 0.1497329F4+05
7.20400 ST De164416554+05
 0.00700 » ' ' D.1T5T161F+05
TTp.01000 7 : ST AL I8T221 18405 ‘
NeN3IN0N Lo 0.2254404F+05
T NeNED00 e T T 0623624 TTF405
0, 10000 o 0e?3705R88F405
n.20000 T T T 0.2410316F405
T 0.40000 e 024985 T74F+05
ThyL.ehnngT L T, 2624873405
1.00000 - T 0,29204825+05
2,.,00000 : L De349RRALE 405
L 4eNNROD S T 0.3923738F+05
10.00000 © 7 " 0.4111544F+05
40, 00000 ' S NDe&15D292F #0N5 ,
100,60000 T 01525 14F405

Viscoelastic Parameters and Dynamic Modulus Obtained from Creep Data for
o Batch B-2 at 41°F
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TABLE 24

\FAY -; e 'r\r:‘ ! )(‘;FF; rf}f"(!‘;é', o ‘ o - -
» 4 . L] l
E1 : I o E1

- Tci

ai‘-?‘—x"—"l

ALPHATYT) =1.00000 AR De LAOEGRAT <N4
ALDUALDY =N, 10000 12y = NeAANGRTAF=05
ALPHA(3) =5,01000 {3y = Nel?71217E-04
A PHA4) =0, 0100 Cl4y = Ne5770406F 05
¢
FREQUENCY= ‘ * DYNAMIC MODULUS=
cps S : : psi
enoton L 0.16905785405
Ve TGO SRR Ne 1823 T33F+05
0. 00700 ST 0.19107895405
N.N1N00 o ' 0.19941 1AF 415
N.02000 R C D.22456T25405
D.06000 S  N,23331%592F4N5
110700 L 0,2395G98N5+05
N.2onND o 0. 2ARR5IEE4DS
0.4NNND . T 0.2604962F 405
3,6NN0n e s A T 0,2 73RA108405
L0000 T 0630366925405
2,n000 T T T DGB599830F 405
A.00000 T 0. AN0D0A6E+05
10.09900 R L 0.4173269F405
49,7300 0 042087147405
100, 00000 . 064210743 E405

Viscoelastic Parameters and Dynamic Modulus Obtained from Creep Data for
Batch B-3 at 41°F ‘ o
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Viscoelastic Parameters and Dynamic Modulus Obtained from Creep Data for '

112

cps

3

N. 00100
Vo YIROND
Ne NNTOD :
n.otoon -
N.N3000
Oo O(\OOO ‘
719703
Ne2nnN0
. 40000 o
A BN ON T
100000
2. N0non
A.0nn0n
10,0000
L3 .0)000
100, 00000

TABLE 25
VALNES AF CARTEICTRNTS S Eaa
. = B T S
i A S . L =T
ALPHECT) 2100000l Ol s N 1DT50F1F=0%
AL PHAL?) =0100N00 R o - I N 19426258k
A PHATRY =0,01000 3y = 00317621 1F-04
AP OHALAY) =0g00100 o GlA) 0, T7R440TF=05
[4

| DYNAMIC MODULUS=

psi

Ne 66ROAROFENG

0. 694R5R6F 404

C 0.825R504F 404

L 0.9131328F+04

0. 7159668F 404
0.7357336T N4
0o TIL5699F +04

0, RERAENIF+N4

L 0L,9R6064T NG

0 1NT4361F405 T
ChL2067TIIFROS
f ‘0¢9195087F&05,'j ”"

0.3161853F+06
0.5076927F+06 T

N. 13065445405

0. 3ROAERITH05H

Batch B-1 at 77°F




R YEIL:
0. = Ei
i A
MPUA(YY =1.090000

MPHALDY =01,

FREQUENCY=
cps

la . ’?O)
N 00400

n.oN7O0

Na 01000
N.0%000
Yo 26000
N.10000"
nL,2n0nn

Va aN000
Do hN00On T
To20000
2.0n00n

o4,00n00
L i Je ",‘nC'l‘
~?00.0n000

S NE CNEEETCTENTS

| EARARATS!

AUDHALRY =0,01000
MPHALAY =0,00100

TABLE 26

(‘(]) =
re2y =
SCrRy -
ci4y -

VR
El = Cl

i g

0 THST1) 297 - 04

Na2272740F=-04
0, 1927459E-04
Yo PRT3391E-05

DYNAMIC MODULUS*‘

psi

Do 75423237 404

DL.TR9T7S5S1F+n4

Ne RLASNTLFED4

0.,8353719%4+04

0.90280922E4n04
094615315404
0.907TABTF+04
1.1)82630C 415
D.1104A7554058

U0, 12921398805 T

0.1569277F+05

0. 24510585405

NVe42943TIF 405
© N.R05178TE+05
DL IL12176F+06

’*0.1141071r*na

Viscoelastic Parameters and Dynamic Modulus Obtained from Creep Data for
Batch B-2: at 77°F o
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TABLE 27

L. = _Ei
Y

A PHATTY =1,.00000 @
ALDRALDY =0,10000

MPHATRY =0 71050

AL PRATAY =0, 00100

Viscoelastic Parameters and Dy

114

 FREQUENCY=

cps

0 NGIOO
AP X by
N, 00700

C0.N1N00
N, N3INOD
N DEODO
ﬂo] ‘\’\‘{.‘17
0.7”000
Ne /00N
A, ARG
1.00000
2.,00020

4L, INO00 T

10.00N00
4,070
100600000

-
Ce2)
{39
Cl4a)

1 H

.1
Ei = —51

Ne?TABUPQF -NG

N TOBNAGE =04

Ne?3T2164F =006
N, T3R2HOF =NS

DYNAMIC MODULUS=

psi

N, 91558955404

0., 07370785404

0., 10185R6F+N5

0o L0622 TSEDS

0.17208661F+05

 0.13083BBE405 ’
v0al4325?3¢&0“

0,1654518E+05

N.18611865%05

01092405

N.2316623F405
0.2906N821F+05 -

. D.3520665F 405
U 0.38N02TALEHDS

U DLABKAPSOEHDS.

© 0.3867818E405

namic Moduius Obtained‘fromCreep Data for 4

Batch B-3 at 77°F




TABLE 28

_ FEi
oy Ai
AIPBALTY =1 ,00000

AEOHATDY =0 100

B PHATLTRY) =0.N1000

REDUATAY =0,00100

FREQUENCY=
cps

0.NN100 ;
NeNOAND - .
Ve INTL
N, 01000
N, N2AN000
N, AN
Ne 10000
n.ononn
N, 000D o
0. AANPN
1.07002)
7. 00000 - ‘
Al.0N00n
10, 00000
40.,00000
1373000

CULENES AF COEITICIENTS |

o

U 0.6N6ATITE4NG

BEi
c(1y) =
c(2Y =
ce3y -
4y =

DYNAMIC MODULUS=

psi

Da3945215F+04
0.406N1615404
D 41740867404

0,428241054+04

Je4603723854)4
0.4T6H43TF+04
0.49359972F+D4

5

- TcL

N, 1466160507
Do 2THRTT7E-114
Ne352976£15-04
N, 6THYCAGF-NG

Ne5713BALE+0G

- 06560259404

0.727N598F +04

T 0.10815172F405
De1646T2TESNS

Ne 22336817405

0024360236405 -
N.2449184F+05

Viscoelastic Parameters and Dynamic Modulus Obtained from Creep Data for
| . ‘Batch B-1 at 104°F | |
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TABLE 29
CUMUFS PF CNEFFICTENTS ~
= Bl e i B o=
% = X1 B iy
MPHACL) =1,00000 ~ C(1) = 0.1263357F-03 il
M PHA(?Y =0.10000 L2y = 0. 75741 996-05 as
AMPHAL3) =0,01000 —  C(3) = 0,36573618-04 -
ALPHALA) =0,00100 €4 ,= De1368442F-04 4
FREQUENCY= ~ DYNAMIC MODULUS=
cps A T psi
200103 T 0,473 T2E404
N.a0400 e 0.4973848E406
- 2e00700 | " D.515T129F 04 |
e ainon 05320621 F 04T
- N.03000 0.5819078F4+04
n. 06000 D.5972043F¥04 T
‘2-12282 ; - 0.6075562E404
N ; 0.6253637E404 T
74240207 ~ ‘ 0.6631621F+04
060000 i T 0. T159 T 0 w0 T T
1.00000 . . 0.8569668F434
1‘05582 ! 0.1275984E405 77
el 0.19504817+405
} ). 0007 0.2661863F4+05

40, 00000
100,n0000

' 0.2910451E+05 |
T 29T TAERDS T

Viscoelastic Parameters and Dynamic Modulus Obtained from Creep Data for

Batch B-2 at 104°F
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TABLE 30

VALUTS OF COEFFTCTENTS . o
' o, = Bl . . 1

i M Bl =
MBHATT) =1.00090 {1} NeRAD32BIF-04
ALPHEL?Y =0,10000 £e2) 0.2184064F-04
A PHA(3) =0.01000 €3

, S , 0.3%596010F=04
CALPHATA)Y =0.00100 Ciah Ne5770616F=05

oo

FREQUENCY= = ' . DYNAMIC MODULUS=
cps R psi

000100 T 0,51105T4F406
0.00400 L De5291949F 404 T
BB LE OV U DeB4ASRIEFHD4
N 01000 T T T 0.5675203F€04
7.032000 T 0,62505275406
Ve N6NDD o 0,65211T6FE4+06 T
C0.10000 . 0 0.6TBL832E+04.
-~ N.20000 T D.T192168F#04 T T
0.40000. . ' - 0.7706789F+04 =
S 0.60000 T T 0 B3 T6360 £ T
1272000 °° . D.9661801F+04
2.00000 T 0.13076915%05 0 T
407000 - 00167393R8E40% ,
10, 00000 | : S 0., 1896668F+05 7
4000000 . . 0.,194984TF405 -
10007900 e , 0., 1952989€%68

St Ly

T Y A R T e T

Viscoelastic Parameters and Dynamic Modulus Obtained from Creep Data for
‘ ' Batch B-3 at 104°F
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