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Abstract

There is a great deal of interest in the asphalt industry
concerning modified asphalts, or now commonly known as
engineered asphalts. Research programs conducted at the
University of Alberta have involved the evaluation of various
types of polymers added to conventional paving grade asphalt
cements in order to provide comparative values under high and

low temperatures common to Western Canada.

The primary objective of this research was to evaluate the
characteristics of conventional and polymer modified asphalts

provided by two different suppliers.

Two types of polymer modified agphalt samples and conventional
asphalt cements were obtained from different suppliers and
tested. Conventional physical tests were carried out to define
their rheological properties, and various temperature
susceptibility parameters were utilized in evaluating the

anticipated performance of these asphalts.

Laboratory evaluation tests have included indirect tensile
tests of asphalt concrete mixes at low temperatures ranging
from 0 C to =30 C together with re.wated load triaxial tests
at 25 C, 35 C, and 45 C. Some ofthe polymer modified asphalts
tested have been used to construct field trial sections on

urban and rural pavements in Alberta.



Observations based on these laboratory tests have shown that
polymer modified mixes generally exhibit higher failure
stresses, higher failure strains, and lower failure stiffness
at low temperatures down to -30 C, when compared with
conventional asphalt cements. At higher temperatures of up to
45 C the polymer modified asphalt mixes exhibit considerably
less permanent strain. It is expected that these
characteristics should enabls an asphalt concrete pavement
with a polymer modified binder to be more resistant to
thermally induced stresses at low temperatures and permanent

deformation due to traffic loading at high temperatures.
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CHAPTER 1.0

INTRODUCTION

1.1 Background

Low temperature transverse cracking and permanent deformation
are very serious and costly pavement distress modes found in
many locatiocns with relatively cold climates, especially in

Canada and the United States.

At low temperatures, transverse cracking of the pavement
occurs when the induced tensile stresses due to thermal
contraction exceed the breaking strength of the asphalt
concrete mix. At the initial stage, the cracking does not have
any significant effect on the pavements, but with time, these
cracks open and necessitate premature rehabilitation of the
pavements. For over twenty years, ongoing research has been
conducted at the University of Alberta, to evaluate the
characteristics of laboratory compacted and core specimens at

low temperatures.

Permanent deformation is the most common mode of pavement
distress; repeated load applications, causing consolidation
and lateral movement to occur, result in longitudinal

depressions in the wheel paths. The occurrence of permanent



2
deformation is the primary factor influencing the
serviceability of the pavements, including riding quality and
safety. Low serviceé.bility results in premature rehabilitation
of the asphalt concrete pavements. It is therefore very
important for engineers to understand the influence of
different mix properties on permanent deformation anc low
temperature transverse cracking, to minimize premature

rehabilitation needs.

In order to alleviate the problem of permanent deformation and
low temperature transverse cracking, the asphalt industry has
shown a great deal of interest concerning engineered or
polymer modified asphalts. Recently, various types of polymers
have been used as additives to alter the asphalt binder and
mix properties, thus improving their performance against both

permanent deformation and low temperature transverse cracking.

Because of this interest in polymer modification, a research
program was initiated to evaluate various types of polymers
added to conventional paving grade asphalt cements in order to
provide comparative data under both high and low service
teinperatures common to Western Canada. In order to predict the
performance of the polymer modified asphalts, emphasig was
placed on the methods used for evaluation of low ans high
temperature characteristics of asphalt concrete. Evaluations

were conducted on both polymer modified asphalts and



comparable conventional asphalt cements.

1.2 Objectives of The Thesis

The primary objectives of this thesis are:

1. To determine the rheological properties and temperature
susceptibility of conventional and polymer modified asphalt

cements.

2. To evaluate the low temperature performance in the
laboratory of conventional and polymer modified asphalt

cements.

3. To evaluate and compare the low temperature tensile
characteristics of conventional and polymer modified asphalt

concrete mixtures, utilizing indirect tensile test method.

4. To evaluate and compare the permanent deformation
characteristics of conventional and polymer modified asphalt
concrete mixtures, utilizing repeated load triaxial test

method.

5. To present practical recommendations for application of
asphalt concrete mixtures with conventional and polymer
modified asphalts, to minimize low temperature cracking and

permanent deformation.



1.3 Research Approach

The research program was divided into two parte, the first
being a review of literature discussing asphalt additives used
to improve performance of pavements in Canada and, more
specifically, Alberta. The second part consisted of laboratory
testing of selected conventional and polymer modified asphalts
in order to determine their low temperature tensile and

pernanent deformation characteristics.

1.4 Experimental Program

Samples of conventional and polymer modified asphalts were
ob:ained from Husky O0il Ltd. and Imperial O0il Ltd
respectively. Conventional physical tests were conducted on
asphalt cement samples to define rheological properties and
temperature susceptibility parameters of the binders. These
properties were then utilized in evaluating the low

temperature characteristics of these asphalt cements.

In addition, the following tests were conducted to evaluate
the characteristics of conventional and polymer modified

asphalt mixes at both low and high temperatures:

1.4.1 Indirect Tensile Test
Indirect tensile tests were utilized to evaluate the low
temperature tensile characteristics of the mixes. Twenty-four

specimens, having a nominal height of 64 mm and diameter of
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102 mm were fabricated using each asphalt cement, according to
the procedure given in Asphalt Institute Manual Series MS-2.
A California Kneading Compactor was used. This enabled a
replication of six specimens for each test temperature of 0 C,
-10 C, -20 C, and =39 C. These tensile properties obtained in
these tests were utilized in evaluating the low temperature

behavior of these asphalt concrete mixtures.

1.4.2 Repeated Load Triaxial Test

Repeated 1load triaxial tests method were performed at
temperatir"s of 25 C, 35 C, and 45 C in order tc evaluate
permanent deformation characteristics of asphalt concrete
mixtures at high temperatures. Eighteen cylindrical specimens
having 204 mm height and 102 mm diameter, were fabricated from
each asphalt cement sample, using the California Kneading
Compactor. The resulting data was used in evaluating the high

temperature behavior of these asphalt concrete mixtures.

1.5 Organization of The Thesis

The thesis is divided into eight chapters and five appendices.
‘“ter 1 presents the background to this research, the

stives of the thesis, and the research approach used.

Chapter 2 presents a literature review of readily available
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selected asphalt additives, in Canada and the United States.

Chapter 3 describes the use of polymer modified asphalts in
several test sections of the rural highway system and three

major cities in Alberta.

Caapter 4 describes the problems associated with low
temperature cracking of asphalt concrete pavements, and

temperature susceptibility parameters of the asphalt cements.

C:apter 5 discusses the experimental program used in this
iesearch, including methods of evaluating the component
materials in the laboratory. In addition, the results of the
physical tests on asphalt cement samples used in this
particular research are presented. This chapter also presents
expected low temperature characteristics of these asphalt

samples by means of Bitumen Test Data Chart (BTDC).

Chapter 6 contains a brief description of the indirect tensile
test method. The chapter also presents and discusses the
results of these tests, which are used to determine the low
temperature tensile characteristics of asphalt concrete

specimens prepared with conventional and polymer modified

asphalt cements.

Chapter 7 presents the background on permanent deformation and
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CHAPTER 2.0

LITERATURE REVIEW ON SELECTED ASPHALT ADDITIVES

2.1 Background

Asphalt has been successfully used without additives in the
construction of flexible pavements. Nevertheless, the idea of
using additives in asphalt to improve its performance has been
around for a long time. With the increase of road
transportation, and consequent demands for higher quality
roads, the enhancement of road performance is becoming more
important. According to Zanzotto et al. (1), the first patent
for a polymer modified bituminous material was granted in
1823. Practical application of modified asphalt began in 1901,
when the "Societe du Pavage en Asphalt Caoutchoute" was
established in France. The first road with rubber modified
asphalt was built in Cannes in 1902. The "Rubber Roadway Ltd."
Company was established in Great Britain in 1915. Before the
Second World War, asphalts were modified with natural rubber;

they were reported to have performed well.

After the Second World War, the development of synthetic

macromolecular materials, such as plastics and artificial

rubbers, provided a great potential for asphalt modification,

and testing of many of these new materials began, mainly in

Europe, North America and Japan (1). The testing and use of
8
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additives remained fairly low until the early 1970’s, when the
price of asphalt escalated dramatically due to the o0il
embargo, causing problems in asphalt pavement construction
(2) . The high cost of asphalt in Europe made it more realistic
to consider modification of asphalt. Since this time, great
strides have been made in +the development of modified

agsphalts, most notably in France and Austria.

Recently, the paving industry in North America has gradually
shifted from high volume new construction to maintenance and
resurfacing of the established roadway network (2).
Encouraged by the European success with modified asphalts for
these applications, several North American institutions and
agencies have initiated large scale research programs to
investigate asphalt additives. In Canada, in 1979, the Metro
Toronto Department of Road and Traffic sponsored an
investigation into pavement modification with scrap rubber,
which was followed up by a similar project at the University
of Toronto, sponsored by the Ontario Ministry of Trans-
portation (3). In the USA, the National Strategic Highway
Research Program (SHRP) allotted 10 million dollars in 1986
for research in this area over the next ten years (4). SHRP
contract A-400 for 3.0-3.5 million dollars was called for
fiscal year 1989. It was proposed to focus research on
identifying modifiers which are economical and broadly
marketable (5).
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Reasons For Using Additives

The characteristics of asphalt cement and asphalt concrete
pavement mixes ehange with temperature. Usually at low service
temperatures asphalts become brittle, facilitating cracking of
the pavements due to thermal contraction and frost heave. This
is a major cause of pavement distress in regions having cold
climates. At high service temperatures, the asphalt cement
viscosity decreases, and loses most of its elasticity,
resulting in excessive rutting (6). With the passage of time
the asphalt continues to age, becoming less flexible. Combined
with heavy traffic, this can cause ravelling, a gradual
degradation of the asphalt surface, resulting in the loss of
aggregate with fines. Table II-1 gives the major problems
associated with asphalt pavements in Canada as identified by

a major user agency group (7).

Epps (4) has stated that, in recent years, these problems have
been compounded by: 1) a rise in the price of asphalt, 2) a
general belief that asphalts have become more variable and
their quality has declined, 3) an apparent higher incidence of
reported placement difficulties and excessive permanent
displacement under traffic loads, and 4) higher demands placed

on pavements now than in the past.

According to Alberta Transportation figures, the price of

asphalt cement reached a peak in 1985, of just over $300



TAELE II-1 MAJOR PROBLEMS REPORTED IN CANADA AND
THEIR EXTENT (AFTER REF 6)

11
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per tonne, over 8 times the price in 1971 (8). The increased
price of asphalt makes the high cost of the modifiers, in
return for longer pavement life more attractive, but all of
these factors have contributed to a general increase in

interest in the use of additives with asphalt.

According to Terrel et al. (2), the technical motivation for
modifying asphalt was bh&sed on two principle concerns of the
user agencies, namely: 1) durable maintenance, and 2) pavement
strengthening. Haas et al. (7) gives justification for using
an additive as being 1) solve pavement problems such as
rutting and cracking, and 2) achievement of economic,

environmental, energy, and performance benefits.

2.3 Types Of fdditives Available

An asphalt cement additive is a material which would normally
be added to the asphalt either before, or during, mix
production, to improve the properties of the resulting binder
or mix. An ideal additive for asphalt cement would have the
following characteristics: 1) higher stiffness at high
temperatures, to reduce rutting and shoving, 2) lower
stiffness at low temperatures, to reduce cracking, 3) lower
stiffness at processing temperatures, to expedite spraying,
pumping, mixing, and compaction, and 4) improved adhesion of
asphalt to aggregate in the presence of water and water vapor

to reduce stripping (9). According to Little (10), an additive



13
that will increase mixture stability or reduce rutting will
most likely decrease mixture flexibility or increase the
probability of cracking. An additive capable of lowering the
temperature susceptibility of the binder, or more importantly
the mixture, may be expected to control both rutting and
cracking. In addition, the ideal additive should also control

age hardening and moisture susceptibility of paving mixtures.

Asphalt additives can be divided into the general categories
of plastomers, elastomers, metal complexes, extenders,

fillers, fibres, and antistrip agents.

Plastomers are polymers (long chain molecules) that exhibit
plastic behavior at asphalt pavement service temperatures (1).
Plastomers work by introducing a secondary structure to the
asphalt, which increases its strength by taking up the load
once the asphalt has deformed excessively. Typical examples of

plastomers are polyethylene and polypropylene.

Elastomers, also polymers, include 1) pure natural rubber, 2)
synthetic rubbers (e.g Styrene-butadiene and neoprene) usually
in thq form of latex emulsions, and 3) reclaimed rubbers, a
blend of natural and synthetic rubbers in a vulcanized form
obtained from scrap tires (11). They work in much the same
manner as plastomers, with the added benefit that their

strength increases with strain, and they have the ability to
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ability to recover from strain to varying degrees (12).
Natural rubbers are thermoplastic; they havz linear molecules,
which tend not to have sufficient strength for most
applications. For this reason natural rubber molecules are
often cross-linked, or vulcanized, which makes them stronger
but causes them to lose their ability to liquefy at high
temperatures (1). Synthetic rubbers are solids (as are
vulcanized rubbers) at low temperatures; however, this is
caused by vitrification and thus is due to physical, not
chemical forces. Therefore, they liquefy and flow at high

temperatures.

According to an article in Better Roads (11j, metal complexes
are chemical compounds consisting of a metal ion linked to an
organic compound. They are used mainly as anti-strip and
oxidant/antioxidant agents. The commercial product
schemcrete", is a complex of manganese and organic acids which
catalyses the oxidation of asphalts causing rapid hardening in
the pavement. Extenders are inexpensive substances that are
added to the mixtures to replace some of the asphalt, thus
reducing the cost of the binder, without sacrificing
performance. Sulphur was used as an extender prior to 1970,
until the cost of sulphur relative to asphalt increased

dramatically.

Fillers add stability to a pavement by helping to fill the
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voids between the pieces of aggregate. Carbon black fillers
consist of 97 percent pure carbon, with flux cil added. Fibres
are added to improve the integrity of the asphalt and are used
extensively to reduce reflective cracking. Before its health
risks became apparent, asbestos fibre was commonly used for
asphalt modification. Antistrip agents improve the &dhesion
between the binder and the aggregate. Lime and portland <ement
are common antistrip agents, with lime generally considesiad to

be the most effective.

Any additive can have several positive effects on asphalt
properties, and any improvement sought can be obtained from
one of several additives. When using an additive to lower the
temperature susceptibility, a softer than usual asphalt should
be used (13). The soft asphalt provides flexibility to the
mix, reducing the cracking potential at low temperatures; the
additive increases the viscosity at high temperatures to

reduce the potential for permanent deformation.

2.4 Additives Used In Canada

In Canada, the study of asphalt cement additives and extenders
was initiated in 1981, under a Roads and Transportation
Association of Canada research program (14). The major types
of additives available and used in Canada (onn trial basis, in
research studies, or in regular projects) include:

antioxidants, antistripping agents, polymers,recycling agents,
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2.4.1 Sulphur Modified Asphalt

The addition of elemental sulphur to bituminous mix formula-
tions had received the widest interest of the transportation
agencies, due to the existence of a major market for sulphur
asphalt and a sharp upward trend in the cost of Dbitumen
binder in the 70’s (15). Also, with regards to the physics of
elemental sulphur, its incorporation in a continuous phase in
bituminous paving mixtures minimizes problems such as thermal

shock and creep.

Different approaches have been proposed and nsed for the
incorporation of sulphur in paving mixes. The most promising
method is sulphur asphalt, or sulphur-extended asphalt
mixtures. The first trial project was constructed in North
America, at Port Colborne Ontario in 1974 (16). Two more
comprehensive sections were constructed at Blue Ridge and Wind
Fall, in Alberta, later that year (17). By the early 1980’s,
23 more projects had been constructed in North America,
Europe, and the Middle East using the Gulf Canada Limited
asphalt process technology (16). Sulphur to asphalt ratio
ranges from 30/70 to 40/60.

The results of several studies (Gulf 0il Canada, Shell Canada
and Pronk of Calgary) suggest considerable savings attained
through the use of sulphur-extended asphalt, as well as

increased strength of the finished product. The use of sulphur
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asphalt binder resulted in major improvements to the

properties of mikes made with low quality aggregates (16).

Results from low temperature experiments indicate that the
stiffness is significantly affected by the penetration grade
of the asphalt used. Therefore, it is the nature of the
asphalt cement in sulphur asphalt binder which controls the
low temperature cracking potential of the binder. In fact, the
ability to use a softer asphalt when using sulphur can
substantially improve the low temperature properties of the
mix. A number of performance benefits can be achieved by the
use of sulphur asphalt: thickness reduction due to increased
stiffness, resistance to water, improved resistance to damage

from fuel spillage, and use of low quality aggregate.

During the paving seasons of 1979 and 1980, several test
sections on different roads in northern British Columbia were
paved, using sulphur-extended asphalt. It was fouand that the
presence of sulphur in the binder resulted in increased
resistance to compaction and quicker setting up of the exposed
surface of the mat (18). A pavement evaluation on a lumber
haul road showed rutting in the wheel paths to be less for the
sulphur-exténded asphalt although sulphur-extended surfaces

did not seal as well as surfaces utilizing regular mixes.



18
Sulphur is beneficial provided it remains in the liquid state

during the compaction, but the liquid also produces vapours.
In 1964, Shell Canada developed "Thermopave", which enabled
the utilization of low quality aggregates (16). The crew
exposed to the sulphur-extended asphalt experienced varying
degrees of eye, throat, and chest irritation due to the
presence of elemental sulphur vapor. Sulphur-extended asphalts
are no longer being used as the cost of sulphur, compared to

asphalt is no longer economically feasible.

2.4.2 Short Asbestos Fibre

The use of asbestos in connection with materials used in
pavement construction is not new (19). Asbestos uniqueness is
in the fineness of its ultimate fibre size, which accounts for
its high flexibility and allows for microscopic dispersion in
the mixture. Another pertinent property of asbestos is its

heat stability.

Simulated long-term traffic compaction tests performed at the
Asphalt Institute show the ability of asbestos to maintain
long-term stability (9). Flexural tests indicated that by
controlling the asbestos content, the rigidity of an asphalt
pavement is greatly increased under initial loading and at the
same time the ability of the pavement to deflect before
cracking is improved (19). The addition of short asbestos

fibres effectively maintains the structural integrity of the
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asphalt film exposed at the surface of the pavement for an
indefinite period of time. Asbestos hag also been used as a
mineral filler in asphalt paving mixtures. It reduces the
maximum density of the mix, increases the voids in mineral
aggregate, increases the asphalt requirement to achieve maxi-
mum stability, and reduces the degree of ravelling and wear
(20). Despite these advantages, asbestos is no longer used

because it has been shown to be carcinogenic.

2.4.3 Rubberized or Latex Modified Asphalt

Styrene-butadiene rubber (SBR) is the type of material which
has been most widely used in North America to date, although
chlorobutadiene~-1 and neoprene have also been used to a lesser

degree (21).

Addition of a small quantity of rubber usually produces the
following changes in the asphalt: increases high temperature
stability, improves low temperature flexibility, improves
adhesion of the asphalt to {he aggregate, and retards
oxidation of the asphalt (21). When rubberized asphalt is used
in a surface treatment, it minimizes the pavement tendency to
bleed (22), i.e the formation of excessive asphalt on the
surface. Better sealing of an existing surface results in
correspondingly greater resistance to weathering. There is
less loss of aggregate with rubberized asphalts than with

conventional asphalts. Due to high surface tension and
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viscosity, rubberized cut-back asphalts do not set up as fast

as conventional cut-backs.

The styrene-butadiene rubber latex finds application in both
dense-graded and open-graded mixes. The latex is added to the
denser graded mix primarily to raduce rutting and shoving,
improve ageing, increase flexibility, and give better adhesion
of the asphalt to the aggregate (21). Styrene-butadiene latex
modified asphalt has a higher viscosity at high temperatures,
which minimizes rutting and bleeding, and higher penetration

at low temperatures which contributes to a reduction of

cracking (23).

Rubber is used in emulsion crack fillers to give asphalt
increased ductility and adhesion, allowing the asphalt to
deform with changes in temperature without cracking. It also
gives the product the adhesion properties necessary to stick
to the walls of the crack (22). Rubber is added to tack coat
emulsions to improve the adhesion of the product. These
modified emulsions outperform the conventional emulsion tack
coats on difficult-to-tack surfaces, such as Portland cement.
Thé special rubbery quality, including greater surface tension
and higher viscosity, requires the use of somewhat higher

application temperatures than those ordinarily specified for

conventional asphalts.
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2.5 Polymer Modified Asphalt
The term polymer can be applied to many structures, each of
which has its own chemical properties (24). Polymers may be
adhesive or non-adhesive, rigid or flexible, depending upon
the chemical structure of the molecule. Obviously, many of

these are inappropriate for asphalt modification.

According to Zanzotto et al. (1), polymers can be identified
according to three principal formulation reactions: 1)
polymerization, in which the main molecular chain contains
carbon atoms, 2) polycondensation, in which the main molecular
chain also contains atoms other than carbon, for example:
oxygen, nitrogen, and sulphur, and 3) polyaddition. Different
types of polymers have been discussed previously under types
. of additives. In order to claésify the various polymer
modified macerials used for the hot mixes, Figures II-1 to
II-3 are presented. An attempt is made to relate the generic
names to the several commercial products available and their

anticipated performance.

2.6 Expected Improvements of Asphalt Properties

Improvements in the physical properties of binders and pavi. :
mixes produced by the addition of polymers, include t
following: 1) increased adhesion and cohesion, 2) impe:

resistance to fatique, 3) improved temperature sus-
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POLYMER MODIFIED ASPHALT

Synthetic latex

Polychloroprene Styrene - Butadiene
rubber (SBR)
PROPRIETARY NAMES PROPRIETARY NAMES
Downright
—Neoprene Polysar
excrete
PERFORMANCE Ultrapave
—Increased elasticity, cohesion  PERFORMANCE
L— Decreased temperature Increased flexibility &
Susceptibility cohesion

Decreased temperature
susceptibility

FIGURE II-1 SUMMARY OF THE CHARACTERISTICS OF ASPHALT
MODIFIED WITH SYNTHETIC LATEX



POLYMER MODIFIED ASPHALT

Block copolymers Fibers
| ) 1
Styrene-Butadiene-Styrene Asbestos Polyester
(SBS) (Bonifer)
PROPRIETARY NAMES Polypropylene
(Fiberpave)
~———— PERFORMANCE -
—Cariflex
—Buroprene Increased resistance to
—Finaprene reflective cracking
—Kraton
Improved resistance to

PERFORMANCE permanent deformation

Improved resistance to
Permanent deformation

Decreased temperature
susceptibility

Improved flexibility

FIGURE II-2 SUMMARY OF CHARACTERISTICS GF ASPHALT
MODIFIED WITH BLOCK COPOLYMERS & FIBERS

23
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POLYMER MODIFIED ASPHALT

Plastics

Polyethelene/ Ethylene-vinyl- Ethylene-propylene-
Polypropylene aceTate rubbers (EPDM)
PROPRIETARY NAME PROPRIETARY NAME

Novophalt Esso-EVA PERFORMANCE

Improved resistance to

PERFORMANCE permanent deformation
Increased stability Decreased temperature
stiffness modulus susceptibility

Improved resistance to
permanent deformation

PERFORMANCE
Improved resistance to permanent deformation

Increased modulus

FIGURE II.3 SUMMARY OF CHARACTERISTICS OF ASPHALT
MODIFIED WITH PLASTICS
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ceptibility which is the rate at which the consistency of an
asphalt cement changes with the temperature, 4) increased
modulus, 5) increased resistance to rutting, and 6) increased
durability (24). Other improvements include: improved elastic
creep response, and increased wet mix strength (3), as well as
increased stability, and the capability for placement in a
very thin lift (1).

The addition of carbon black lowers the temperature suscep-
tibility of asphalt pavements, by increasing the ability of
the mix to resist deformation at high temperatures, while
leaving the low temperature response unaffected (25). It has
been shown to increase the fatigue life of the pavements in
both hot and cold climates. The increased resistance to
abrasion, increased protection from ultra violet radiation,
and inhibition of oxidation are other claimed benefits (10) of
carbon black addition. Extensive field trials in the USA
indicate that although performance is» satisfactory, high costs
make the use of carbon black justifiable only in situations

where very high stabilities are required (4).

In maintenance and repair situations, modified binders are
more versatile than conventional binders. Zanzotto has
reported that, in fine surface mix, the actual asphaltic
cement content can be reduced by 1 percent (1) thus reducing

the increased cost of binder. When high quality construction
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methods and aggregates are used with modified asphalts, longer

service life can be achieved, further reducing the costs (2).

The experiences gained by constructing test sections has
indicated that with most additives, standard mixing and
compacting methods and temperatures are acceptable (1,5). The
increase in the wviscosity of polyethylene-modified asphalts
indicates that 1longer mixing times and/or increased

temperatures are required (3).

Laboratory test results on asphalts containing fibres (10)
indicate that they provide increased resistance to reflective
cracking. This has been confirmed by field tests in Vermont
USA where the use of Fibrepave polyethylene fibres resulted in

only 9 percent reflective cracking compared to 31 percent in

control sections.

2.7 How Polymers Work

According to 2Zanzotto et al. (1), to achieve the goal of
improving asphalt properties the polymer must create a
secondary network in the asphalt in order to serve as an
asphalt reinforcement. To achieve this purpose the polymer
must create a fine dispersion in asphalt. The polymer
concentration in the asphalt is 7 to 10 percent. These
quantities are considered high for the modification of road

asphalts, where the quantities of the polymer range between 3
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to 6 percent.

Plastomers are polymers that express plastic behavior marked
by irreversible deformation under load. They generally
increase the cohesion properties, but contribute less to the
modification of asphalt temperature susceptibility, at both
low and high temperatures. They are added in higher quantities
and they contribute significantly to increase in asphalt
viscosity, consequently requiring higher temperatures for
mixing and compaction. Their compatibility with asphalt is

often poor.

Elastomers generally contribute more to the modification of
asphalt temperature susceptibility, at both low and high
temperatures; in addition, elastomers increase elasticity, and

improve resistance to fatigque.

A recently developed speciality elastromer is the
styrene-butadiene-styrene block copolymers. These exist in two
separate phases at typical service temperatures. The
three-dimensional network consists of hard spherical
polystyrene domains in a rubbery matrix (6). The polystyrene
domains act as physical crosslinks, which give streingth to the
system, with the rubbery network imparting elastic properties

to the binder at lower service temperatures.
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2.8 How Polymers Are Incorporated
There are three options available to incorporate polymers into

asphalts:

In the first option, the modified asphalts may be prepared by
auxiliary equipment at the site of the asphalt plant.
Additional equipment and qualified personnel are required to

service equipment for on-site incorporation.

A second option is through injection of latexes, directly into
the mixing drum. This requires asphalt plant modificaticn;
extreme care must be taken in spraying the latex evenly into
the asphalt mix. Intimate dispersion of polymers with asphalt

binder can be extremely difficult.

The third option used is premanufactured polymer modifiec
asphalt; no asphalt plant modifications are necessary. Many
major asphalt suppliers are actively involved in research and
production of premanufactured polymer modified asphalts. This
method allows optimum conditions for modified asphalt
production, with a high level of control. The manufacturer

guarantees the constant quality of the product.

One very critical parameter, which is vital to any of the
above methods used to incorporate polymers, is that of

compatibility. Moran (26) defined compatibility to include
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mixtures which are thermodynamically immiscible but, because
the phases resist complete separation the blended components

form a stable continuous phase relative to each other.

The best performance of polymer modified asphalts during the
service life of the pavements can be achieved when there is a
fine dispersion of the polymer in asphalt. Moran (26)
concluded that it is essential to achieve good dispersion
stability in order to guarantee adequate high temperature
storage stability. Adequate polymer dispersion and a polymer
network structure in the asphalt are essential to obtain
high-performance asphalts. The key to maintaining optimum long
term performance is compatibility between the polymers and the
asphalt. Incompatibility can lead to early failure during
service due to premature ageing and loss in consistency

properties.

2.9 Physical Properties of Polymer Modified Asphalt

Generally, the addition of polymers results in lower pene-
tration, highér absolute viscosity, increased ring-and-ball
softening point, increased low temperature ductility which
reflects greater elasticity, improved age hardening charac-
teristics, and higher penetration viscosity number (1). The
physical propertj.es of the two polymer modified asphalts used
for this research shall be discussed in detail in Chapter 6.
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CHAPTER 3.0

USE OF POLYMER MODIFIED ASPHALT IN ALBERTA

3.1 Introduction

Several test sections have been constructed, by Alberta
Transportation and Utilities, on rural highways in Alberta
using different polymer modified asphalts. Also, many trial
sections have been constructed on urban highways, in several
cities of Alberta, using polymer modified asphalts. This
chapter briefly discusses the test sections constructed on
rural and urban roadways of Alberta, using different polymer

modified asphalts.

3.2 Test Sections Constructed on Rural Highways in
Alberta Using Polymer Modified Asphalt

In 1986, Imperial O0il Ltd. and Husky Oil Ltd. requested
Alberta Transportation and Utilities to construct short test
sections using their polymer modified asphalts (1). The Husky
polymer modified asphalt was said to be significantly less
temperature susceptible than the current "A" asphalt grades
used in the Province of Alberta (2) which should result in
less pavement rutting at high temperatures and transverse
cracking at low temperatures. Figure III-1 shows the current
specifications of Alberta Transportation and Utilities.
Because of stability problems the polymer
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modified asphalt supplied by Husky 0il Ltd. required it to be
delivered in a specially equipped tanker with hydraulically
driven impéllers to provide constant agitation. Recommended
mixing and compaction temperatures for these asphalts were 165

C and 145 C respectively.

The Imperial product, referred to as Esso Engineered Bitumen
or EB, was reportedly able to offer increased resistance to
high temperature pavement rutting. No claims were made for
superior low temperature performance. However, Imperial O0il
Ltd. indicated its performance to be at least as good as that
of "A" grade asphalts (1). No special handling was required,
as the modified polymer was considered to be compatible with
their base asphalt and thus would not settle out. Imperial
polymer modified asphalt has the ability to be successfully
placed under colder weather conditions than those necessary

when placing conventional asphalts.

Both companies indicated that, by using their specific
polymers and formulations with their base asphalts, different
polymer modified asphalt products could be produced that would
meet specific performance and economic requirements. It has
been reported that Imperial Oil Ltd. designed their product to
resist high service pavement rutting, while Husky Oil Ltd. put
additional emphasis on the control of low temperature induced

transverse and reflective cracking (1).
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In 1986, Alberta Transportation and Utilities constructed two

test sections using Imperial Oil Ltd. samples and one using a

Husky Oil Ltd. sample (1). The test sections selected were as

follows:

Highway 41:20

Highway 41:20 north of Vermillion from Junction Secondary road
631 to the Junction Highway 45 W, was selected as the best
available project due to its proximity to the Husky
Lloydminister refinery and moderately high truck traffic. The
pavement structure consisted of a 50 mm asphalt stabilized
base course on top of 180 mm soil cement, both layers
constructed in 1983. In 1986, an overlay of 50 mm asphalt
cement pavements (ACP) was placed on top of 150 mm recycled
asphalt pavements (RACP). The Husky polymer mbdified asphalt
mix was placed on the top lift of this 50 mm ACP overlay.

Highway 16:02

Highway 16:02, from the Junction of Highway 40 N to West of
Switzer Drive in Hinton, was one of the two selected for the
Imperial Oil polymer modified asphalt. It consisted of 130 mm
new ACP construction on top of 300 mm of granular base. The

polymer modified asphalt mix was placed on the top of this
130mm ACP.



37
Highway 2:36
Highway 2:36 was selected as the second project for the use of
the Imperial 0il polymer modified asphalt‘. The test section
was located from the north of Junction 37 to the north of
Junction Secondary Road 642, near Mournville. This project was

constructed with 130 mm ACP on top of a 300 mm granular base.

Both polymer modified asphalt products exhibited higher
viscosities than conventional asphalts of the same penetration
range. All polymer modified asphalt sections exhibited a
certain degree of tenderness, which was not apparent with
conventional asphalt concrete pavements. Husky polymer
modified asphalt was less temperature susceptible than current
"A" asphalt grades, offering inc¢reased resistance to high
temperature pavement rutting and low temperature transverse
cracking. Esso Engineered Bitumen offered increased resistance

to high temperature pavement rutting.

In 1987, two additional test sections were constructed by
Alberta Transportation and Utilities (3). The test sections

were as follows:

Highway 2:16

The project limits for Highway 2:16 are the northbound lanes
from Calgary’s north entry limits at km 12.681 to north of
Airdrie at Jm 10.00 (2:18). This is a 6 lane divided highway
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with an average annual daily traffic of 20 500 vehicles. This

highway was chosen for its high traffic volume. The pavement
structure for highway 2:16 is 250 mm cement stabilized base
placed in 1971, 50 mm asphalt cement stabilized base placed in
1971, and 100 mm ACP placed in 1972. Husky polymer modified

asphalt mix was placed on top of the existing surface.

Highway 2:18

This test section location includes outer lane and shoulder,
from approximately km 3.5 to km 5.9 of Highway 2:18. This
section was chosen because it had a tangential alignment on a
level grade. Also, it was located away from major
intersections and interchanges as not to be greatly affected |
by the acceleration and deceleration of truck traffic. The
pavement structure for highway 2:18 is 250 mm cement
stabilized base placed in 1970, 50 mm asphalt stabilized base
course placed in 1970, and 100 mm ACP placed in 1971. Husky

polymer modified asphalt was used at this test section.

In August 1989, Alberta Transportation and Utilities con-
structed a test section on the southbound lane of Secondary
Highway 794 from the Junction of Highway 16X to north of
Alcomdale, using Imperial polymer modified asphalt. This newly
constructed test section formed the basis for the experimental
program for the evaluation of Imperial polymer modified
asphalt in the laboratory.
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3.3 Test Sections Constructed on Urban Highways in
Alberta Using Polymer Modified Asphalt
Several trial sections have been constructed on the urban
roadways by three cities in Alberta, using different polymer
modified asphalts. The different test sections constructed are

as follows:

3.3.1 City of Edmonton

Figure III-2 shows various project sites involving modified
asphalts within the City of Edmonton. In 1981,
sulphur-extended asphalt was used on Victoria Trail. No
significant problems were encountered during construction (1).
However, the sulphur-extended asphalt pavement was found to
crack more readily than conventional mix pavements. No clear
structural difference between conventional pavements and
sulphur-extended asphalt pavements was observed, but
conventional pavements showed a greater degree of deformation

as compared to the sulphur-extended asphalt pavements.

Beginning in 1986, several polymer modified asphalt concrete
pavements have been placed in various locations throughout the
city. Products from Esso Resources were placed in three
separate locations. Two other locations utilized using Husky
Oil Ltd. polymer modified asphalt and "Novophalt" products
respectively (4). Three of these test sections were placed

during summer of 1987 and hence, long term performance data



FIGTURE III-2 VARIOUS PMA TEST SECTIONS IN EDMONTON
(AFTER REF 1)
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are not yet available. The test sections are presently being
monitored by the City, and hopefully the results will be

documented in the near future.

3.3.2 City of Calgary

Until the mid-1980’s, surface overlay materials in Calgary
incorporated asbestos fibres. For about a decade, these
asphalt mixes proved to be cost-effective materials for
surface course construction. However, due to concern for the
environment and for occupational health, use of asbestos was
stopped and an alternative material had to be found (5). While
such an ideal material was being sought variety of surface
overlays have been tested. These included asphalts modified
with latex, teralite, diatomaceous earth, and several
polymers. Field test sections using these materials began in
1984 and are being constructed to present. In 1986, Esso
EB-304 polymer modified asphalt was placed on 16th Avenue
S.E., from 28 Street to 44 Street S.E. The Esso polymer
modified mixture was placed at a lower temperature than the
conventional asphalt mixes. Thin overlay mixes, using three
grades of Husky/Nova PMA 272, PMA 285 and PMA 285A, were
placed at different locations in the City. A 32 mm mix of
Husky’s polymer modified asphalt cement (PMA 2), and 19 mm
surface overlay was placed in an existing intersection using

the local aggregate available.
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3.3.3 City of Lethbridge
In the late 1980’s, the City of Lethbridge was expa&riencing
problems with premature rutting on their roads. The rutting
was mainly occurring on high traffic volume roads, especially

at the intersections (6).

In 1987, EBA Engineering Consultants Ltd. began an extensive
field and laboratory test program. They concluded <.hat the
rutting had occurred primarily in the asphalt concrete layer
and that there was no measurable structural or wear rutting.
This led to the conclusion that the problem were caused by use
of an unstable mix. They recommended that test sections be
built in problem locations to verify the superior ‘aboratory
performance of the different mixes in the field. The test
sections were constructed during the summer of 1988. Four of
these test sections were constructed using Husky polymer
modified asphalt PMA 2 and another four with PMA 4. Figure
III-2 shows the location of different test sections. According
to the EBA report, the mixes used at different test sections

were as follows:



FIGURE III-3 VARIOUS POLYMER MODIFIED ASPHALT

TEST SECTIONS IN LETHBRIDGE
(AFTER REF 7 )
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Mix "CODE BINDER TYPE AGGREGATE
A 150/200 Conventional 125 mm
B 150/200 Modified 16 mm
c PMA 2 Modified 16 mm
D PMA 4 Modified 16 mm+30% RAP
E 260/300 Modified 16 mm+30% RAP

In an effort to monitor the performance of different mixes, a
precise level survey was performed to determine the exact
cross-section of each test section prior to their opening to
traffic. The elevation was determined at 75 mm intervals along
a marked section. This levelling was repeated at regular
intervals to determine whether any rutting had developed.
Table III.1 shows the summary of the rut :lepth data during the
late summer of 1988 precise level survey (7). Comparing the
field performance of Mix B and Mix C, it is observed that
rutting was higher in the case of Mix C (PMA 2), at only two
locations: 13 St. and 3 Ave.S. In all other sections there was
excessive rutting on the sections which were constructed using

Mix B, demonstrating that PMA 2 is performing better than
150/200.



TABLE IIXI-1 RESUL
TS OF PRECISE LEVE
L SURVEY (AFTER
REF 7)
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CHAPTER 4.0

LOW TEMPERATURE CRACKING AND TEMPERATURE SUSCEPTIBILITY
OF ASPHALT CONCRETE PAVEMENTS

4.1 Introduction

Low temperature cracking of asphalt concrete pavements in
cold climate regions is a very serious problem. In Canada and
the United States, where low temperatures are frequently
experienced, asphalt pavement cracking is very common. It is
also known aB non-load associated cracking, shrinkage
cracking, or thermal cracking. Deme and Palsat (1) report that
a 1965 survey of 502 km of highways in Manitoba revealed that
for two-thirds of their length, the spacing between transverse
cracks ranged from threa to nine meters. Results of a 1968
survey of 3160 km of Alberta primary highways showed an
average transverse crack spacing of 21 m. In a survey of 1985
by Palsat (2), 600 km of asphalt concrete pavements »n about
60 projects constructed in Alberta between 1974 and 1979,
transverse cracking fiequencies were reduced to between 0 to
5 transverse cracks/km. This improved performance could be
associated with the changes in asphalt specifications

introduced in 1967.

Low temperature cracking of asphalt concrete pavements is

primarily caused by low winter temperatures. Although the
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initial occurrence of fine transverse cracks has little effect
on pavement pérformance, these cracks widen with time. Surface
water intrudes into the pavement and underlying materials,
generally resulting in heaving or depression of the pavement
surface adjacent tq the cracks. There may be spalling of the
asphalt concrete at the cracks which may lead to the
development of potholes. This reduces the riding quality and
pavement life, resulting in an increased user cost.
Additionally, considerable maintenance is required due to the
rapid deterioration of riding quality; this results in a need

for resurfacing before the normal design 1life of the

pavements.

Several factors such as climate, subgrade type, grade of
asphalt cement, mix properties, pavement age, and traffic
effects, are known to influence the rate of formation and

extent of low temperature cracking.

This chapter discusses the mechanism of low temperature
cracking, factors affecting pavement cracking, and temperature

susceptibility of asphalt cements.

4.2 Low Temperature Cracking Mechanisms
Low temperatures induce tensile stresses in the pavement
materials due to contraction in a longitudinally restrained

pavement. When tensile stresses exceed the tensile strength
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of the material, transverse cracks occur. Due to cyclic
effects, there is a gradual increase in the size of crack

openings.

Several mechanisms for low temperature cracking have been

suggested (3,4,5,6,7,8,9) including:

l. Stresses which are induced by the- pavement’s thermal
shrinkage results in surface cracking, which propagates
through the asphalt concrete layer. The cracking may be

initiated by sudden thermal shock or low temperature cycling.

2. Stresses in the non-asphalt-treated base layer can cause
transverse cracks which ultimately reflect through to the

surface.

3. Transverse shrinkage cracks in the subgrade propagate
through the pavement structure by differential movement, to be

reflected through to the pavement surface.

4. Non-uniformities can cause differential frost-heaving of

the subgrade, resulting in pavement surface cracking.

Among these cracking mechanisms only the first is directly
associated with the pavement binder and mix components, hence

it is the primary concern of this study.
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4.3 Factors Affecting Low Temperature Cracking
Many factors affect the low temperature performance of asphalt

pavements. The major factors identified in the literature are:

4.3.1. Climate

Low temperature cracking is a major concern in most regions of
Canada and the northern United States, where the winter
temperatures drop below -30 C (10). The lower the in-service
winter temperatures, the greater is the magnitude of the
induced thermal stresses. For this reason there is a greater
incidence of cracking expected in regions with lower

in-service winter temperatures.

4.3.2. Asphalt Characteristics

The rheological properties of asphalts at low temperatures are
generally considered to be the most important factors
influencing transverse cracking (11). The relationship between
asphalt cement consistency, including both penetration and
viscosity, and asphalt temperatures, as well as the influence
of these factors on transverse cracking has long been apparent
(4,5,12,13,). In a recent report (1l4) the effects of several
properties of asphalt cements have been discussed in detail.
For a given consistency, an increase in the temperature
susceptibility of the mix increases the chances that
transverse cracking will occur. This will be discussed in

detail under temperature susceptibility of asphalt cements.
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4.3.3. Asphalt Stiffness
Asphalt stiffness, §S(t,T), as characterizing asphalt
consistency, over a range of temperatures and loading himes,
was introduced by Van der Poel (15). This is analogum# ‘to
Young’s modulus for elastic materials given by the ratio of
stress to strain. The total strain is a time and temperature
dependent value induced by an uniform tensile stress. The
asphalt stiffness, which is a function of loading time and

temperature, is defined as:

S(t,T)=(tensile stress)/ (strain)(,n
where:
S(t,T) = Time and temperature dependent stiffness,

Strain,r = Time and temperature dependent strain.

Higher asphait stiffness at low temperatures results in a

greater incidence of transverse cracking.

4.3.4. Pavement Structure

The occurrence and frequency of transverse cracking has been
shown to be affected by the thickness of the asphalt concrete
layer (2,5,13). Generally, the thicker the layer, the lower
the frequency of cracking. This may result from the insulating

properties of asphalt concrete.
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4.3.5. Age
As the oxidation of asphalt takes place with the passage of
time, the asphalt hardens and becomes stiffer. This increases
the chance that cracking wili be initiated and also increases

the frequency of cracking with age.

4.3.6. Traffic

At the Ste. Anne Test Road (16) it was observed that traffic
affects the severity of cracking, with significantly more
transverse cracking occurring in the primary traffic lane, as
compared to the passing lane. Fromm et al. (17), reported a
case during the winter months, where heavily loaded trucks
were carried by the roadway in one direction only. They found
that there was a greater incidence of transverse cracking on

the heavily travelled side.

4.3.7. Subgrade

Type of subgrade also affects pavement cracking (4,6,13).
Pavements which are constructed over sandy subgrades exhibit
a higher cracking frequency than pavements over clay
subgrades. It has been observed that the frequency of cracking
is often significantly reduced for sections of road
constructed through low lying muskege or sloughs, compared to
sections constructed through well-drained terrain, indicating

influences of moisture temperature as well as soil type (13).
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4.3.8. Mix Properties
Mix properties, like density, air voids, and asphalt content
have an influence on mix stiffness and the rate of asphalt
ageing. These mix properties could therefore influence the

cracking frequency of asphalt concrete pavements.

4.4 Temperature Susceptibility of Asphalt Cements

One major concern of a pavemeri designer is the temperature
susceptibility of an asphalt concrete paving mix. Temperature
susceptibility is the rate at which the consistency of an
asphalt cement changes with a change in temperature, and is a
very important property of asphalt cements. For example, a
pavement that is stiff at high service temperatures in order
to resist rutting, yet flexible enough to resist 1low
temperature cracking, would be less temperature susceptible
than a pavement of similar stiffness at high temperatures

which becomes brittle and cracks easily at low temperatures.

Asphalt temperature susceptibility is dependent on the
temperature range considered. Asphalt cement, being a
viscoelastic material, behaves like an elastic solid &t low
temperatures or short loading time, but as a viscous fluid at
high temperature or during long loading times. Over the years,
several methods of measuring and comparing temperature
susceptibility of asphalt cements have evolved. These are

briefly discussed in the following asection.
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4.5 Temperature Susceptibility Parameters
Some of the most commonly accepted temperature susceptibility
parameters are Penetration Index (PI), Penetration Ratio (PR),
and Penetration Viscosity Number (PVN).
4.5.1 Penetration Index (PI)
Pfeiffer and Doormaal (18) developed +the temperature
susceptibility factor Penetration Index, which is a function
of the alope (A) of a plot of logarithm of penetration versus
temperature. The penetration index is based on the observation
that the logarithm of penetration for asphalt cements was
nearly a linear function of temperature. The Penetration Index

given by:

PI = 20 - 500 A

(1)
50 A + 1

where:

A = log Pen @ T1 - log Pen @ T2

T - T,

T = Temperature (C)

Pen = Penetration, 100 gm, 5 sec, (dmm)

It was also noted that, at the softening point of asphalt

cements, the penetration of the asphalts was about 800 dmm.



55
Hence, Pfeiffer and Doormaal suggested another equation fcr
the Penetration Index, based on penetration at 25 C and the

Ring & Ball softening point as input parameters.

PI (R&B) = 20 - 500 B

Where:

w
i

Log 800 dmm - Log Pen @ 25 C

SIP -25

S.P = Ring & Ball softening point, C

The penetration index shows the temperature susceptibility of
asphalt cements and can be used to estimate the stiffness
modulus of asphalt cements at low temperatures; the nomograph
developed by Van der Poel (15), shown in Figure IV.1l, may be
used. A greater negative value of PI indicates a greater

temperature susceptibility The usual range of Penetration

Index is between +2 and -2.

4.5.2 Penetration Ratio (PR)

The commonly accepted penetration ratio (PR) is (19):

Pen @ 4 C
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PR =Pen € 4 Cyx 100mcccmmaa——- (3)
Pen @ 25 C

A lower PR is an indication of greater temperature

susceptibility.

4.5.3 Penetration Viscosity Number (PVN)

Mcleod (20) proposed a method for determining temperature
susceptibility, based on commonly available laboratory data
known as the Penetration Viscosity Number (PVN). The
Penetration Viscosity Number is based on the penetration at 25
C and either kinematic viscosity in Centistokes at 135 C or
absolute viscosity in poise at 60 C. The PVN can be calculated

from the following equations:

1. For the temperature range: 25 C to 135 C

4.258 ~ 0.7967 Log P - Log X
PVN = «1.5 * -——-(4)

0.7951 - 0.1858 Log P
Where:
P = Penetration at 25 C, 5 sec, dmm
X = Kinematic Viscosity at 135 C, Centistokes

2. For the temperature range: 25 C to 60 C
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PVN= -1.5 + -—==(5)

Where:

P = Penetration at 25 C, 5 sec, dmm

]
"

Absolute viscosity at 60 C, poise

A larger negative value of PVN indicates a greater temperature
susceptibility. Generally, the range of PVN is between +2 and
~2. Puzinauskas (21) showed that no definite correlation

exists between Penetration Index and Penetration Viscosity

Number.

4.6 Asphalt Stiffness

As already discussed, the asphalt stiffness S(t,T), is used as
a means of characterizing asphalt consistency over a wide
temperature range and is given by:

S(t,T) = (tensile Stress)/(Strain)(,n

where:

S(t,T) = Time and temperature dependent stiffness

Strain.,; = Time and temperature dependent strain
The total strain is a time and temperature dependent value
which is induced by a tensile stress. The iesulting asphalt
stiffness is a function of asphalt temperature and time of
loading, but is independent of loading stress. The method of

selecting an appropriate asphalt cement to ensure that the
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asphalt stiffness does not exceed a certain “"critical" or
*limiting" value at the lowest pavement temperature, to
control low temperature transverse cracking has been proposed
by many researchers (16, 20, 22, 23). Gaw (22) proposed a
critical value of 1 X 10° N/m?> at 0.5 hour loading time based
on St. Anne Test Road section (16). A corresponding value from
Van der Poel'’s nomograph is 0.8 X 10° N/m? (14). Readshaw (23)
based the British Columbia asphalt specifications on a
critical asphalt stiffness of 2 X 10® N/m®> at 2 hours loading

time.

4.6.1 Methods To Determine Asphalt Stiffness
There are biazically two approaches utilized to determine the
low temperature stiffness of asphalt cement, namely direct

testing and :indirect estimation.

4.6.1.1 Direct testing

Direct testing may involve the following instruments:

1. Shell sliding plate Rheometer (to measure stiffness at low
temperatures) (24),
2. Schweyer Rheometer (to measure stiffness at low
temperatures) (25),
3. Ensley Forced Sphere (to measure stiffness at low
temperatures) (26),

4. Duomorph (to measure stiffness at low temperatures).
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4.6.1.2 Indirect Estimation
The indirect methods provide an estimate of asphalt cement
stiffness without direct 1laboratory measurements. These
methods includes the transformation of routine index test data
into stiffness values, using Van der Poel’s nomograph (Figure
IV -1). Three commonly used methods are: 1) Original Van derx
Poel’s method (15), 2) Heukelom’s modified method (27), and 3)
McLeod’s method (20).

According to Van der Poel’s method the penetration at 25 C and
the softening point temperature (R&B) of the bihder are
measured. Using equation (2) the penetration index can be
calculated; then by using nomograph in Figure IV -1 the
stiffness can be estimated for any particular temperature and

loading time.

In the case of Heukelom’s modified method, the penetrations at
25 C and 4 C are plotted on a Bitumen Test Data Chart (BTDC)
(Figure IV.2), and the temperature corresponding to 800 pen is
read by extending the line on the BTDC to 800 pen. The
penetration index is calculated by using equation (1). The
stiffness can be estimated using the nomograph in Figure 1IV.1,
with loading time, the temperature difference between the
desired temperature (T) and T(800 pen), and with PI(dpen/dT),

as input parameters.
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Mcleod uses PVN as an indication of temperature susceptibility
and as one of the input parameters to determine the asphalt
cement stiffness. By using equation (4), PVN can be calculated
and the base temperature, which is analogous to R&B softening
point temperature, is determined using Figure 1IV.3. The
stiffness of asphalt cement is then estimated using the
nomograph (Figure IV.4) with the loading time, the temperature
difference between the desired and the base temperature, and

the PVN as input parameters.

4.7 Cracking Temperature

A more direct indicatiwi. -:: gavement performance at low
temperatures is the tempzyaiu:s at which the pavement starts
to crack, known as .. :racking temperature. It can be
calculated based on the asphalt stiffness by the concept of
limiting (or critical stiffness) (22), the concept of limiting
stress (28), and the nomographic method (29). These methods
neglect the influence of factors such as asphalt content, air
void content, and aggregate properties, assuming that asphalt
properties alone have the major influence on pavement
transverse cracking. The details of these methods have been

discussed in References 22, 28, and 29.

4.8 Stiffness of Mix

Asphalt mix stiffness is an indication of the resistance to

compaction under stress. Asphalt mix stiffness may be



FIGURE IV-3 RELATIONSHIP BETWEEN PENETRATION PVN AND
BASE TEMPERATURE (AFTER REF 20) |
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FIGURE IV-4 NOMOGRAPH FOR DETERMINING THE STIFFNESS
MODULUS OF ASPHALT CEMENTS (APTER REF 20)

64



65

determined using the nomograph (30) in Figure IV.5 using the

following steps:

l. Determine the stiffness of the asphalt binder by the

methods described under Section 4.6.1.2,

2. Calculate the volume percent of asphalt and aggregate in
the mix,
3. Enter the Figure IV.5 and read off the stiffness of the

asphalt mix.



FIGURE IV-S5 NOMOGRAPH FOR PREDICTING THE STIFFNESS
MODULUS OF MIXES (AFTER REF 23)
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CHAPTER 5.0

EXPERTIMENTAL PROGRAM AND MATERIALS

5.1 Introduction

The primary objective of the testing program involved in this
investigation was to evaluate and compare the characteristics
of conventional and polymer modified asphalts under both low
and high temperatures. In 1987, a comprehensive program to
determine the cause of premature pavement rutting and to
identify measures that could be implemented to mitigate this
mode of distress, was uandertaken by the City of Lethbridge,
in conjunction with Alberta Transportation and Utilities (1).
In addition to conventional Marshall and Hveem type mix design
creep and repeated load triaxial tests were performed with

various aggregate combinations and binders.

Following this initial study and the resulting
recommendations, a series of test sections were constructed in
the City of Lethbridge in June of 1988, in order to verify the
anticipated improved performance of the mixes with respect to
instability rutting. One of these test sections utilized a
polymer modified asphalt cement (PMA 2), supplied by Husky Oil
Ltd. with virgin aggregate. Another test section utilized a
softer material, designated as PMA 4, incorporated into a mix

containing 30 percent RAP (2). This reclaimed asphalt pavement

70



71

material (RAP) was obtained from previous cold milling

projects in the City.

The construction of these test sections provided an
opportunity to undertake our independent laboratory testing of
these materials, that are considered representative of those

used in the field.

Additionally, in August 1989, Alberta Transportation and
Utilities constructed a several test section kilometer long on
Secondary Highway 794, northwest of Edmonton. This highway
carries heavily loaded aggregate hauling trucks from
Villenuve. The aggregate used to fabricate test specimens
along with another polymer modified asphalt is representative
of the aggregate and asphalt cements used in the construction

of the test section.

In this chapter, a brief description of the tests involved in
this study is presented; however, the individual tests will be
fully discussed in suéceeding chapters. A detailed description

of sample fabrication is presented in this chapter.

5.2 Testing Program
In order to determine the physical properties of the
conventional and polymer modified asphalts, a series of tests

were conducted on the asphalt binders. Tables V-1 and V-2
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Types of tests 150/200 Husky 150/200A | Imperial
PMA 2 PMA
Pen @ 25 C, 100 gm,5 sec,dmm X X X X
Pen € 4 C, 100 gm, 5 sec,dmm X X X X
Absolute Viscos;ty,ﬁo C,poise X X X X
Kinematic Viscosity,135 C,Cst X X X X
R & B softening Point, C X X X X

TABLE V-1 TESTS CONDUCTED ON ASPHALT CEMENTS

Tests

Temperature C

Indirect Tensile Test

0, -10 ’ -20’ -30

Repeated Load Triaxial Test

25, 35, 45

TABLE V-2 TESTS CONDUCTED ON ASPHALT CONCRETE SPECIMENS
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summarize the testing plan undertaken on these binders,
identify the various mixes evaluated in this investigation,
and cite test procedures or methods developed in previous

studies (4) and used here.

5.3. Aggregate Properties

After the aggregate and asphalt samples were received they
were evaluated for gradation and rheological properties. For
this investigation two aggregate sources and gradations were
tested: the aggregate processed for test sections constructed
in Lethbridge and the aggregate used for construction of the

test section on Secondary Highway 794.

5.3.1 Gradation of Lethbridge Aggregate

Four different plant separated fractions of aggregates were
obtained during the construction operation in the City of
Lethbridge. The processed aggregates consisted of the

following:

1. 16 000 to 5 000 sieve size (A & B) crushed coarse

aggregate.

2. Processed fine aggregate D (passing 5 000 sieve sizej

containing natural pit fines and manufactured fines.

3. Crushed fine aggregate (C) produced by reducing a oversized
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aggregatée previously screened out.

A washed-sieve analysis was carried out for each individual
aggregate fraction A, B, C and D. A computer program,
utilizing Lotus 1-2-3, was developed to calculate combined
gradations from trial proportions based on the principles in
the Asphalt Institute Manual Series (MS-2) (5). Several
gradations for design and construction of the test sections
are given in Table V-3. Different trial ratios were employed,
using this program to obtain a gradation as close as practical
to the design gradation selected for specimen preparation. The

proportions were 16% A, 26% B, 13% C and 45% D.

5.3.2 Gradation of Secondary Highway 794 Agogregate

T™wo fractions of aggregates were sampled from crushing
operations by Alberta Transportation and Utilities, the coarse
aggregate portion and manufactured fines. The test sections
were constructed using either 25 or 30 percent manufactured
fines. Information on gradation of the test sections blends

became available following the fabrication of the specimens.

Washed-sieve analyses were carried out for each aggregate
fraction. Washed sieve analyses of the combined blends were
also conducted. Table V-4 gives the design gradation, along
with the test section gradations obtained by Alberta

Transportation and Utilities. Following initial construction
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7
using the design proportions of 3C percent manufactuxs=d finé .,
adjustﬁents were made to use 25 percent manufactured Jiies.
The laboratory gradation used for the specimen fabrication can
be seen either to be slightly coarser or close to the actual

gradation of the test section constructed in the field.

5.4 Asphalt Binder Properties

The suppliers of conventional asphalt cement and PMA were
Husky Oil Ltd. and Imperial Cil Ltd. The asphalts cements were
of 150/200A penetration grade. The specification of the
individual polymer modified asphalt was left up to the
supplier.

5.4.1 Conventional Physical Tests

Twe types of physical tests were carried out to define the
rheological properties and temperature susceptibility
parameters which were used in evaluating the low temperature
characteristics of the conventional and polymer modified
asphalt cements. The conventional physical tests carried out
in the laboiratory were given previously in Table V-I. In the
second phase of the laboratory testing, the indirect tensile
test was used, and the tensile properties obtained from the
tests were utilized in evaluating the asphalt cements for low
temperature performance. The indirect tensile test is
discussed in detail in Appendix A; only the conventional tests

will be discussed in this chapter.
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In the laboratory testing program, the common physical tests
applicable to asphalt cements were carried out on tha
conventional and polymer modified asphalts. The primary
emphasis was placed on the evaluation of the comsistency
properties of the materials, such as viscosity, penetration,
and the temperature susceptibility parameters of the
materials, which include penetration viscosity number (PVN),

pPenetration Index (PI), and penetration ratio (PR).

Standard ASTM procedures were utilized for all physical tests.
Penetration tests at 25 C and 4 C were done following ASTM D-5
procedures, by loading the needle with 100 gms for 5 seconds.
Viscosity tests at 135 C and 60 C were conducted according to

ASTM D2170 and ASTM D2171 standard test procedures .

5.5 Presentation And Discussion Of Test Results

Table V-5 summarizes the results obtained in the laboratory,
with comparable values reported for the binders used in the
test sections. With the exception of the absolute viscosity at
60 C for the PMA 2 and Imperial PMA the test wvalues are within
ASTM limits for multilaboratory precision for two results.
Problems associated with the use

of conventional tests on pPolymer modified binders, such as
shear susceptibility, have been discussed by Zanzotto et al.
(1) and may have contributed to this large difference of the

mean viscosity. A direct comparison of penetration
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values would indicate that the PMA 2 and Imperial PMA are
harder than conventional at 25 C  but are softer at 4 C. The
PMA 2 and Imperial PMA are considerably more viscous at 60 C
and 135 C; one could infer from the data that the PMA 2 and
the Imperial PMA should be more resistant to cracking at low
temperature and more resistant to permanent deformation at
high service temperatures. Also, penetration of Imperial PMA
is less than PMA 2 at 25 C, with approximately the same
penetration at 4 C. Imperial PMA is much more viscous than
Husky PMA 2 at 60 C. A precaution had to be taken with
Imperial PMA as it was not stable and had to be stirred before
testing procedures could be conducted. The higher viscosity at
135 C of Husky PMA 2 required higher mixing temperatures but
Imperial PMA had the same mixing temperature as 150/200A. Ring
and Ball softening points of Imperial PMA and Husky PMA 2 are

higher as compared to the conventional asphalt cements.

5.5.1 Temperature Susceptibility Parameters

Table V-6 presents the temperature susceptibility parameters,
PVN (25-60), PVN (25-135), PI (R&B), and PI (dPen/dT). These
pParameters have been calculated by using the data from Table
V-5 and equations described in Chapter 4. The 150/200A is the
most temperature susceptible according to the PI(dPen/dT)
method. The PI (R&B) for the 150/200 appears to be erroneous
despite being a minimum of 4 replicate tests for Ring and
Ball. According to the PVN method, the values of the
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temperature susceptibilities are lower as compared to the
PI(R&B) and PI(dPen/dT) methods. The difference is obvious,
since the PI(dPen/dT) employs two penetration readings in the
lower temperature region, whereas the PVN employs one
penetration and one viscosity reading, which account for a

wider and higher temperature region.

5.5.2 Bitumen Test Data Chart

Figures V-1 and V-2 show the pPlots of viscosities and
penetrations for the conventional and polymer modified asphalt
cements on the improved Bitumen Test Data Chart (B3TDC)
developed by Heukelom (6). The chart provides a convenient
method to present graphically basic asphalt properties. The
straight lines joining the viscosity data and the penetration
data indicate the degree of temperature susceptibility in two
temperature ranges. Steeper slopes indicate greater
temperature susceptibility. From the Bitumen Test Data Chart,
it is noted that the slopes of the straight lines joining the
150/200 amd 150/200A asphalts are S8teeper than the slopes for
PMA 2 and Imperial PMa, indicating that the conventional
asphalts are more temperature susceptible. The slopes for
150/200 and 150/200A are nearly the same, indicating that they
have nearly the same temperature susceptibilities. For 150/200
and 150/200.s asphalts, the straight line joining the two
viscosity values meet closely to the ring and ball softening

point, whereas the ring and ball softening point of the PMA 2
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and Imperial PMA fall on the right side of the line. From the
graphical method it is observed that the PI of polymer
modified asphalts is less than the PI of conventional asphalt
cement samples. Hence, polymer modified asphalts would be less

. temperature susceptible than the conventional asphalt cements.

A comparison of the temperature at which penetration is equal
to one has been considered as an indicator of low temperature
performance (7). The uppermost intercept (i.e. where
penetration is equal to 1 in the penetration portion of the
plot) is an indicator of low temperature performance; poorer
low temperature performance will be expected when this
intercepts occurs at higher temperatures. Extrapolating data
in Figures V-1 and V-2, it is noted that 150/200 and 150/200A
asphalts have nearly the same intercepts; these intercepts are
at higher temperatures than the Husky PMA 2 and Imperial PMA
intercepts indicating that polymer modified asphalts will show

superior performance than conventional asphalt cements.

5.6 Mix Design

On the basis of the preliminary mix designs run in the
laboratory, an asphalt content of 6% by the mass of dry
aggregate (5.67% by the mass of mix) was used for the
Preparation of specimens using the Lethbridge aggregate and
Husky PMA 2 or 150/200 asphalt cement as the binders. This
slightly higher binder content than that used in the test
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sections (5.67% vs 4.70% for Mix B and 4.90% for Mix C) may
have been influenced by the fact that marginally higher
amounts of aggregate passed the 0.16 mm and 0.08 mm sieve

sizes.

The design proposed by Alberta Transportation and ©zilities
for fscondary Highway 794 was used for the fabrication of
&' - ens, with a proposed binder content of 5.8% by the
ws. 1% of dry aggregate. Imperial PMA and 150/200A asphalt

cements were used as the binders.

5.7 Preparation of Laboratory Asphalt Concrete Specimens

5.7.1 For Indirect Tensile Test

A total of ninety-six Specimens, with nominal height of 64 mm
(2.5 inch), and 102 mm (4 inch) diameters, were compacted in
a California Kneading Compactor, using the procedure given in
the Asphalt 1Institute MS-2 Manual (5). This enabled
replication of 6 specimens for each of four test temperatures

The 150/200 asphalt samples were compacted by kneading
compaction at a temperature of 135 C, and achieved a mean
density of 2358 kg/m® with a calegyl¥ated air void content of
3.1%. The pPMA 2 samples were compacted at 165 C to an average

density of 2359 kg/m®, and with the same air void content.
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The 150/200A samples were compacted at a temperature of 135 C,
and achieved a mean density of 2339 kg/m® with a calculated
air void content of 3.3%. The Imperial PMA samples were also
compacted at 135 C to an average density of 2340 kg/m®, with

the same air void content of 3.3%.

5.7.1.1 Procedure For Specimen Preparation

1. Heat the mold in the oven to the compaction temperature.

2. Place the compaction mold in position in the mold holder;

insert a 102 mm (4 in) diameter paper disc to cover the base

plate.

3. Weigh 1200 gms of mixture, which has been heated to the
compaction temperature in the feeder tray.
4. Spread mixture uniformly in the feedoexr tray, and transfer

approximately one-half of the mixture to the compaction mold.

5. Rod the portion of the mix in the mold with a bullet nose
steel rod, 20 times in the centre of the mass, and 20 times
around the edge. Transfer the remainder of the sample to the

mold and repeat the roding procedure.

6. Place the mold assembly into position on the mechanical
compactor, and give 20 tamping blows at 250 psi pressure, to

accorplish a semi-compacted condition so that the mix will



not be unduly disturbed when the full load is applied.

7. After the semi-compaction, to complete the compaction in
the mechanical compactor increase compactcr foot pressure to

500 psi and apply 150 blows.

8. Apply 6 blows by the hand tamper.

9. Remove specimen from the mold and let it cool.

5.7.1.2 Testing Conditions

The testing was carried out in accordance with the procedure
described in Appendix A at temperatures of 0 C, -10 C, =20 c,
and -30 C.

5.7.2 For Repeated Load Triaxial Test

A total of seventy-two specimens with nominal heights of 204mm
and 102 mm diameters, were also compacted with the California
Kneading Compactor, using split molds with 204 mm heights, 102

mm diameters, and 50 mm at the top.

Several trial specimens were fabricated to determine the best
procedure to fabricate specimens with uniform densities
throughout their thickness, using a Kneading Compactor. In
order to check the uniformity of the densities, the samples

were cut into several lifts, and individual densities were
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diatermined and compared. This procedure required several
trials, in order to determine a procedure for compaction which

would give a fairly uniform density throughoui the specimen
thickness.

The 150/200 pen grade asphalt samples were compacted at 135 C
using a California Kneading Compactor and achieved an average
density of 2359 kg/m®; PMA 2 specimens had a slightly lower
density of 2355 kg/m®. Both had a calculated air void content
of 3.1%.

The 150/200A pen grade asphalts and Imperial PMA were
compacted at 135 C and achieved densities of 2338 kg/m3, with

air void content of 3.4%.

5.7.2.1 Procedure For High Temperature Specimens

Separate the mix (approximately 4200 gms) into pans, in three
portions. Put one half of the first portion into the mold and
start compacting at 1.73 MPa. Add the remainder to the first

pan, during the first 20 blows.

Increase the pressure of the tamping foot to 2.07 MPa; add the
asphalt concrete in the second pan during the next 75 blows.
Stop the compactor and install the collar on the top of the
mold. Increase the pressure to 3.45 MPa, and over the next 75

blows add the third portion of the material. Special care
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should be taken to stop f£illing the mold just before the level
of the compacted asphalt concrete reaches the top. If the mold

is filled to the top, the compactor might get stuck.

Remove the mold and frame from the compactor; remove the
collar from the mold and add some of the reserved finer
material to about 3.2 mm above the top of the mold and compact

by hand tamper using 6 blows.

Cool the sample in the mold for about half an hour; remove
the mold by loosening the screws on the side of the mold
sliding the sample 6.4 mm in the mold with the jack, then
removing the screws completely and peeling the mold from the
sample. Label the sample with grease pencil; clean the mold
with Varsol oil.

While adding the asphalt mixture to the mold, it is important
to get a good assortment of aggregate sizes in each scoop, in
order to avoid segregation of the aggregate within the sample.
The only exception is a portion of the finer material from the
third pan, which is saved for the top of the sample. This is

done to ensure a smooth, level top surface.

Summary of Compaction
1.73 MPa (250 psi) 20 blows
2.07 MPa (300 psi) 75 blows
3.45 MPa (500 psi) 75 blows
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5.7.2.2 Testing Conditions
The testing was carried out in accordance with the procedure
described in Appendix D, at temperatures of 25 C, 35 C, and 45
C.
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CHAPTER 6.0
INDIRECT TENSILE TEST

6.1 Introduction

In Alberta, research on low temperature cracking of asphalt
pavements, due the thermally induced stresses, is not new, and
has been ongoing since the early 1960’s. The most important
factor influencing this problem is the tensile behavior of
asphalt concrete pavements at low temperatures, such as the

temperatures experienced in Western Canada.

The indirect tensile test has been used at the University of
Alberta to evaluate the characteristics of laboratory and core
specimens. Anderson and Hahn described the initial use and
details of the test method in 1968 (1). Since that time, the
test method has been used to evaluate asphalt concrete
prepared from a variety of asphalt cement and aggregate
combinations (2). Cores have been tested from the Ste. Anne
Test Road in Manitoba (3). Data from this test road, as well
as many others, have led to the development of methods to
evaluate the cracking potential of asphalt pavements due to
thermally induced stresses. One such method is known as the
COLD program (computation of low temperature damage),
developed'for the NCHRP Project 1-10B (4,5). Lottman (6) has

also developed a method using the indirect tensile test for

93
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identifying asphaltic concrete mixtures that are susceptible
to moisture-induced damage. Extensivé work has been done by
Lottman and others but its application has not been included

in this study.

This current study of the low temperature tensile properties
of asphalt concrete mixtures, using both conventional and
polymer modified asphalts, has employed the same method as
reported by previous research in which the low temperature
indirect tensile strength test method was used to evaluate the
low temperature characteristics of asphalt cements (7,8).
While the test results will be the major content of this
chapter, a more detailed description of the testing procedure

and apparatus has been included in Appendix A.

6.2 Summary of The Testing Method

The indirect tensile strength test method basically consists
of loading an asphalt concrete cylinder via loading strips
Placed across the specimen diameter. The loading takes place
in a compression testing frame chamber, maintained at a
constant low temperature. Output signals from a load cell and
three linear variable transducers are recorded on floppy
diskette by means of a datalog card installed on a
microcomputer. The layout of the equipment in the laboratory
is shown in Figure VI-1. The Lotus 1-2-3 spread sheet program

was used to process the raw data recorded on the diskette;
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~

failurc stress, strain, stiffness and the stress-strain

relationship were obtained.

6.3 Theory

The indirect tensile strength test solution is based on the
theory of elasticity. Briefly, when a cylindrical disc is
subjected to a concentrated load (or a load strip of width
less than d/10) in plane stress condition, the stress
distribution is both compressive and tensile as shown in

Figures VI-2 and VI-3.

The induced tensile stress at the centre is given by:

2 * P

where:

Induced tensile stress (MPa)
= Applied load (kN)

= Diameter of specimen (m)

¢t A w 3

= Thickness of specimen (m)

More discussion of the theory of the indirect tensile test can
be found in References 2 ¢ 9, 10, and 11.

6.4 Laboratory Asphalt Concrete Specinens

Conventional and polymer modified asphalt cements supplied by
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Husky Oil and Imperial 0il Ltd. were used in preparing the
laboratory specimens. The rheological properties of these
asphalt cements have been described in Chapter 5. As described
in Chapter 5, twenty-four specimens of each asphalt cement
type were prepared, using aggregate from Lethbridge and
Secondary Highway 794. The bulk specific gravity of each
specimen was determined by weighing each specimen in air and
then immersed in water. Groups of six specimens were arranged
for testing at different temperatures according to a grouping
program developed earlier at the University of Alberta and
used by Leung (7) in his research. The specimens were grouped
according to their bulk specific gravities, so that each group
had a similar average density. The grouping of the specimens

for low temperature evaluation is given in Appendix B.

The testing was carried out in accordance with the procedure
described in Appendix a » at temperatures of 0 C, -10 C, -20
C, and -30 C. After the calibration of the equipment, the
loading rate was set at a nominal value of 1.47 mm/min and

remained unchanged throughout the testing.
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6.5 Presentation And Discussion of Test Results
As discussed in Chapter 5, two different aggregates were used
for the preparation of the specimens, so the results of both

series shall be discussed separately.

6.5.1 Test Results

Table VI-1 summarizes the average stresses, strains, and
stiffness moduli of the test specimens at failure, for the
Lethbridge aggregate series. Appendix C contains the test
results for the individual specimens, at different test
temperatures. A major problem with undertaking tests of this
type is the scatter of results, particularly at very low
temperatures. It has been the practice in the past to test
five specimens at each temperature, and to present the results
based on the average values determined for the valid tests
(7) . Generally, strain values were rejected when they exceeded
the coefficient of variation of 30 percent for temperature of
0 C and -10 C, and 40 percent for =20 C and -30 C new averages

were calculated in such an instance.

6.5.1.1 Low Temperature Tensile Characteristics For

The Lethbridge Aggregqate
Figures VI-4 to VI-6 present plots of failure streyus, failure
strain, and failure stiffness, versus tempersture for 150/200
and Husky PMA 2 asphalt cements, for direct viamual comparison.

Examination of these tabulated and plotted results leads to



Type of Test Failure Failure Failure
Binder Temperature Stress Strain Stiffness
(C) (KPa) (0.0001) (MPa)
150/200 0 1120 96.0 210
Husky 0 1130 160.0 120
PMA 2
150/200 - 10 2 050 60.0 330
Husky - 10 2 790 95.0 420
PMA 2
1507200 - 20 3 880 18.0 4 7190
Husky - 20 3 940 22.0 3 630
PMA 2
150/200 - 30 4 090 4.0 17 700
Husky - 30 4 650 7.0 12 000
PMA 2

TABLE VI-1 AVERAGE STRESS, STRAIN,
FOR LETHBRIDGE AGGREGATE

AND STIFFNESS VALUES
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the following observation, for comparable temperatures and

using 150/200 mixes as reference:

1. Husky PMA 2 exhibits higher failurg stresses, observed at
temperatures of -10 C and -30 C . The greatest change in the
failure stress occurs when the temperature changed from -20 C
to =30 C. In general, the failure stress increases as the test

temperature decreases.

2. Husky PMA 2 exhibits higher failure strains, observed at
temperatures of 0 C and -10 C. At temperatures of -20 C and
colder the strains experienced by both mixes are nearly same.
When the temperature charges from -10 C to -20 C, the strain
decreases very rapidly. In general it is observed that the

strain decreases as the temperature decreases.

3. Husky PMA 2 exhibits lower failure stiffness, especially
observed at temperature of <20 C and colder. There is a very
rapid change in the stiffness as the temperature decreases
from -10 C and colder. In general it is cbserved that as the

temperature decreases the failure stiffness increases.

These results support the statement of Arand (12), that
polymers provide the asphalt concretes with higher tensile
strength at low temperatures, in order to resist thermal and

load-related stresses, with the additional advantage of being
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able to withstand greater strains without cracking.

Figures VI-7 to VI-10 present the average stress~-strain curves
for the test specimens fabricated with 150/200 and Husky PMA
2 asphalt cements at different test temperatures. The point on

the graph are average of 6 samples tested at each temperature.

Generally, for the Husky PMA 2 asphalt, the average failure
stress is higher than that for 150/200 Pen grade asphalt
cement, except at 0 C where the failure stress is
approximately the same for both mixes. However, the average
failure strain is markedly higher for Husky PMA 2 at 0 C and
~-10 C.

6.5.1.2 Low Temperature Tensile Characteristics For
Secondary Highway 794

Table VI-2 summarizes the average failure stresses, strains,

and stiffnesses for specimens fabricated with Secondary

Highway 794 aggregate two asphalts 150/200A and Imperial PMA.

Appendix C contains the test resulte for the individual

specimens at various test temperatures.

Figures VI-11 to VI-13 present the failure stress, failure
strain and failure stiffness versus temperature for 150/200A
and Imperial PMA asphalt cement mixes for direct visual

comparison.
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Type of Test Failure Failure Failure
Binder Temperature Stress Strain Stiffness
(C) (RPa) (0.0001) (MPa)

150/200A 0 1 400 110.0 210

Imperial 0 1 060 127.0 140
PMA

150/200a - 10 3 455 50.0 1 260

Imperial - 10 2 755 80.0 600
PMA

150/200a - 20 4 200 5.0 153 50

Imperial - 20 4 415 14.0 58 35
PMA

150/200Aa - 30 4 330 2.5 23 980

Imperial - 30 5 030 7.25 11 060
PMA

TABLE VI-2 AVERAGE STRESS, STRAIN AND STIFFNESS VALUES
FOR SECONDARY HIGHWAY 794 AGGREGATE
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Examination of these tabulated and plotted results leads to
the following observations, for comparable temperatures and

using 150/200A mix as reference:

1. 1Imperial PMA exhibits lower failure stresses at
temperatures of 0 C and -10 C, but at -20 C and colder
temperatures, this trend reverses and an opposite trend is

observed.

2. Imperial PHA exhibits higher failure strains. The
difference is quite significant at all testing temperatures.
The greatest decrease in the strain occurs when the
temperature changes from -10 C to =20 C. Thus, Imperial PMA
follows the same trend as previously reported in that, with a

decrease in temperature, the failure strain decreases.

3. Imperial PMA exhibits lower failure stiffness. The
stiffness at -20 C and colder temperature for 150/200A asphalt
cement is very high as compared to Imperial PMA; thus,
Imperial PMA shows a great improvement with respect to the

factors that influence resistance to low temperature cracking.

Figures VI-14 to VI-16 present the average stress-strain
curves of the test specimens fabricated with 150/200A and
Imperial PMA asphalts, at different test temperatures. The

failure stress for 150/200A is higher at temperatures of 0 C
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and -10 C, but at -20 C and colder temperatures, Imperial PMA
exhibits a higher failure stress. However, the average failure
strain of Imperial PMA is greater; showing toughness is
enormously higher for Imperial PMA. Hence it would be able to

withstand colder temperature before cracking.

6.6 Low Temperature Evaluation of Polymer Modified Asphalt
Cements

The indirect tensile tests demonstrate that PMA asphalt
mixtures sustain larger strains at failure; this is an
important property to resist thermally induced cracking.
Furthermore, the lower tensile stiffness of the polymer
modified asphalt concrete mixtures implies that the induced
tensile stresses, due to changing temperatures, will be
smaller for these mixtures. Thus, the chance of thermal
cracking is reduced. Also the toughness of both polymer

modified asphalt cement is higher than conventional asphalt

cement.

On the basis of the trends observed from laboratory testing to
determine the characteristics of conventional and polymer
modified asphalt concrete mixes, all point to the polymer
modified mixes as being more resistant to thermally induced
Sstresses at low temperatures and should show superior
performance under these conditions.

The Lethbridge and Secondary Highway 794 aggregate series
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cannot be compared directly, due to the difference in the base
asphalt cements. One important conclusion which can be drawn
from the testing is that, in mixtures with different
aggregates, both of these polymer modified asphalts exhibit
higher failure strains and lower failure stiffnesses and
therefore are expected to perform better than conventional

asphalt: cements.
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CHAPTER 7.0

PERMANENT DEFORMATION OF ASPHALT CONCRETE PAVEMENTS

7.1 Introduction

Barksdale (1) defines permanent deformation as the progressive
accumulation of plastic strain in each layer of the pavement
system, cccurring under each load replication. Permanent
deformation of asphalt concrete pavements causing is one of
the primary factors influencing the serviceability and riding
quality and can result in a need for rehabilitation to
maintain acceptable levels. The hydroplaning and icing
resulting from accumulated water in the rutted wheel paths
cause additional safety concerns; thus, it is important to
incorporate permanent deformation criteria into pavement
designs in order to achieve the goal of improved pavement

serviceability and safety.

According to Monismith (2) permanent deformation can result
from both traffic and non traffic associated causes due to
swelling or shrinkage of subgrade soil resulting in
consolidation settlements. One of the earliest investigations
of permanent deformation was conducted at AASHO Road Test (3);
it was discovered that: 1) permanent deformation occurs in all
layers of the pavement structure, and 2) is primarily due to
lateral distortion of the pavement material. Although every
117
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layer of the pavement structure influences permanent
deformation, this study ﬁill focus on permanent deformation in
the conventional and polymer modified asphalt concrete layers,
at different temperatures.

In this chapter, results are described of repeated 1load
triaxial tests, carried out to investigate the behavior of
conventional and polymer modified asphalt cements at high

temperatures.

7.2 Factors Affecting Permanent Deformation of

Asphalt Concrete Pavements
The most important factors affecting permanent deformation
are:
1. Material properties,
2. Traffic loadings and volumes, and
3. Environmental conditions.
According to Huschek (4), aggregate gradation, asphalt
content, degree of compaction, and softening point of the
asphalt, are important factors influencing the resistance of
asphalt pavements to permanent deformation. Recent studies
(5,6) carried out at university of Alberta concluded that the
type of asphalt, temperature, and gradation affect permanent
deformation of asphalt concrete pavements. Softer asphalts may
result in greater permanent deformation. Asphalt centent
influences the stability and durability of the nix.

Temperature has a great influence on permanent defoxrm: :ww,
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because strains increase and stiffness decreases with an
increase in the temperature, making the pavement less
resistant to permanent deformation. Another important factor
is the stress level imposed on the pavement, and its duration.
Higher stresses result in @reater rermanent deformation.
According to a study carried out by Haas et al. (7), the tire

pressure has substantial effect on permanent deformation.

7.3 Laboratory Testing

As discussed in Chapter 1, the primary objective of this
research program was to evaluate the permanent deformation
behavior of conventional and polymer modified asphalt cements,
at temperatures of 25 C, 35 C, and 45 C. Specimens prepared
from conventional and polymer modified asphalt cements were

tested using the repeated load triaxial test.

7.3.1 Testing Approach

The testing conducted in this research follows the same
| approach as Hadipour and McMillan (5,6), in which the repeated
load triaxial test was utilized to attempt to simulate field
conditions. An applied vertical stress of 350 kPa, and a
lateral confining pressure of 35 kPa were used with a loading
anq rest time of 0.5 seconds. The load was applied through
pneumatic cylinders, controlled by electric solenoids. The
layout of the testing equipment is given in Figure VII-1. The
signal to the solenoids (0.5 sec on/off) was provided by a
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square wave, the resulting loading curve, as felt by the load
cell, consisted of an approximately 0.2 second load build up
time, followed by approximately 0.3 second of constant load,
followed by an immediate drop off. This loading rate
atfributable'with this experiment simulates a vehicle speed of
approximately 10 km/h, which is not a realistic approximation
of highway traffic speeds, but it reduces the required number
of loading cycles required to reach a specific level of
deformation. According to Barksdale, a loading time of 0.04
seconds would correspond to a typical vehicle speed of
approximately 90 km/h. However due to the limitations on
testing equipment, the loading time had to be increased to 0.5
seconds which correspond to a vehicle speed of about 10 km/h
for an element at depth of 102 mm. A detailed description of

the repeated load triaxial test procedure is given in Appendix

D.

7.4 Laboratory Asphalt Concrete Specimens

As discussed in Chapter 5, conventional and polymer modified
asphalt cements were used to fabricate the specimens. The
rheological properties of these asphalt cements have been
discussed in Chapter 5. Eighteen specimens using each asphalt

cement were fabricated, using aggregate from Lethbridge and

Secondary Highway 794.

The bulk specific gravity of each specimen was determined by



122
weighing each specimen in air and then immersed in water.
Groups of six specimens were arranged for testing at different
temperatures by a grouping program, according to their bulk
specific gravities, so that the average density of each group
was similar. The grouping of the specimens for high
temperature testing is given in Appendix E. The testing was
carried out in accordance with the procedure described in

Appendix D and at temperatures of 25 C, 35 C, and 45 C.

7.5 Presentation And Discussion of Results

The repeated load triaxial tests measures the percent
permanent strain for each sample, at various repetitions of
the axial load. Results for each individual specimen were
recorded, but for convenience, average strain values are
reported at selected repetitions of 10, 50, 100, 1 000, 5 000,
10 000 and in increments of 10 000 up to 99 000 repetitions or

failure.

As discussed in Chapter 5, two different types of aggregates
were used in the fabrication of specimens, so the results for

both series of test specimens will be discussed separately.

7.6 High Temperature Permanent Deformation
Characteristics of Lethbridge Aggregate
Tables VII-1 and VII-2 summarize the percent permanent strain

at each temperature for the two typres of binder using
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No of Temperature (C)
Repet (N) 25 35 45
0 0 (0.000)| 0 (0.000)| 0 (0.000)
10 0.152 (0.093)| 0.217 (0.027)| 0.386 (0.323)|
50 0.278 (0.168)| 0.394 (0.039)| 0.629 (0.378)
100 0.458 (0.134)| 0.489 (0.042)| 0.659 (0.420)
1 000 0.614 (0.308)| 0.983 (0.031)| 1.594 (0.676)
5 000 1.188 (0.300)| 1.776 (0.144)| 4.015 (1.066)
10 000 1.211 (0.263)| 2.331 (0.318)| 4.761 (1.494)
20 000 1.391 (0.240)| 2.917 (0.544)| 7.081 (1.527)
30 000 1.560 (0.222)| 3.579 (0.551)| 7.975 (0.476)
40 000 1.698 (0.146)| 4.183 (0.439)| 9.661 (0.306)
50 000 1.811 (0.165)| 4.970 (0.534)
60 000 1.914 (0.247)| 5.846 (0.716)
70 000 2.037 (0.414)| 6.106 (0.484)
80 000 2.419 (0.693)| 6.782 (0.241)
90 000 2.779 (1.119)
99 000

( ) are standard deviations for the average strain values

TABLE VII-1 PERCENT PERMANENT STRAIN FOR 150/200
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No of Temperature (C)

Rept. (N) 25 35 45

0 0 (0.000)| 0 (0.000)| ©

10 0.180 (0.085)| 0.203 (0.024)| 0.177 (0.020)
50 0.290 (0.091)| 0.249 (0.028)| 0.292 (0.028)
100 0.339 (0.094)| 0.292 (0.028)| 0.347 (0.013)
1 000 0.480 (0.105)| 0.477 (0.058)| 0.576 (0.059)
5 000 0.582 (0.131)| 0.653 (0.072)| 0.803 (0.144)
10 000 0.634 (0.117)( 0.775 (0.092)| 1.039 (0.211)
20 000 0.699 (0.128)| 0.923 (0.113)| 1.432 (0.340)
30 000 0.745 (0.141)| 1.021 (0.133) 1.674 (0.403)
40 000 0.785 (0.141)| 1.093 (0.147)| 1.853 (0.450)
50 000 0.820 (0.158)| 1.152 (0.159)| 2.045 (0.489)
60 000 0.855 (0.173)| 1.194 (0.166)| 2.191 (0.525)
70 000 0.888 (0.213)| 1.237 (0.177) 2.510 (0.740)
80 000 0.934 (0.238)| 1.272 (0.185)| 2.594 (0.663)
90 000 0.971 (0.278)| 1.302 (0.189)| 2.865 (0.749)
99 000 1.014 (0.325)| 1.325 (0.192)| 3.145 (0.837)

( ) are standard deviations for the

TABLE VII-2 PERCENT PERMANENT STRAIN

average

FOR HUSKY PMA2

strain values



125

Lethbridge aggregate. Permanent strain values for the
indi{ridual specimen tested were tabulated for a selected
number of repetitions, i.e 10, 50, 100, 1 000, 5 000,

and increments of 10 000 to failure or 99 000 repetitions.
Average values for permanent strain are reported for
convenience. Specimens which exhibited

unusually large strains, for no apparent reason were removed

prior to calculating the average.

Figures VII-2 and VII-3 present the permanent deformation
curves for 150/200 pen grade mix, and Husky PMA 2 for three
temperatures. Figures VII-4 to VII-6 present the two mixes
side-by-side, for comparison at each test temperature of

25 C, 35 C, and 45 C.

Examinations of the data and plots lead to the following
observations, for comparable temperatures, using 150/200 mix

as a reference:

At 25 C, the strain for Husky PMA 2 is 1 percent compared to
150/200 pen grade asphalt which has a strain of about 2.8
percent at 99 000 repetitions under the same conditions.

2. At 35 C, the strain for Husky PMA 2 was 1.3 percent
compared to 150/200 mix which has strain of about 6.8 percent

at 80 000 repetitions under the same conditions.
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3. At 45 C the strain for Husky PMA 2 was 1.9 percent compared

to 150/200 mix, which has strain of about 9.7 percent,40 000

repetitions, under the same testing conditions.

An overview of the results for the above mixes, shows that the
strain increases as the temperature increases. This is due to
the fact that, as the temperature increases, the binder

stiffness decreases, making the mixes to be less resistant to

Permanent deformation.

In addition, from Figure VII-6, it can be observed that the
Husky PMA 2, at 45 C, had a strain of 3.2 percent after 90 000
repetitions whereas the control mix (150/200) has strain of

about 10 percent only after only 40 000 repetitions.

The data and plots points to the observation that the polymer
modified mixes tested show improved resistance to permanent
deformation under repeated loading condition and, thus, they
could be expected to demonstrate superior performance under

traffic loadings especially at high temperatures.

7.7 High Temperature Permanent Deformation
Characteristic Of Secondary Highway 794 Aggregate
Tables VII-3 and VII-6 summarizes the percent permanent
Strains at each test temperature, for the two types of

binders using secondary highway 794 aggregate. Average values
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No of Temperature (C)

Repet. (N) 25 35 45

0 0 (0.000)( O (0.000)| O (0.000)
10 0.234 (0.099)| 0.445 (0.403)| 0.221 (0.169)
50 0.408 (0.154)| 0.572 (0.407)| 0.458 (0.160)
100 0.492 (0.196)| 0.634 (0.408)| 0.538 (0.160)
1 000 0.825 (0.438) 0.923 (0.402)| 1.075 (0.247)
5 000 1.138 (0.733)| 1.332 (0.347)| 2.222 (0.486)
10 000 1.322 (0.924) 1.678 (0.261)| 3.185 (0.712)
20 000 1.564 (1.168)| 2.315 (0.202)| 4.615 (1.015)
30 000 1.748 (1.397)| 2.891 (0.512)| 5.688 (1.186)
40 000 1.904 (1.519)| 3.539 (0.995)| 6.364 (0.950)
50 000 2.044 (1.666)| 4.303 (1.646)| 6.744 (0.718)
60 000 2.172 (1.802)| 4.894 (2.065)| 6.888 (0.550)
70 000 2.292 (1.926)| 5.108 (1.940)| 7.144 (0.542)
80 000 2.406 (2.037)| 5.325 (1.806)| 7.782 (0.640)
90 000 2.533 (2.137)| 5.546 (1.672)

99 000 2.628 (2.234)| 5.742 (1.559)

( ) are standard deviations for the average strain values

TABLE VII-3 PERCENT PERMANENT STRAIN FOR 150/200A
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No of Temperature (C)

Repet. (N) 25 35 45

0 0 (0.000)| O (0.000)! o (0.000)
10 0.133 (0.062)| 0.307 (0.159)| 0.142 (0.095)
50 0.292 (0.085)( 0.408 (0.163)| 0.225 (0.098)
100 0.340 (0.091)| 0.449 (0.165)| 0.263 (0.100)
1 000 0.357 (0.098)| 0.593 (0.195)| 0.425 (0.095)
5 000 0.418 (0.102)| 0.728 (0.253)| 0.626 (0.101)
10 000 0.452 (0.100)| 0.795 (0.291)| 0.750 (0.111)
20 000 0.495 (0.089)( 0.862 (0.330)| 0.911 (0.121)
30 000 0.575 (0.120)| 0.890 (0.341)| 1.023 (0.124)
40 000 0.608 (0.126)| 0.912 (0.348)| 1.115 (0.121)
50 000 0.647 (0.170)| 0.929 (0.353)| 1.194 (0.113)
60 000 0.678 (0.175)| 0.944 (0.357)| 1.268 (0.099)
70 000 0.707 (0.195)| 0.961 (0.366)| 1.346 (0.082)
80 000 . 8.724 (0.216)| 0.970 (0.366)| 1.431 (0.057)
90 000 G.766 {0.240)| 0.985 (0.370)| 1.534 (0.019)
99 000 0.783 (0.256)| 0.956 (0.373)| 1.635 (0.058)

(

) are standard deviations for the

average

TABLE VII-4 PERCENT PERMANENT STRAIN FOR
IMPERIAL PMA

strain values
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for the tested specimens at each temperature, are reported for
convenience. Again, specimens which exhibited unusually large
strains, for no apparent reason, were removed prior to

calculating the averages.

Figures VII-7 and VII-8 present the percent permanent
deformation curves for both 150/2002 and Imperial PMA, at the
three test temperatures. Figures VII-9 to VII-1ll present the
two mixes side-by-side fqr comparison, at test temperatures of

25 C, 35 C, and 45 C. .

Examination of the data and the figures leads to the following
obsérvations, for comparable temperatures, using the 150/200A

mix as reference:

l. At 25 C, the strain for Imperial PMA is 0.8 percent
compared to 150/200A which has strain of 2.6 percent at 99 000

repetitions, under the same testing conditions.

2. At 35 C, the strain for Imperial PMA is 0.99 percent
compared to 150/200A which has a strain of 5.7 percent after

99 000 repetitions, under the same testing conditions.

3. At 45 C, the strain for Imperial PMA is 1.4 percent
compared to 150/209A which has a strain of 7.8 percent after

80 000 repetitions, under the same testing conditions.
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An overview of the the above data and plots again show
that, as the temperature increases, the strain increases. Also
from the Figure VII-1l1l, it is observed that the Imperial FMA
mix shows a strain of 1.6 percent after 99 000 repetitions
whereas the control mix (150/200A) has a strain of 7.8 percent

after 80 000 repetitions.

Again, the data indicates that the polymer modified mixes, as
compared to conventional mixes show improved resistance to
permanent deformation under repeated loading conditions, and
thus could be expected to demonstrate superior performance

nder traffic loading, especially at high temperatures.

7.8 High Temperature Performance of Conventional and
Polymer Modified Asphalt Cements

According to the observed behavior of both conventional and
polymer modified asphalt cements during repeated load triaxial
testing, it is noted that, in general, polymer modified
asphalt cement mixes perform better than the

conventional asphalt cement mixes, especially at high
temperatures, where the conventional mixes were seen to

undergo large strains.

Although the types of aggregate used to fabricate the test
specimens were different for the Husky PMA 2 and Imperial PMA

mixes, it is observed from the data and the plotted results
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that both polymer modified asphalt cement mixes performed

better than the mixes made with the conventional type of
asphalt cements. The Imperial PMA showed better performance in
terms of lower percent permanent strain, as compared to the
Husky PMA 2. This may be due to the presence of higher amount
of manufactured fines in the Secondary Highway 794 aggregate.
Figures VII-12 and VII~13 show side by side comparison of the
permanent strain at 25 C, 35 €, and 45 C for conventional and
polymer modified asphalt cements. For comparable strain of 8
percent and conventional asphalt cements the Lethbridge
aggregate reached this load at 30 00 repetitions. whereas the
Secondary Highway 794 aggregate sustained 60 000 repetitions
at 45 C. The effect of different types of aggregates on the

characteristics of conventional and polymer modified asphalt

cements is evident.
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CHAPTER 8.0

CONCLUSIONS AND RECOMMENDATIONS

8.1 Conclusions

The main objective of this reseszrch was to uswsluate and
compare the behavior of conventional and polymer modifies
asphalts under both high and low temperatures. This has been
achieved by laboratory testing of asphalt cement samples, and
asphalt concrete specimens fabricated in the laboratory using
these asphalt samples. Based on the laboratory test data for
the conventional and polymer modified asphalt cements
investigated in detail, the following conclusions can be

drawn:

l. The indirect tensile strength test results show that the
pPolymer modified mixes exhibit higher failure stresses, higher
failure strains + and lower failure stiffness values, in the

temperature range from 0 C to =30 C.

2. According to the above results, the polymer modified mixes
are expected to be more resistant to thermally induced

stresses at low temperatures.

3. For all mixes tensile failure stresses increase, failure

140
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strains decreases, and failure stiffness increase with a

decrease in temperature.

4. The laboratory test results showed that the polymer
modified asphalt mixes exhibit less permanent strain than the
conventional asphalt mixes, which demonstrate that the polymer
modified asphalt mixes are more resistant to permanent

deformation at high temperatures.

5. The repeated load triaxial test results show that the
permanent strain of the various mixes was significantly

affected by the test temperature.

6. The type of aggregate incorporatsd in the mix affects the

resistance to permanent deformation at high temperatures.

7. From the trends observed at the low and high temperatures,
the polymer modified asphalt mixes are expected to perform

better under both low and high temperatures.

8.2 Recommendations

In order to carry out future work on polymer modified asphalt

mixes, the following recommendations are presented:

l. The test sections constructed using the Husky PMA 2 and
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Imperial PMA asphalt cements should be monitored for permanent
deformation and traffic for pussible correlation with

laboratory test results.

2. There is a significant increase in the cost of producing
asphalt concrete mixes with the pclymer modified binders, so
an economical justification study on life cycle costs for

these mixes should be carried out.

3. Two types of aggregates were utilized in this research and
they significantly affected the permanent strain of the mixes.
Additional studies should be carried out to observe the
effects of different aggregates available in Alberta, on the
characteristics of the conventional and polymer modified

asphalt mixes at both low and high temperatures.

4. Evaluation of characteristics of other polymer modified

asphalts at both low and high temperatures is recommended.

5. §1m no fundamental progress can be made at all without
knowledge ¢f the binder composition, future work should employ
only samples® whose polymer identity and characteristics and
concentratioms are known. The same is true for the asphalt

component itgelf.
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APPENDIX A
METHOD OF TEST AND ANALYSIS FOR THE
LOW TEMPERATURE TENSILE PROPERTIES OF
ASPHALT CONCRETE CYLINDERS USING THE
INDIRECT TENSILE TEST

A.l Scope

This method covers the procedure utilized for determining the
low temperature tensile properties of asphalt concrete
cylinders using the indirect tensile test. The test can be
conducted on asphalt concrete laboratory specimens and cored

pavement specimens.

A.2 Summary of Method

The indirect tensile test method consists of ioading an
asphait concrete cylinder via loading striys across a
diameter, in a compression testing frame and within a
controlled temperztuve chamber maintained at a constant low
temperature. Output signals from a load cell and three linear
variable differential transducers are recorded on floppy
diskette by means of a datalog card installed on a
microcomputer. (Figure A. 1)

By the use of the Lotus 1-2-3 spreadsheet program, the raw

data recorded in the diskette is processed and the tensile
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failure stress, failure strain, failure stiffness ¢+ and the

stress-strain diagram can be obtained.

A.3 Significance

This method determines the tensile stress-strain and
stiffness-strain characteristics of asphalt concrete at low
temperatures and is primarily intended to assist in the design
and evaluation of asphalt concrete with respect to low

temperature thermal cracking.

A.4 Apparatus

A.4.1 Controlled Temperature Chamber .

The controlled temperature chamber shall be capable of
maintaining test specimens at a constant temperature +/-1 C
within the range of +10 C to -30 C during the course of a
test. A temperature monitoring device shall have its sensor
embedded in a specimen of similar size and composition to the
specimen which is to be tested and shall be capable of

measuring temperature to +/-0.5 C.

A.4.2. Loading Apparatus

A.4.2.1 Compression Testing Frame

The compression frame shall have a minimum capacity of 5 to:s
and shall be capable of providing the rate of loading
prescribed in Section 6.4.
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A.4.2.2 Supplementary Bearing Bar or Plate

The supplementary bearing bar or plate shall conform to the
specifications for this item in the Stamdard Methods of Test
for indirect tensile strength of Molded Comcrete Cylinders
(ASTM Designation: C 496-85), except that the width of the

bearing bar or plate shall not be less than 33 mm.

A.4.2.3 Bearing Strips

Two steel bearing strips of dimension as shown in Figure A-2
shall be placed between specimen and both the upper and lower
bearing blocks of the testing machine or between the specimens

and supplemental bars or plates, if used. (See Section

A.4I2.2)

A.4.2.4 Load Cell
The load cell shall have a minimum capacity of 4.5 tonnes and
shall be capable of measuring compressive loading to +/-1 per

cent of true at the rate of loading prescribed in Section 6.4.

A.4.3 Gauge Points, and Marking and Mounting
Apparatus

A.4.3.1 Gauge Points

The gauge points shall be 9.525 x 9.525 x 6.35 mm (0.025 mm

from mean in any dimension) brass plates.
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A.4.3.2 Gauge Point Jig

The gauge point jig shall provide slots for marking the

specimen and holes for mounting the Gauge Points. (Figure A-3)

A.4.4 Deformation Measurement Apparatus

A.4.4.1 Horizontal Displizuement Gauges

The displacement gauges :hall be two 1linear variable
differential transducers of matched sensitivity (within 5%)
and be capable of measuring displacements to within +/-0.00125

mm, and shall have a stroke of not less than +/-0.25 mm.

A.4.4.2 Displacement Gauge Core and Coil

Assemblies

The two displacement gauge core and coil assemblies which hold
the Horizontal Displacement Gauges shall be made of brass

(Figure A-4)

A.4.4.3 Vertical Deformation Gauge

The displacement gauge shall be a linear variable differential
transducer capable of measuring displacement to within 0.01
mm. The gauge shall be mounted on the compression frame and

measures the movement of the loading plate.

A.4.4.4 Displacement Gauge Calibration Jig
The displacement gauge calibration jig shall be made of
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brass and aluminum (Figure A-5) the dial gauge which comprises
a portion of the displacement gauge calibration jig shall be
a $0.0025 mm dial gauge.

A.4.5 Data Acquisition Apparatus

A.4.5.1 Computer Hardware

The computer hardware for acquiring and recording test data
consists of the following:

A microcomputer System with minimum 512K Ram is required
although 640K Ram is preferred in order to provide a margin of

safety for the computer operation.

Two double sided, double density disk drives are required in
order to run the softwares. The first or "A" drive contains
the operating system and the BASIC program. The second or "B"

drive is used to store test data upon completion of the test.
A multifunction card is used for printer communication.

A clock card is used to note the time.

A Metra Byte Dash-8 Board is used to collect the test data in
analog form and convert them into digital form for use by the

computer. The Dash-8 board has 8 channels available for

datalogging. Only five is needed. They are:
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a. Channel 0 «=w-- Load Cell

b. Channel 1 ——ec-- LVDT A

c. Channel 2 «=--- LVDT B

d. Channel 3 «=w-- Average of A and B
e. Channel 4 ~=e-- Vertical LVDT

The Dash-8 board has a full scale input of + 5 volts on each

channel with a resolution of 0.00244 volt.

A.4.5.2 Computer Software

Two software packages are required by the computer to acquire
and record the test data. One is the IBM PC DOS version 3.1
and the other is the Dash-8 configuration package. A BASIC

program written specifically for the indirect tensile test is

also required.

The DOS disk operating system allows the establishment of a
virtual disk on the computer for temporary data storage. When
the test is finished, the contents of the virtual disk is
transferred to the ’B’ drive. The Dash-8 software package
provides the input output driver routine which can be accessed
from BASIC using the Call statement. The BASIC program defines
various functions and operation in the use of the computer
hardwares. The main function and operation defined in this
program include the gathering of test data at designated
intervals and duration; and the storing of the data in the

computer and copying them to drive ’B’, by using the Dash-8
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software package. A listing of this program is enclosed in

Section A.10.

A.4.5.3 Signal Conditioner

The signal conditioner is used to amplify, filter and
condition the input signals from the test before sending the
signals to the Dash-8 board. The conditioner also serially
connects the input signals of the LVDT A and LVDT B resulting
an average value for the horizontal deformation. In addition
to the above functions, the conditioner is used to zero the
signals of the load cell and the LVDTs, before sending them to
the Dash-8 board.

A.5 Test Specimens

A.5.1 Asphalt Concrete Laboratory specimens
The specimens were fabricated according to procedure described
in Chapter 5 using Asphalt Institute Manual Series MS-2

method.

A.6 Procedures

A.6.1 Calibration

A.6.1.1 Load Cell
The Load Cell shall be calibrated at room temperature (if

temperature compensating) or at the test temperature (if
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non-tempexatuire compensating), on a Compressing Tester whose
load accuracy has been verified to + 1 percent in accordance
with the Standard Methods of Verification of Testing Machines,
ASTM Designation: E4-64.

A.6.2 Dial Gauge

The dial gauge shall be calibrated while on the Displacement
Gauge Calibration Jig described in Section A.4.4.4, using

machinist’s gauge blocks.

A.6.2.1 Displacement Gauges

The two horizontal displacement gauges shall be calibrated
when the two gauges are connected in series. They shall also
be calibrated separately. The calibration shall be carried out
on the Displacement Calibration Jig (using a 25.4 mm gauge
length at null)

at the test temperature. Output signal (in terms of voltage)
from the displacement gauges shall be measured by a digital

voltmeter as well as by the computer data acquisition system.

A.6.3 Preparation of Specimen for Testing

A.6.3.1 Measurement

Determine the length and diameter of the test specimen to the

nearest 0.25 mm by averaging four readings at each dimension.
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A.6.3.2 Marking
Mark diametral loading points on each end of the specimen in
the same axial plane using the Gauge Point Jig described in

Section A.4.3.2.

A.6.3.3 Gauge Point Attachment

Cool the specimens to at least -10 C for about 2 hours before
attaching the gauge points. Coat one side of each of two
gauge points (described in Section A.4.3.1) with warm asphalt
cement. (Use grade 200/300A asphalt cement for testing at
temperature of -10 C or below. Use grade 85/100A asphalt
cement for testing at temperature above -10 C). Warm the
gauge poir.ts and insert the two coated Gauge Points through
the holes in the aligned Gauge Point Jig and press firmly onto
the specis:en. Leave the specimen to cool horizontally for
approximately 3 minutes to firmly affix the gauge points to
the specimen. Invert the specimen (and prop in a manner that
will not disturb the previously attached Gauge Points) and

attach the other two Gauge Points in a similar manner.
A.6.3.4 Cooling

Immediately place the specimen into the Controlled Temperature

Chamber.

A.6.4 Preparation for Loading of the Specimen
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A.6.4.1 Specimen Inspection
After the specimen to be tested has reached equilibrium
temperature, inspect it for Gauge Point slippage. If any

slippage is evident remove the Gauge Points and repeat steps

A.6.2.3 and A.6.2.4.

A.6.4.2 Positioning

Place the Load Cell on the 1loading ram platen of the
Compression Testing Frame. Position the specimen so that the
marked loading points are in a vertical plane passing through
the center of thrust and so that the longitudinal axes of the
Bearing Strips are in this vertical plane. Raise the loading
ram of the Compression Testing Frame just enough to secure the

specimen for Displacement Gauge attachment.

A.6.4.3 Displacement Gauge Attachment

Tie both of the Displacement Gauge Core and Coil Assemblies to
some point on the Compression Testing Frame to obviate damage
after specimen failure. Simultaneously place the rear
Displacement Gauge Core and Coil Assembly onto the Gauge
Points and then secure the assemblies by tightening the allen
screws. Repeat the foregoing attachment procedure for the

front Displacement Gauge Core and Coil Assembly.

A.6.5 Loading and Recording Procedure
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A.6.5.1 Loading Rate
Set the Compression 'I'esting Frame to a nominal loading rate of
1.47 mm/min. The actual loading rate many vary from the
nominal loading rate by +/-10 percent but must be reproducible

within +/-1 percent.

A.6.5.2 Loading

Engage the Compression Testing Frame and return to the
recording area (Note: Loading will not begin until the power
supply switch for the servo motor is closed. This switch
should be located in the recording area, adjacent to the

recorder) .

A.6.5.3 Recording

Make sure all the wirings are hooked up correctly. Adjust the
signal conditioner switches such that the voltage outputs from
the load cell and the displacement gauges to the datalog card
are conditioned close to +/-0.000 V. Run the computer program
for datalogging. Input information as requested from the
screen. This include the duration of recording data, the
frequency of reading data and the name of channels to be used.
(Channel 0 to Channel 4) The name of the sample will also be
requested and will be used as the filename of the dataset.

Press the run key and the computer will start to record data.

Record all other pertinent data such as date of test and test
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temperature (air and specimen) on the laboratory log book. The
computer will stop recording data after the given period of

time and copy the data set into floppy diskette.

A.6.5.4 Termination of Test

Upon failure of the specimen, turn off the power supply switch
for the servo motor. Disengage the Compression Testing Frame
and examine the fractured specimen. If the fracture surface

passes under a Gauge Point the test shall be rejected.

A.7 Calculations

A.7.1 Tensile Stres-=

The tensile stress at any point to failure shall be calculated

as follows:

P,  t * d

where:

t = specimen thickness, in m

d

specimen diameter, in m
T = tensile stress, in kPa

P = applied load, in kN, calculated as follows:
P,= 3.142
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N, * k;

410

where:

N, = values, in binary bit form as recorded in
channel 0 of the data file, 1 volt = 410 bits,
K, = conversion factor of load cell, in kilonewton per volt

obtained from calibration.

A.7.2 Strain
The strain, at any point to failure is equal to the average
deformation, in mm, as measured by the two horizc.ital

deformation gauges, A and B, calculated as follows:

Nab * K,

410 * 25.4
where:

S = average deformation of the strain gauges A and B, in
mm/mm
Nab = value as recorded in binary bit form in channel 3 of

the data file, 1 volt = 410 bits,
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K, = conversion factor of the deformation gauges in mm per

volt.

Due to the biaxial state of stress existing within the
cylindrical specimen, the displacement measured between the
gauge points is a result of both compressive stresses in the
vertical direction and tensile stresses in the horizontal
direction. The term strain is used without differentiation as
to its cause. If tensile strain is desired, as for calculation
of a stiffness modulus, use of equations applying the

Generalized Hooke‘’s Law is necessary.

A.7.3 Failure Strain
The failure Strain shall be considered as the strain

corresponding to the first maximum stress reach during the

test.

A.7.4 Tensile Strength

The tensile strength shall be considered as the maximum

tensile stress.

A.7.5 Stiffness Modulus

The tensile stiffness modulus at any point to failure shall be

calculated as follows:
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0.912 * 7T
S,=

0.5 * sab

where:

S¢ = Tensile Stiffness Modulus in MPa,
T = Tensile stress in MPa,

Sab = Average strain of strain gauges A and B in mm/mm.

A.7.6 Data Processing

When the test is terminated, the raw test data stored in the
disk is processed by an IBM XT microcomputer using the Lotus
1-2-3 spreadsheet program. A 1lotus 1-2-3 Macro program is
written specifically to perform the calculations which are
described earlier in this chapter. A listing of the Macro
program and the instruction for using it are contained in

Section A.10.

The printout of the processed data includes the stress, strain
and stiffness of the specimen at each point of time during the
test. The failure stress, failure strain and failure stiffness
are determined by locating the maximum stress the specimen has
first experienced. a sample printout is contained in Section

A. !10 L]

By selecting the appropriate pairs of stress-strain data, the
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stress strain diagram of the test specimen can be drawn by
means of the Lotus 1-2-3 graph software or any other plotting

programs.

A.8 Report

The report shall include the following:

1. Identification number, aggregate identification, asphalt
cement penetration or viscosity, and asphalt cemenﬁ
supply,

2. Test temperature,

3. Rate of loading

4. Specimen diameter, and thickness,

5. A printout of the processed data of stress, strain and
stiffness,

6. The failure strain,

7. The tensile strengti,

8. A stress-strain di#xram, aui

9. Any abnormalities in the type of fracture.

A.9 Scurces cf Experimental Errors

The following are some of the sources of experimental errors
that have been identified in the tensile splitting test method
described in the previous chapters. Possible procedures to
reduce these érrors are also presented.

1. Shape of specimen may not be truly cylindrical. This may

be caused by distortion during extraction in the case of
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Marshall briquette or by poor quality coring in the field.
This error will cause non-uniform loading of the specimen
leading to erroneous results. To reduce this error, strict
adherence to MS-2 procedure for preparation of Marshall
briquettes and well supervised coring in the field are

necessary.

2. The level of the loading platens of the compression

machine may not be truly horizontal. This again will result
in non-uniform loading of the specimen. To ensure that the
loading platens are level, check and adjust the 1loading

platens before each test.

3. The loading strips may be seated improperly. This will
result in loading the specimen not in an axial plane which
is assumed in the theory to calculate the stress
distribution. To avoid this error to happen, align the
diametral lines of the specimen with the centre of the loading

strip and the line of thrust of the testing machine.

4. The compression machine may vibrate excessively,

particularly at the start of a day’s testing and/or at colder
temperature. This will result in a large fluctuation of the
readings of the LVDTs. To eliminate this problem, run the
machine for a few minutes before starting the day’s tests.

Alsc check to ensure the driving belt of the servo motor is
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tight.

S. The reading of the LVDTs may be moving before the test

begins (very often at higher temperature). This indicates
that either the LVDTs are not secured to the gauge points or
the gauge points are slipping. To overcome this problem,
tighten the allen screws of the core and coil assemblies and
check the slippage of the gauge points. If slippage of the
gauge points is identified, remove the gauge points and
re-attach the gauge points using a harder asphalt. (Section

£.2.3)

6. The LVDTs may not at a horizontal position. This will

result in inaccuracy in the strai: w23ding. The problem may be
caused by gauge point slippage, inaccuracy in marking the
diametral lines or improper positioning of the specimen. To
overcome this problem, check the position of the specimen and
the accuracy of the diametral lines. fheck the slippage of
the gauge}point. Make sure that the gauge points are firmly
affixed (that is, the asphalt cement is cool) before inverting

the specimen for ancther pair of gauge point.

7. The air temperature of the cold chamber may fluctuate,
very often as much as 2 to 3 C during the course of the
test. The temperature of the specimen also fluctuates, but

to a lesser extent in the order of 1 to 2 C. This
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fluctuation is caused by heat loss when opening the door of
the cold chamber and the sensitivity of the thermostat which
controls the activation of the compressor of the cold
chamber. In general, provided the door of the cold chamber is
closed tightly every time a person enters or leaves the
chamber, a couple of adjustments of the thermostat is
sufficient to bring the temperature of the specimen to within

1 C of the required test temperature.

8. The temperature of the cold chamber may be increasing
though the thermostat is kept at the same temperature. This
happens very often after a long duration of colder
temperature being kept in the cold chamber because frost has
been developed. To solve this problem, a half hour defrost

operation is necessary.

9. The readings of a particular channel may stay constant at
- +2048. This happens when the input signal into the computer is
exceeding +5V which is the extremes that the datalog card can
read. This problem may be caused by either the LVDTs are not
within their stroke range for example, the gauge points are
not at a distance of 25.4 mm apart) or the signal conditioner
is not used to condition the signal close to zero before
starting test. To eliminate this problem, check that the LVDTs
are positioned within their stroke range and that the signal

conditioner is used to condition the signal to close to zero
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volt with a voltmeter.
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A.10 Listing of Computer Programs and Sample Printout

A.10.1 BASIC Program for Data Acquisition using the
DASH-8 Card

120 OPEN “dash8.adr" FOR INPUT AS #1
130 INPUT #1, BASADRY

135 CLOSE #1

136 CLS

200 DIM D10%(8).LT%(2)

210 INPUT “Enter length of stage #1(1 to 60 min.)";:S1

220 INPUT “Enter interval(1 to 60 sec)”:11

230 INPUT “Enter length of stage #2(1 to 60 min.)";S2

240 INPUT “Enter interval(1 to 60 sec)’:12

250 TCOUNT=(SI°(60/I!))0(52-(60112))

260 INPUT "Enter first channe!” ;FCY

270 INPUT “Enter last channel®";LCY

275 MDX=1:LTX(0)=FCX:LT%(I)=LCZ:CALL DASHE (MDX, LTX(0), FLAGX)
280 INPUT “Enter file name':FS:$F$=‘c:'¢F$¢'.prn'

290 OPEN FF$ FOR QUTPUT AS 3

400 MDX=0:CALL DASHS (MDX, BASADRY. FLAGYX)

450 ’enter stage #1

465 ON TIMER(I1) GOSUB 4000

470 ON KEY(1) GOSUB 2000:0N KEY(2) GOSUB 2500

480 KEY(1) ON:KEY(2) ON

485 PRINT"Press F1 to start test-

500 IF TEST=1 THEN GOTO 3000

510 GOTO 500

2000 TEST=1:RETURN

2500 OF=1:RETURN

3000 TIMER ON ‘start datalogging

3010 IF OF=1 THEN GOTO 5000

3020 GOTO0 3010

4000 IF READNO.=TCOUNT THEN GOTO 5000

4001 IF READND.=S1=(60/11) THEN ON TIMER(I12) GOSUB 4000

4003 MDX=2:CHY=FC¥X:CALL DASH8 (MDX., CH%, FLAGX)

4005 FOR 1=FCY TO LCX ‘a/d routine

4020 MDX=4:CALL DASHS (MDY, DIOX(I), FLAGKY:INEXT |

4030 READNO.:READND.*I:TC=VAL(LEFTS(TIME$.2D*MIDS(TIHE$.4.2)‘RIGHTS
4040 PRINT TC READNO. ; :FOR I1=FCY YO LCZ:PRINT DIOX(1);::NEXT I:PRINT
4050 PRINT #3,TC READNO.; :FOR IsFCY TO LCX:PRINT #3,010%(1)::NEXT I
4060 RETURN

5000 CLOSE 3:SYSTEM
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A.10.2 Lotus 1-2-3 Macro Program for Data Processing

The following is a listing of the LOTUS Macro that is used to perform
the necessary calculations on the data from the tensile splitting tests.
dlong with the macro are included some comments to aid in future
_modtfications of the macro. These comments DU NOT appear on the
worksheet. The macro does not appear here in the same format as on the
worksheet in order to facilitate the inclusion of comments.

This is the main macro which controls the salection of files to bDe
processed. The files are to be listed under the headings of: “SAMPLE"
and “TEMP" and "THICK". Under the "SAMPLE" heading input the name of
the file that contains the test data. The “"TEMP* requires the input of
the temperature at which the sample was tested. The *"THICK"ness is to
be input in millimeters.

{goto}BEGIN= this section SAMPLE TEMP THICK
/rndiDA~ initializes

/rndTEMP= the macro RW20 ~20 69.6
/rndTHIK= H12 -30 69.7
/rnclDA~=

{goto}1DA~

/rndlDA=

{dbwn)}

/raclDA==

{rignt}

/PNCTEMP==

{right}

/rneTHIK==

/% iTHIK=0=/xq~

/c10A

SAMNQ=

/clDA= this section copies the data

SAMNO2~ to other porticns of the wks for

/cIbA~ subsequent use ‘by the following macros
FRET=
/CTEMP=
SPTEMP=
/CTHIK=
THICK=~
/XCSTART= this transfers control to the "START-UP" macro
/rndTEMP~

/rNATHIK=

/xgLOQR4~ | this loops the macro back to the first line

START-UP MACRO

/wgrm seat the wks recalc to manual

/reALl= erase old data

/rnefEST2

/rneTEST3~

/rndTEST2=

/rndTEST3~

{goto}As~

/f iNUSR\GARYV\TENSILE\ | importing the data file

H12

~{goto )} TABLE 1~

+0Q.0009001~

/e=C2%0. .J250~ I initializing the firgt value to
{goto)} TABLE2~ approx. zero (0) on calc table
(@ABS(C6-3CS$S)+1.0000E~11)

/410* 1000~ calculatichs to comvert the imported
{right} | data (bit format) into SI form of data
(@ABS(D6-30$5)+1.Q00C0E-11) A { ie., deflections, loads etc.
/410%0.01=
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Instructions for Using the Macro Program for

Data Processing

INSTRUCTIONS FOR USING LOTUS 1-2-3 SPREADSKEETS

FOR TENSILE SPLITTING DATA CALCULATIONS

The computar fs setup in such a way that LOTUS 1-2-3 can be called up
fros any directory o the cosputer. When you have turned the computer oo and
you are st the “CN)>' prowpt type in the following command ~=123° and LOTUS
vill be loaded {nto the computer.

from thers type 1a “/fr" (/ file tetrieve) and a series of directory
nases will app on the d 1ine. Chooee the directory named “USR” them
enother sertes of directorias vill appear, this time choose the one named
“GARYV" gnd finally one mere list of directortes will appest, chooae the one
oased “TENSILE®. Then a file name called "TSPLIT" will appear and press the
return key. The ecrees will bdlank out for a few saconds and then the
vorksheet vill appesr on screan.

O the commsnd line & manu will appear with the following chotces:
Enter Dats Process Quic

Potnt to the operation you wish to perfors and press the enter key or
else press the firet letter of the command (f.e. E, P Q).

ENTER DATA

If you choose to enter or edit deta the computer will ®ove the cell
poioter to the firet 1lfee of data. In this case data refers to the
“PILENAYE®, che “TEST TEMP." and the “THICXNESS". Thie dats must be enceved
13 order for the computer to know vhich files you wish to process. The files
that are to ba processed sust have been copied fnto directory “\UsR\GARTV

\TENSILE® previcus to startiag the proceseing.

The ‘dats must be estered under the correct hesdings as follows:
riiExae TEST TDMP TBICKNESS

The f4ilenama does mot tequire the “.PRN" st the end, the computer sssumes
this f({le designstioa. The test toemp caa bde any oumber positive or
negative. The thicksess must be foput 1o INCH 1111 The dats Sugt be eatered
in coluanar form ¢0 to sove from cell location to cell location use the cursor

kays.

Ounce you have finished eatering or editing the date press the “Alt® and
“A" keys simltaneously to return co the command menu.

PROCESS

If you wish to process the data then use this command sod the coaputer
will automstically begis processing the datas. The cosputer requires
approximatily 20 mioutes ce complete the calculstions for each set of Test
dats. Once the calculations are completed for s set of dacs the cosputar will
write the results onto the hard disk for later retriaval. The computer wil}

then ersse the €alculatad dats and begin calculectons on the next data eet.
Vhen the computer has finished processiog all of the dacs oet3 the ¢owmand
®eou will reapp on the o

. Qurr

‘thle d ca the Tputer to ssve the workeheet and exit from
LOTUS 1-2-3,
_ Once you bave exited from LOTUS yOou can princ out any of the processed
dats by gotag to the diractory named “C: USR GARYV TENSILEZ >° and typiog {a
the folloving command: .

PRINT PILEZNAMK.PRN
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APPENDIX B
GROUPING PROGRAM

B.1l Introduction
A grouping program developed previously was utilized for
grouping of the test specimens. The weight of each specimen
was deirzined by weighing each specimen in air, immersed in
wat - "N saturated surface dry weight, as discussed in
\e8e values were used as input in the program
‘culates the bulk specific gravity of each
ating to verify accuracy of input data. Also,
ss28ented in numerical order of specimen
.»ication and another in order of decreasing specific
gravity. Sorting is then done into possible groups according
to their bulk specific gravities so that the difference in
mean specific gravity is minimized. For this testing groups of
8ix specimens were arranged for testing at different
temperatures by the grouping program. 2 general description of

the program is given in Section B.2
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B.2 Géneral Description of the Program Grouping

The program can be called by typing the following. BLOCK
LETTERS are the response of the computer, small letters are
the characters that the user types. The program is on a

diskette and hard drive of computer in Room 215 D.

4

USR> basica
OK
load"grouping"
OK
run
After running the program, the user types in,

system

The main operation of this program consists of the following

three steps:

a. Calculating the specific gravities of the samples

b. Sorting the samples in accordance to their specific
gravities, and

Cc. Grouping the samples to give a relatively constant group

specific gravity.

Data can be put into the program either by input file or
keyboard. To Calculate the specific gravity of a sample, the
program requires the dry weight of the sample, saturated
surface dry weight, and the immersed weight or volume of the

sample. For the convenience of the user to
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identify samples, sample names are also required in the input

data.

The program has the input data correction facility. Input data
can be corrected simply by identifying the sample number,
which data the user wants to correct and the correct value of
the data. After the correction, the user have the choice of

storing the data in a file.
The format of the input data is described as followed:

l. Identification of the project (up to 40 characters)
2. Number of samples in this run (up to 100 samples)
3. For each sample, enter

The sample name (up to 6 characters)

The initial dry weight

The Saturated surface dry weight

The immersed weight

The volume

Enter 0 when any of the above sample data does not apply.

The specific gravity of each sample is then calculated hsing
the above input data. The mean and the standard deviation of
the specific gravities are also calculated. The number of
standard deviation of each sample differ from the mean is then

calculated and samples are sorted according to their number of
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standard deviations.

Sample are grouped into a size defined by the user. The
criteria are to produce groups which have the same mean
specific gravity and a similar population distribution. The
user can exclu&e some of tl;e samples from: grouping. Usually
the samples having the large number of standard deviation are

excluded so as to produce a better distribution of the

samples.

The program output, besides displays in the monitor which acts
in the standard output, also can be produced in a printer
and/or stored in a output file as the user requested. The
output file can later be retrieved or transferred to the main

frame and get : ketter print of the output.



APPENDIX C

INDIRECT TENSILE TEST RESULTS OF INDIVIDOAL SPECIMENS
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HUSKY 150/200 AC (LETHBRIDGE AGGREGATE)

SAMPLE TEST SAMPLE FAILURE FAILURE FAILURE
NUMBER TEMP (C) DENSITY STRESS STRAIN STIFFNESS
Kg/m3 KPa  X0.0001 MPa

150L5 0 2367 1074 51 343
150L12 0 2351 1263 83 249
150L22 0 2361 954 o8 160
150L21 0 2354 1137 123 152
150L8 0 2355 1120 95 202
150L9 0 2357 1164 125 153
NUMBER OF SAMPLES 6 6 6 6

MEAN VALUE 2358 1119 26 210
STANDARD DEVIATION 93 25 69
COEF. OF VAR (%) 0.2 8 26 33

HUSKY PMA 2 (LETHBRIDGE AGGREGATE)

SAMPLE TEST SAMPLE FAILURE FAILURE FAILURE
NUMBER TEMP (C) -DENSITY STRESS STRAIN STIFFNESS
Kg/m3 KPa X0.0001 MPa

PMA/B 0 2367 1241 163 130
PMA/6 0 2360 1051 180 96
PMA/11 0 2351 991 157 101
PMA/19 0 2363 1046 194 89
PMA/1S 0 2360 1231 147 138
PMA/18 0 2356 1228 101 113
NUMBER OF SAMPLES 6 6 6 6
MEAN VALUE 2360 1131 157 111
STANDARD DEVIATION 5 104 29 18

COEF. OF VAR (%) 0.2 9 19 16
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HUSKY 150/200 AC (LETHBRIDGE AGGREGATE)

SAMPLE TEST SAMPLE FALLURE FAILURE FAILURE

NUMBER TEMP (C) DENSITY STRESS STRAIN STIFFNESS
Kgm3  KPa  X0.0001  MPa
150L19 10 2366 2184 42 1295
150L17 10 2388 2314 64 738
150L20 10 2354 2837 45 1113
150L23 40 2359 1897 48 973
15024 40 - 2355 1416 81 536
150L6 10 2357 1642 86 434
NUMBER OF SAMPLES 6 6 6 6
MEAN VALUE 2357 2048 61 848
STANDARD DEVIATION 4 45 17 307
COEF. OF VAR (%) 0.17 23 28 36

HUSKY PMA 2 (LETHBRIDGE AGGREGATE)

SAMPLE TEST SAMPLE FAILURE FAILURE FAILURE
NUMBER TEMP (C) DENSITY STRESS STRAIN STIFFNESS
Kg/m3 KPa X0.0001 MPa

PMA/23 -10 2365 3272 85 501
PMA/20 -10 2352 2872 67 567
PMA/17 -10 2363 3096 66 708
PMA/13 -10 2356 2053 144 217
PMA/S -10 2359 2656 110 211
PMA/22 -10 2361 2262 83 327
NUMBER OF SAMPLES 6 6 6 6
MEAN VALUE 2359 2702 93 422
STANDARD DEVIATION 4 433 27 185

COEF. OF VAR (%) 0.17 16 29 44



HUSKY 150/200 AC (LETHBRIDGE AGGREGATE)

SAMPLE TEST SAMPLE FAILURE FAILURE FAILURE
NUMBER TEMP (C) DENSITY STRESS STRAIN STIFFNESS
Kgm3  KPa  X0.0001  MPa
150L13 -20 2866 4129 12 5567
150L/7 -20 2353 3886 9 7291
150L/16 -20 2356 3507 29 2016
150L/10 -20 2355 3778 20 3075
150L/15 -20 2363 4008 12 5579
NUMBER OF SAMPLES 5 5 5 5
MEAN VALUE 2359 3880 16 4706
STANDARD DEVIATION 5 184 7 1902
GOEF. OF VAR (%) 0.21 5 44 40
HUSKY PMA 2 (LETHBRIDGE AGGREGATE)
SAMPLE TEST SAMPLE FAILURE FAILURE FAILURE
NUMBER TEMP (C) DENSITY STRESS STRAIN STIFFNESS
Kgm3  KPa  X0.0001  MPa
PMA7 -20 2365 4261 37 1915
PMA/3 -20 2352 3807 35 1786
PMA12 -20 2362 4101 21 3338
PMA/24 -20 2357 3282 12 4425
PMA/10 -20 2363 4116 12 441
PMA/1 -20 2357 4078 13 $628
NUMBER OF SAMPLES 8 6 6 8
MEAN VALUE 2359 3941 22 3490
STANDARD DEVIATION 4 324 10 1263
COEF. OF VAR (%) 0.16 8 45 36

196
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HUSKY 150/200 AC (LETHBRIDGE AGGREGA) MODIFIEID

SAMPLE TEST SAMPLE FAILURE FAILURE FAILURE
NUMBER TEMP (C) DENSITY STRESS STRAIN STIFFNESS
Kgm3  KPa  X0.0001 MPa
150L13 -20 2366 4129 12 5567
150L16 -20 2356 3507 29 2016
150115 -20 2363 4008 12 5579
150L10 -20 2355 3778 20 3075
NUMBER OF SAMPLES 4 4 4 4
MEAN VALUE 2360 3878 18 4059
STANDARD DEVIATION 5 205 7 1559
COEF. OF VAR (%) 0.2 9 39 38

HUSKY 150/200 AC (LETHBRIDGE AGGREGA) MODIFIEID

SAMPLE TEST SAMPLE FAILURE FAILURE FAILURE
NUMBER TEMP (C) DENSITY STRESS STRAIN STIFFNESS
Kgm3  KPa  X0.0001 MPa
150L13 -20 2366 4129 12 5567
150L7 -20 2353 3886 9 7291
150/15 20 2363 4008 12 5579
150L10 -20 2355 3778 20 3075
NUMBER OF SAMPLES 4 4 4 4
MEAN VALUE 2359 3950 13 5378
STANDARD DEVIATION 5 131 4 1503

COEF. OF VAR (%) 0.21 6 31 28



198

HUSKY 150/200 AC (LETHBRIDGE AGGREGATE)

SAMPLE TEST SAMPLE FAILURE FAILURE FAILURE
NUMBER TEMP (C) DENSITY STRESS STRAIN STIFFNESS
Kgm3  KPa  X0.0001 MPa
150L4 -30 2354 3799 5 11709
150L11 -30 2356 3468 2 20931
150L18 -30 2354 3217 5 11565
NUMBER OF SAMPLES 3 3 3 3
MEAN VALUE 2355 3495 4 17735
STANDARD DEVIATION 0.9 238 1 8624
COEF. OF VAR (%) 0.04 7 25 49
HUSKY PMA 2 (LETHBRIDGE AGGREGATE)
SAMPLE TEST SAMPLE FAILURE FAILURE FAILURE
NUMBER TEMP (C) DENSITY STRESS STRAIN STIFFNESS
Kgm3  KPa  X0.0001 MPa
PMA/9 -30 2365 4426 7 11234
PMA/14 -30 2356 4135 10 6861
PMA/16 -30 2355 4852 5 16103
PMA/21 -30 2364 5175 6 13954
NUMBER OF SAMPLES 4 4 4 4
MEAN VALUE 2360 3504 7 12038
STANDARD DEVIATION 5 3g7 2 3451
COEF. OF VAR (%) 0.19 11 29 29



IMPERIAL 150/200A (SH794:02/:04 AGGREGATE)

SAMPLE TEST SAMPLE FAILURE FAILURE FAILURE
NUMBER TEMP (C) DENSITY STRESS STRAIN STIFFNESS
Kg/m3 KPa X0.0001 MPa

A6 0 2346 1704 110 225
A5 0 2332 1524 138 180
A2 0 2341 1345 90 245
A8 0 2336 1133 100 186
A12 0 2339 1172 97 199
A24 0 2339 1528 115 218
NUMBER OF SAMPLES 6 6 6 6
MEAN VALUE 2339 1401 108 209
STANDARD DEVIATION 4 204 16 23
COEF. OF VAR (%) 0.19 15 15 1

IMPERIAL PMA (SH794:02/:04 AGGREGATE)

SAMPLE TEST SAMPLE FAILURE FAILURE FAILURE
NUMBER TEMP (C) DENSITY STRESS STRAIN STIFFNESS
Kg/m3 KPa X0.0001 MPa

ino 0 2346 1232 143 142
et 0 2335 983 125 129
9 0 2342 992 128 118
Ins 0 2338 1005 95 173
Ve 0 2340 1048 143 120
23 0 2339 1083 118 151
NUMBER OF SAMPLES - 8 6 6 6
MEAN VALUE 2340 1057 127 139
STANIIARD DEVIATION 4 85 17 19

COEF. OF VAR (%) 0.17 8 13 14
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IMPERIAL 150/200A (SH794:02/:04 AGGREGATE)

SAMPLE TEST SAMPLE FAILURE FAILURE FAILURE

NUMBER TEMP (C) DENSITY STRESS STRAIN STIFFNESS
Kgm3  KPa  X0.0001  MPa
A8 10 2344 3374 57 o71
A1 -10 2334 3146 61 849
A4 10 2341 3680 45 1323
A3 40 2397 372 33 1860
AT 10 2338 3411 62 898
A4 10 2339 3368 34 1652
NUMBER OF SAMPLES 6 6 6 6
MEAN VALUE 2339 3455 49 1259
STANDARD DEVIATION 3 204 12 388
COEF. OF VAR (%) 0.13 6 24 30

IMPERIAL PMA (SH794:02/:04 AGGREGATE)

SAMPLE TEST SAMPLE FAILURE FAILURE FAILURE
NUMBER TEMP (C) DENSITY STRESS STRAIN STIFFNESS
Kg/m3 KPa X0.0p01 MPa

18 -10 2346 2537 73 573
111 -10 2336 2919 70 688
I720 -10 2342 2692 86 517
/5 -10 2338 2812 74 629
I3 -10 2339 2803 88 524
24 -10 2340 2769 70 650
NUMBER OF SAMPLES 6 6 6 6
MEAN VALUE 2340 2755 77 597
STANDARD DEVIATION 3 118 7 64
COEF. OF VAR (%) 0.13 4 9 11



IMPERIAL 150/200A (SH794:02/:04 AGGREGATE)

SAMPLE TEST SAMPLE FAILURE FAILURE FAILURE
NUMBER TEMP (C) .DENSITY STRESS STRAIN STIFFNESS
Kg/m3 KPa X0.0001 MPa
=Rm=potns
A23 -20 2343 4749 6.8 11385
A9 -20 2334 3584 23 25776
A/5 -20 2340 3657 53 11272
A6 -20 2337 4204 5.1 12352
A1 -20 2338 5185 5.9 14916
A3 -20 2340 3724 35 16375
NUMBER OF SAMPLES 6 6 6 6
MEAN VALUE 2339 4199 5 15346
STANDARD DEVIATION : 3 603 1.49 5021
COEF. OF VAR (%) 0.13 14 30 33
IMPERIAL PMA (SH794:02/:04 AGGREGATE)
SAMPLE TEST SAMPLE FAILURE FAILURE FAILURE
NUMBER TEMP (C) DENSITY STRESS STRAIN STIFFNESS
Kg/m3 KPa X0.0001 MPa
7 -20 2338 4445 17 4355
9 -20 2345 4522 9 8869
14 -20 2336 4361 24 2990
n2 -20 2343 4374 11 6741
13 -20 2338 4462 13 6219
22 -20 2341 4326 12 5833
NUMBER OF SAMPLES 6 6 6 6
MEAN VALUE 2340 4415 14 5835
STANDARD DEVIATION 3 67 5 1847
COEF. OF VAR (%) 0.13 1.51 36 32
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IMPERIAL 150/200A (SH794:02/:04 AGGREGATE)

SAMPLE TEST SAMPLE FAILURE FAILURE FAILURE
NUMBER TEMP (C) DENSITY STRESS STRAIN STIFFNESS
Kg/m3 KPa  X0.0001 MPa

A22 30 2342 3588 1.4 31356
A20 30 2335 4524 25 20593
A9 30 2343 4583 23 26138
A1 30 2335 4619 3.4 17839
NUMBER OF SAMPLES 4 4 4 4
MEAN VALUE 2339 4329 2.4 23082
STANDARD DEVIATION 4 429 0.71 5202
COEF. OF VAR (%) 0.16 10 30 22
IMPERIAL PMA (SH794:02/:04 AGGREGATE)

SAMPLE TEST SAMPLE FAILURE FAILURE FAILURE

NUMBER TEMP (C) DENSITY STRESS STRAIN STIFFNESS

Kg/m3 KPa  X0.0001 MPa

7 -30 2343 5000 7.2 11356
V4 30 2342 5131 7.8 11120
118 30 2341 4965 6.5 10535
73] -30 2341 5018 7.5 11235
NUMBER OF SAMPLES 4 4 4 4
MEAN VALUE 2341 5029 7.25 11061
STANDARD DEVIATION 0.83 62 0.48 315
COEF. OF VAR (%) 0.035 1.23 7 2.85
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APPENDIX D
REPEATED LOADING TRIAXIAL TEST APPARATUS,

PROCEDURES AND COMPUTER PROGRAMS

D.1 Introduction

One of the major objectives of the testing program
undertaken in this investigation was to determine the
paeEmanent deformation.characteristics of the conventional
and polymer modified asphalt concrete mixtures. A repeated
load triaxial test apparatus together with a dynamic

recording system were needed to fulfill this purpose.

This appendix describes the testing apparatus and the
recording system as well as the computer programs for the

recording and processing of the data. The testing procedures

are included here.



205
D.2 Repeated Load Triaxial Test Apparatus
D.2.1 Description of the Test Apparatus
The layout for the repeated load triaxial test apparatus is
shown in Figure D-l1l. The essential features and functions of
the various components are described below. Corresponding

reference letters are included on Figure D.1.

A Counterbalance For The Loading Yoke
This unit consists of a weight and pulley system used to
counterbalance the weight of the loading yoke on the piston

and ram.

B Load Cell
This device is used to measure the axial stress applied to

the specimen. It has an operating range of 0 to 910 kg.

C (LVDT) Linear Variable Differential Transducer

This is an electrical displacement transducer which measures
the specimens axial deformation.

D Triaxial Cell

The triaxial cell used in this experiment was of standard
size for the testing of 102 mm diameter by 204 mm high
cylindrical specimen. The central area of the base of the
triaxial cell is supported by the testing machine frame.

This configuration allows the loading yoke to pass by the
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cell without obstruction. The clear removable cylinder is
made of 9.5 mm thick perspex. The loading ram is a 19 mm
diameter ground stainless steel rod with a hemispherical and
designed to fit into the depression in the loading cap. The
top cap of the cell contains entrance and exit spouts for
the temperature control lines which continue as copper coils
within the cell body. The top cap also contains a threaded
hole for the seating of the LVDT core. The base of the
triaxial cell contains valves for the connection of the
confining pressure as well as the pressurxe transducer line.
The axial load capacity of the loading ram is 2700 kg and
pressure capacity of the triaxial cell is 1000 KPa. The
detailed description of the triaxial cell is given in

section D.2.2.

E Bay Operation Switches These switches supply the on-off

control for the operation of their respective bays.

F Guide Frame for the Loading Yoke

This unit is designed to restrict the horizontal movement of
the loading yoke. The apparatus consists of a slotted plate
bolted to the frame and a smooth sided annular cylinder
which threads onto the loading yoke rods. The annular
cylinder is positioned such that it fits within the slot in
the plate ensuring that the load is applied vertically to
the load cell. |
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G Loading yoke

This is a rectangular frame which transfers the load to the
loading ram of the triaxial cell from the piston at the

bottom of the frame through the load cell located at the top

of the frame.

H Pressure Transducer

This is a gauge used to measure the confining pressure in
the three triaxial cells. In order to measure the confining
pressure in each of the three triaxial cells, a four way
valve is used. The transducer is connected to one of the
arms while the other three arms are connected to the
triaxial cells. By using a three-way walve switch, the
pressure from two triaxial cells is shut off and pressure
from the third triaxial cell is measured by transducer. The

pressure transducer has an operating range of 0 to 2070 KPa.

J Air Pressure Cylinder and Piston
This unit transforms air pressure from the reservoir tank

into mechanical energy which is then transferred to the

loading yoke.

K Air Pressure regulators
These units are installed at various tappings on the air
pressure reservoir tank to regulate the air pressure to the

triaxial cells. The operating range of the regulators is 14
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to 1000 KPa.

L Safety Microswitches

These units are designed such that when a pre~set maximum
axial deformation is reached a steel bar will come in
contact with a microswitch, shutting down the bay cperation.
This system avoids damage to the test apparatus in the event
of sample failure. The switches are installed ii: sach bay on
the frame close to the loading yoke. A steel bar is wmounted
between two nuts on the threaded loading yoke. The location
of the bar can be adjusted by rotating the nuts to obtain
the correct gap width between the microswitch and the

contact bar.

M Counter
This is a six digit electric counter connected to the
solenoid valve in order to record the number of load

applications to the specimen.

N Air Pressure Reservoir Tank

This is a cylindrical tank for the storage of the compressed
air. It has sufficient capacity to provide the pressure
requirements for the three triaxial cells. The maximum

pressure capacity of the tank is 850 KPa.

P Temperature Control Bath
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This unit is used to provide the required test temperature
inside the three triaxial cells. By circulating the pre-set
temperature controlled fluid through the heating coils
within the triaxial cell, the temperature of the specimen
can be kept at a desired constant test temperature

throughout the experiment.

Q Voltmeter
This unit reads the voltage in millivolts from the pressure
transducer. It is calibrated for the pressure range of the

transducer, making it possible to read the confining

pressures.

R‘ Electrical Timing Unit

This consists of an electrical network of resistors,
capacitors and inductance coils, which act to form a
pulsating signal. By adjusting the properties of the
components in the network, the frequency and duration of

loading can be controlled. For this unit the minimum on-load

time is 0.25 seconds.

S Signal Conditioner

This signal conditioner is used to amplify and condition the
signals from the load cells, LVDTs and pressure transducer.
An Exp-16 board which acts as a multiplexer is built into

the signal conditioner. This card collects the signals from
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the load cells and amplifies the required signals, which are
then sent to the Dash-8 card installed inside the computer.
The Dash-8 card transforms the signals from the analog
format into digital format. The LVDTs and pressure
transducer signals are also amplified inside the signal
conditioner and sent to the Dash-8 card. They, however, do

not pass through the Exp-16 card.

T Computer and Data Logger

The computer collects data from the LVDTs and load cells
from each of the triaxial cells. The computer used is an
OPERAND with 640 K of RAM and two disc drives. The operating
system used was DOS version 3.1. The data logging card,
Dash-8 is installed in the computer. This card collects and
converts the output voltages from LVDTs and load cells into
"bits" for storage in the computer. Computer programs were
written using "BASICA" to initialize the computer and

collect the data.

Solenoid Valve (Not shown in the figure)

This valve controls the flow of pressurized air from the
air-pressure reservoir to the air pressure cylinder and
piston unit. The unit also provides the exhaust vent for air
from the pressure cylinder and piston unit. The unit is
controlled by the electric timing unit which electrically

opens and closes a three-way solenoid operated valve.
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Air Pressure Gauges (Not shown in the figure)
These gauges are installed after the air pressure regulators
and indicate the air pressure being supplied by that
particular line. The operating range of the gauges used are

0 to 1100 KPa for the axial pressure.

D.3. Operational Procedures

D.3.1 Sample Preparation

Level the top and bottom of the 102 mm diameter by 204 mm
high specimen, ensuring that the surface and edges are free
from protruding pieces of aggregate. If the specimen’s
surface cannot be levelled it can be sawed to produce an

even surface.

D.3.2 Setting up the Sample in the Triaxial Cell

1. Place the specimen on the 102 mm diameter base plate of
the triaxial cell.

2. Enclose the specimen and base plate with a 102 mm

diameter rubber membrane.

3. Place the loading cap on top of the sample and enclose it
with the rubber membrane.

4. Install the rubber O-rings over the membrane at the base
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plate and the loading cap, fold the excess membrane material

over the o-rings.

5. Align the specimen for verticality with the base plate
and the loading cap.

6. Mount the top of the triaxial cell over the centered
specimen. The loading ram should fit smoothly into the
depression in the top of the loading cap. If a rotation of
the loading ram causes lateral movement in the loading cap,
there will be eccentricity in the positioning of the sample.
In this case remove the top of the triaxial cell and realign
the sample. Repeat this procedure until there is no

eccentricity present.

7. Tighten the mounting screws, sealing the top of the
triaxial cell of the base. Applying high vacuum grease to
the surface of the loading ram was found to be helpful in
stopping the leaks from the rubber gaskets and the loading

ram chananel.

D.3.3 Preparation for Testing

1. Insert the triaxial cell into loading bay 1, ensure that
the specimen is not disturbed from its aligned position.
Adjust the loading yolk so that the calibrated load cell

sits properly on the loading ram.
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2. Close all connection valves to the test cell.

3. Fill the air-pressure reservoir tank with compressed air.
4. Connect and start the heat circulétion unit which has
been previously set at the test temperature.

5. Fill the cell by pumping distilled water, of the proper
test temperature, through the confining pressure valve.

6. Connect the pressure transducer and confining pressure
lines to the triaxial cell.

7. Switch on the (a) electric timing unit, (b) signal

- conditioning unit, (c) computer and (d) volt meter.

8. Set the electric timfng unit at the desired or load and
off-load times.

9. Mount the LVDT core in the threaded hole in the top cap
of the triaxial cell.

10. Insert the LVDT unit onto the core and lightly clamp the
unit to the clamp bar attached to the loading ram of the
triaxial cell.

11. Balance the calibrated LVDT with the aid of the computer
program and then firmly clamp it into place.

12. Place a "U" shaped bhar acrosé the top of the triaxial
cell, this will act as a dummy sample during the adjustment
of the axial load.

13. Using the axial air pressure regulator, set the axial
required pressure on the "U" shaped bar, fine tune the
setting with the aid of the computer.

14. Open the pressure transducer and confining pressure
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valves.
15. Using the lateral air pressure regulator, set the
confining pressure to the required valve, fine tune the
adjustment using the voltmeter.
16. Remove the "U" shaped bar from the top of the triaxial
cell.
17. Set counter to zero.
18. Adjust the guides on the loading yoke by turning them on
the threaded rod so that they come within the guide frame.
19. Determine the anticipated maximum deflection the sample
is likely tc undergo.
20. Adjust the gap between the safety microswitch and the
steel bar according to the anticipated maximum sample
deflection.
21. Bay 1 is ready for testing.
22. Set bay 2 and bay 3 by repeating the same procedure
undertaken for bay 1.
23. The system is now ready for operation.
24. Initialize the computer.
25. Give proper name to the current test.
26. Start the test on the bay 1 by turning on the bay !
operation switch and Fl‘button on the computer keyboard
simultaneously.
27. After bay 1 has completed the first 1000 cycles, ™vwa.:
the test on bay 2 by turning on simultaneously the bay -

operating switch and F2 button on the computer keyboard.
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28. Likewise, when bay 2 has completed 1000 cycles, switch
on the bay 3 operating switch and F3 button to start the
test on bay 3.

D.4 Data Acquisition System

A data acquisition system was used to collect the data from
the triaxial test. The raw data which was recorded by
computer using several programs was then processed and
percent permanent strain and resilient modulus were
computed. Following is the description of the hardware and
software used for the data logging system including programs

for collecting and processing the data.

D.4.1 Computer Hardware Used in the Data Acquisition
System

The that was used to gather the test data was an IBM clone

that was distributed by operand Electronics. The computer

contained a number of features beyond the normal base

system. The computer hardware consisted of the following:

(a) 640 K RAM

The absolute minimum amount of RAM that was required by the
software was 512 K but it was preferable to use 640 K in
order to provide a margin of safety for computers operation.
640 K is the maximum amount of RAM that can be accessed by

current versions of DOS.
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(b) Disk Drives
Two disk drives were required in order to run the software.
The first or "A" drive contained the operating system and
the basic program. The second or "B" drive was the drive to
which the data would be sent upon completion of the test.
Saving the déta on the separate drive prevents the loss of
any of the computer programs due to overwriting by test
data. Before the data was written to a floppy it was stored
in a RAM disk drive as explained later in the software

section.

(c) Multifunction Card

The multifunction card was used in place of a parallel port
because the card contains both a serial and parallel port
which was used for printer communications. This card also

has a clock on board.

D.4.2 Data Acquisition Hardware
There were two pieces of equipment that actually formed the
repeated loading triaxial test data acquisition hardware

system:

(a) MetraByte EXP-16 Board
The EXP-16 board was used in conjunction with the DASH-8
card in order to accommodate all of the data inputs from the

test. The EXP-16 board can accommodate up to 16 channels of
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analog information. The board amplifies, filters and
conditions the input signal from the test. The EXP~16 bcard
multiplexs the signals into one channel that is fed into the
DASH-8 board. This board was installed in the signal
conditioner and was connected to the DASH-8 board in the
computer by means of a ribbon cable. For further information
regarding the EXP-16 board refer to the manual as published

by the manufacturer, MetraByte corp.

(c) Dash-8 Board

The DASH-8 board was used to collect the data in analog form
and convert it into digital form for use by the computer.
The data was passed from the EXP-~16 board to the DASH-8
board. The EXP-16 board collected the data because it had 16
channels available for data acquisition as opposed to the 8
channels available on the DASH-8 board. The DASH-8 board has
a full scale input of +/- 5 volts on each channel with a

resolution of 2.44 millivolts (0.00244 volts).

The DASH-8 board comes with a programmed software package
that allows the user to configure the board to his own
requirements. This software plus additional technical
information can be found in the DASH-8 manual that is

published by the manufacturer, MetraByte corp.
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D.4.3 Data Acquisition Software
There were two prepackaged software packages used by the
computer to record the test data. One was DOS version 3.1
and the other was the DASH-8 configuration package. There
was also a program written in BASIC specifically for use in
the repeated loading triaxial test. The detailed description

of each program is given below:

(a) DOS 3.1

DOS 3.1 was used because it was the most up to date
operating system available and it allowed the establishment
of a "virtual disk" on the computer. When the computer
"Sooted up" there was command in the "config.sys" file that
created a 200 K virtual disk in RAM. A virtual disk has a
very quick access time so that it is possible for the
computer to store the gathered information on this "disk".
When the test was finished the contents of the virtual disk

was automatically transferred to the diskette in drive"B".

(b) DASH-8 Software

The DASH-8 board was supplied with a software package that
provides the I/0 diiver routine. This routine is called
"DASH8.BIN" and can be accessed from BASIC using call
statements. Using the DASH8.BIN software in conjunction with
a BASIC program provided considerable flexibility in the use

of the computer hardware. Various functions and operatidns



220
were defined from within the BASIC program by using the
DASH8.BIN file. The DASH-8 operations manual can be used for

further information.

(c) Triaxial Test Control and Datalogging Program

A BASIC program was written to collect the test data from
the repeated loading triaxial test and store it in the
computer. Thié program made use of the DASH-8 software and
therefore any attempt to analyze the program should be done

with the DASH-8 manual as reference.

This program uses the timer built into the DASH-8 board and
therefore does not require any internal clock in the
computer. The timer controls the data acquisition po:tion of
the board so that there are two hundred measurements made
per second. The computer takes the maximum and minimum
values. The board timer also sends one pulse per second to
the externél timer. This external timing unit controls the

operation of the air rams that load the specimens.

The limitations due to the hardware allowed only one reading
per second to be recorded. Because only oné reading per
second could be recorded and there were three samples being
tested the‘start-ups were staggered. Test one would commence
and readings would be taken every one second for the first

1000 seconds. Upon completion of the first 1000 second test



221
two would begin and its first 1000 readings would be
recorded and test three would start after test two completed

the first one thousand cycles.

The information was recorded as follows: every second for
the first 1000 seconds, every 100 seconds until 10,000
seconds and then every 1000 seconds until the end of the

test.

The BASIC program written for the repeated loading triaxial
test is illustrated in section D.4.4.1. It contains all the
information and comments regarding the test which makes it

self-explanatory.

(d) Programs for Processing the Raw Data

The data which have been collected by computer were in
binary form. Computer programs were necessary to convert the
collected data from the binary formats into permanent
deformation and resilient modulus values by introducing the

various parameters and necessary calculations.

The percent permanent strain was computed as follows:

Ep = 100 Nmin Kp
410 t
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Where
Ep = percent permanent strain,
Nmin = deformation values in binary bit as recorded
by computer (minimum values at each pulse),
1 volt = 410 bits,
Kp = calibration factor for LVDT, mm/volt, and
t = thickness of the specimen, mm.

A Lotus 1-2-3 Macro program was written specifically
converting the raw data from binary to real format and
performing the percent deformation and resilient modulus

computations. This program is presented in section D.4.4.2.
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D.4.4 Listing of the computer Program for the Repeated
Load Triaxial Test

D.4.4.1 Triaxial Test Control and Datalogging program

so ’ .“-..-.‘.....--....-.'....-I'..........'.....‘-.-.....'tt'..'-

60 Repeated Loading Triaxial Test .
70 ' Control and Datalogging System -
so ’ ."-‘--..-'..---.."-...-...-.-...'--..'.!'..-.!---t'.-.-..-t!‘
100 ‘def sag=3h1700 ‘Setup lcad segment

110 ‘bload "dash8.bin",0 ‘Loads at 1700:0000

{11 'ecmccceccccccrcrcccccc e rrcccscrrrc i e v e cmacmaceceemacancnanana

112 ' above requried for interpertive version

1’3 s raenecsrcoecscvaccavsowneanee cTocscwcceraccaw Secamecceeasmee sevacccsae
198 ¢

tie Load dash8 address

L I S

120 OPEN "dash8. adr‘ FOR INPUT AS #1

130 INPUT #1, BASADRY

138 CLOSE 01

< L e

137 ¢ Sotup variables .

138 ‘tho number of rclding are modified using max and diff
B L

1%0 NAx1-'OOO DtFF1-1oo MAx2-1ooo DIFF2-1OO MAX3®1000: DIFF3=100
154 DIM DAH%(2) ,0AL%(2) . .LCH%(2),.LCL%(2),DA%( 199) ,D10%(2),LT%(2) . TRAN%(2)
182 Definattons

183 OAH=Maxium load csll reading DAL=low locad cel! reading DAxreadings
154 LCH=Maxium Ivdt reading = LCL=low Ivdt reading

L

156 tnitialize dash8 with mode O

L

160 DASHB-O : FLAG%20 : MD¥%=0

170 CALL DASHB (MD%, BASADRY%., FLAGY)

178 ., et et e it ettt et e e

- o e

i85 - Setup of function keys

186 b AL L L R L

187 ¢ .

8 Function Key# Cesription

i8e ¢

180 1 start test samplie #1

191 ¢ 2 stop test sample #1(cursor down at same time)
192 3 start test sample #2

193 4 Stop test sample /2(cursor down at same time)
194 S start test sample #3

198 - 6 stop test sample ¥#3(cursor down at same time)
196 {0 stops program

197 KEY(1) ON : KEY(2) ON : KEY (3) ON: KEY (4) ON : KEY (S) ON

198 KEY(6) ON : KEY(14) ON : KEY (10) ON

L 2

200 ¢ Setup files for data to be sent to c:drive

b L

201 !NPUT "enter file namc'~F$ FFO$="c:"+F$+°0.prn" :FF1$="g: "+F$+" { .prn"
202 FFasa"c:"+F3+"2.prn"

203 OPEN FFQ$ FOR OUTPUT AS 3 :0PEN FF1$ FOR OUTPUT AS 1

204 OPEN FF2$ FOR OUTPUT AS 2

e L
208 ' Subroutino pointors for dnfinod keys
b e T ceen

210 ON KEY(i) GOsSuUB 400
215 ON KEY(2) GOsSuUB %00
220 ON KEY(3) GOSUB 600
225 ON KEY(4) GOSuUB 700
230 ON XEY(S) GOSUB 800
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233 ON KEY(6) GOSus 8%0 6

233 ON KEY(14) GOSUB SSO ° down cursor

235 ON KEY(11) GOSU8 360 ' up curscor

236 ON KEY(10) GOSUB 450 ° function key !0

b K i

238 ¢ Set dashn8 time/counter configuation use moce 10

b < - I

240 MD%=10 : DI0%(Q)=2 : DID%(1)=3 ' use counter 2

250 CALL DASH8 (MD%. DIO%(O), FLAG%) 'eonfiguanon 3(square wavae generator)
b 1 3 T .

252 '’ Load the timor/countor use mode 11

b1 T

260 MD%=11 : DIO%(O)-Z : DIO%(1)=23868/4 ' 23868/4s%967 one period=.4190 us
270 CALL DASH8 (MD%, DIO%(0Q). FLAGY) ' 5967*.4190=2500 us or 2.5 msec

- 2 20 T

ara -’ Enable/disable data channel! tag use mode {7

b < T

280 MD%=17 : EN%=0O ‘Qs=off , t=on

290 CALL DASHB (MD¥%, EN%. FLAG%)

B 1 R T
300 GOSUB 1000 ‘' goto title page

E< Lo R T T S
302 '/ watt for function keys to start tests
b (o 7<

30S IF Si=1 OR S2=1 OR S3=1 THEN GOTQ 900

310 GOTQ 30S

< T P et

316 '’ Rcstart test

< K i 2 T

360 IF STP1-1 THEN S$12Q:SR120:STT1=0:ST1=Q:NT1s0:RETURN ’‘restart #1
370 IF STP2s{1 THEN S2=0:SR2+0:STT220:5T7220:NT2=0:RETURN ‘restart #2
380 1IF STP3s{ THEN S$3%0:SRJs0:STT3=20:ST3=0:NTI=Q:RETURN ‘restart #3
b - - J

386 Subroutine-Start test #1

400 S1=1 : SR1=0 :RETURN

480 STOP

S 4 T
476 '/ Subroutine to stop or restart test #1
3 A 2

800 STPis1 : KEY (14) ON:KEY (11) ON: KEY (14) STOP:KEY (11) STOP:STP1=Q:RETURN
L 3 1 P

%26 Subruotino-Stcp tests

[ 3 B 2R

5§80 IF STP1i={ THEN S1=Q : SR1=0 : RETURN '’'stop test #1

60 IF $TP2s1 THEN $S2s0 : SR2=0 : RETURN ’‘stop test #2

870 IF STP3=1 THEN S3=0 : SR3I=0 : RETURN ‘stop test #3

%80 RETURN

-7 1 O

%86 '’ . Subroutine-Start tes¢ #2

- - 2

600 S2=1 : SR2=0 : RETURN

(=1« L J T

606 ' Subroutine-stop or rastart test ¥2

(= o ) Z2

700 STP:-1 : KEY (14) ON:KEY (11) ON:KEY (14) STOP:KEY (11) STOP:STP2=0 :RETURN
708 ‘..... S

706 ' 5ubrcut1nc-5tart test #3

b £ = 2
800 S3=1 : SR3=Q : RETURN

- T R
8Q7 Subroutine-stop or restart test #3
- Lo - T T R

880 STP3-1 : KEY (14) ON:KEY (11) ON:KEY (14) STOP KEY (13) STOP:STP3=0 :RETURN
882 .. e e PN

87% Syne with contrel pulso suppliod oxt-rnaiﬁy

876 ’ '.IlIIIIIII'IIII.I.II..I.’IIIl.ll..I-.'II.-.II.I.‘I..'II.I'IIII.'.II.-I-I
900 GOSUB 1500 ’input i/o

910 IF IP% AND t THEN GOTO 900 ’is bit 1t high?

920 GGRUB 1500 'input i/o

930 IF IP% AND t THEN GOTO 970 'is bit 1t high

940 GOTO 920

970 GOSUB 1S00:IF 1P% AND ¢ THEN GOTO 970 ‘check again
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97% GOTO 3000 ‘goto control routine

980 ‘ S S S SEAS I R ST S NS E SN N NS N S S S E S S S S E SN SN E Y N S ST S EEE NSNS NISNESEESESESEIITRRS
1000 RETURN ‘reserved for title page

LI 1 o

1110 Subroutine~input dash8 i/0 with mode 13

R IR 5o J

18500 MD%=13

1510 CALL DASH8 (MD%, IP%, FLAGX):RETURN

R 1 7o T

1900 T T IR R Y R R SRR S ISR IR AR SRR RS R 22 2ER SRR R R R SRR R R 2R R 22 ¢ 3

1910 Dash8 datalogging routine
1920 L e L P L L LT
1930 /i it iii ittt et

1940 Dct.rmin. which test to sample

1980 .ttt ittt et e et

2000 IF SRi1=1 THEN snt-o : STT1=STT1+1 : R=STT1 : T=Q : GOTO 2050 ‘do 1
2010 IFf SR2=1 THEN SR2%Q : STT2=STT2+1 : R=STT2 : T=1 : GOTO 2100 ‘co ~2
2020 IF SR3=1 THEN SR3=Q : STTI=STT3+t : R=STT3 : T=2 : GOTO 2200 ‘do #3
2040 NR=1:GOTO 2060 'do none

204% ... ... Ceesaenasrene

2046 ...t e

2047 s-t expi16 channol no. and output

2048 ... . i it ceean

2080 MD%-id : OP%=0Q :C1=STT1:C22ST1:TO=3:NR=0

2060 CALL DASHB (MD%, OP%, FLAGX)

b Lo 1.
2066 ' - Sot first and last channe! use mode 1
2087 ‘.. .ttt

2070 MO%=1 : LT%(O)-O :. LT%(i)-a

2080 CALL DASH8 (MD%, LT%{(0}. FLAG%)

- Lo T

2082 log data use moce 3

oo - 1< T

2085 C=0

2090 MD¥%=S : TRAN%(O)=VARPTR(DA%(C)): TRAN%(1)=193

2095 CALL DASHB (MD%, TRAN%(O), FLAGY%):IF NR=1 THEN FOR NI=O TO 100:NEXT NI:GOTO 970
2096 C=0 : STA=8 : FIN=196 : GOSUB 4500 ‘get max and min

2097 HTEMPIsHTEMP : LTEMP{=LTEMP ’‘store max and min

2098 CsT+1 : STA=T+9 : FIN=T+197 : GOSUB 4500

2089 PRINT #TO,Ct1 C2 HTEMP LTEMP HTEMP! LTEMP1:GOTO 970 ‘ocutput to data file
2100 MD%=14 : OP%=1 :C1=STT2:C2=ST2:TO=1:NR=0: GOTO 2060 ’'set expis6

2200 MO%= 14 : OP%=2:C1=STT3:C2=ST3I:TO=2:NR=Q: GOTO 2060 ‘set expi6

2300 'S nsEsneNs s EE NI SN NSNS AN S S I YA NI S NS NN S RIS SN NIS NSNS
2310 control routines

2320 R L il T

J000 PRINT ST1 STTH1 * * §T2 sTT2 " *ST3 STT3" “HTEMP"™ "L TEMP" "HTEMP{" “"LTEMP1
3001 ‘+++4444+ turn function keys on +++sidts

3002 KEY(1) ON : KEY(2) ON : KEY (3) ON: KEY (4) ON:KEY (S) ON:KEY (6) ON
3003 IF OONt=1 AND DON2=1 AND DON3=1 GOTO 4000 ’‘is test done

3004 KEY (1) STOP:KEY (2) STOP:KEY (3) STOP:KEY (4) STOP:KEY (5) STOP:KEY (&) STOP
3008 IF Si=1 THEN STisSTi1+1 : NT1=NT1+1 ’‘test { on?,tet conditions

3006 IF NT1=DIFF{ THEN SRS1=1 : NT1=sQ ‘aiff{ reached.do reading on test !
3010 IF S2=1 THEN ST2sST2+1 : NT2sNT2+1 ‘'test 2 on?,set conditions

301t IF NT2=DIFF2 THEN SRS2=1 : NT2=Q ‘diff2 reached.do reading on test 2
3020 IF S3e%1 THEN ST3aST3+1 : NT3sNT3+1 ‘test 3 on?,set conditions

3021 IF NT3=0IFF3 THEN SRS3»1 : NT3=0 'diff reached,do reading on test 3

b Lo 73 T

3028 ' Do 100 roldings on test 1 if on

b [0 1 o

3030 IF s11>ss THEN GOTO 3200 ‘goto test 2 if more then 100 readings

3040 IF S1=Q THEN GOTO 3200 'Osoff,t=on,is test {1 on?

3080 SRi={ '‘do a rsading

3060 GOTO 2000 'geto datalnging routine

b Lo 1. J

3070 '’ do 100 rcadins on test 2 if on

ke [0 4 TP

3200 IF $T2>99 THEN GOTO 3300 goto tcst 3 if more then 100 readings

3208 IF SRSi=1 THEN SR1=1:SRS1=0:GO0TO 2000 ‘if on read test 1

3210 IF S2«0 THEN GOTO 3300 ‘is test 2 on?

3220 SR2*1 '}do a resading on test 2

3230 GOTO 2000 ‘go to datalogging routine
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....................................

e

IF ST3>99 THEN GOTO 3400 ‘goto adjustments of control program
IF SRSi=t THEN SR1=1:SRS1=0:G0TO 2000 'if on read test 1

IF SRS2=1 THEN SR2+1:SRS2=20:GOTC 2000 ‘' if on read test 2

IF $3=0 THEN GOTO 3400 ‘' is test 3 on

SR3=1 ’ do a reading on test 3

'GOTO 2000 ’ go to datalogging routine

..................................

‘ Counter adjustment routines
‘ count.r 1 )
15 §100 THEN GOTO 3600 Sakip 16 ebé’

IF STi=MAX1 THEN GOTO 3500 ‘check for max total readings

1F SRS1=1 THEN SRi1={ : SRS1=0 : GOTO 2000 ’'go to datalog routine

GOTO 3600 ’‘goto test 2 counter

IF ST1=100000! THEN DON1=1:CLOSE 3 :51=0: GQTO 2000 ‘max reached close file
NT1=Q

MAX 12MAX1%10 : DIFF1sDIFF1*10 : GOTO 3410 ‘reset max and diff

! counter 2

,

IF sz-o THEN GOTO 3800 ‘skip 1f off

IF ST2=MAX2 THEN GOTO 3640 ‘check for max readings

IF SRS2=1 THEN SR2=1 : SRS2=0 : GOTO 2000 ’‘goto datalog routine

GOTO 3800 ‘goto test 3 counter

1IF ST2=100000! THEN DON2=1:CLOSE 1:52=0:G0T0 2000 ‘' max reached close file

NT2=0 : MAX23MAX2*10 : DIFF2»DIFF2+=10 : GOTO 3610 ‘reset max and aiff
counter 3

1F $3%0 THEN GOTO 2000 ‘skip ff oft

IF ST3=MAX3 THEN GOTO 3840 ’‘check for max readings

IF SRS3=1 THEN SR3=f : SRS3I=0 : GOTO 2C00 ‘goto dstalog routine

GOTQ 2000

IF ST3=100000! THEN DON3s1:CLOSE 2 :%3=0: GOTO 2000

NT3=0 : MAXJI=MAX3*1Q : DIFF3I=QIFF3*I1C : GOTO 3810

..................................

PRINT 'dono' SYSTEM

4 Subroutinﬁ-max and min

1F DA%(C)>DA%{(C+4) THEN HTEMP=DA%(C):LTEMP=DA%(C+4): GOTO 4520
HTEMP=DA%(C+4) : LTEMP=0A%(C)

FOR C=STA TQO FIN

IF DA%(C)>HTEMP THEN HTEMP=DA%(C) : GOTC 4550

IF ‘DA%(C)<LTEMP THEN LTEMP=0A%(C)

€=C+3 : NEXT € :C=Q : RETURN
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D.4.4.2 Lotus 1-2-3 Macro Program for Triaxial Test Data

Processing

The following is a listing of the LOTUS macro that controls the
spreadsheet for the triaxial test data calculations. The macro does not
appear {n the spreacsheat in the same format as it is presented here.

As wall the comments fcund here are not found in the spreadsheet they
are placed here to assist in future modifications of the spreadsheet.

INITIALIZING SUBRQUTINE

/wgrm this macro inttializes INITIAL NUMBER
/reOLDRAW= the worksheet 1
{goto}Aa11- ) P
/finUSR\GARYV\TRIAX\ the test data is retrisved

12APBCAO

-

/dat INPUT=
CCRITERION-
dda the cel] pointer is moved to the
{goto}a1i~ correct locatin as specified
/df{asc}).
{end) (down )=
Q= i=m=

/xQCALC~

CALCULATION SUBROUTINE (performs al! necessary calculations)

{goto)}BIT 1~ FACTOR THICK
+0.00000001~ 2.8%04 8.156
/eBITI~H11, . J11=

{goto}BIT2~

(eABS(D12-30%11) )~

{gotO)}PERMDEF~

((BIT2*2.45*100*SFACTOR)/( 1000*STHICK*2%.4) )~ % permanet strain
{goto}OIFFER~ claculation
®A8S(C12-D012)~

{gota}RESMOD™

+(310.26405/((($H12-1)*2.44*$FACTOR)/( 1000*STHICK*25.4)))~
/eG12..L12~ .
G12..L1208~

/c89 .B1208~

I8~

/encTEST== this section determines where the
/rAaETEST= pertinent data 1s and then passes control
{goto}A1203~ to the ERASE macro

/rneTEST =
/x{TEST<>0~/xgERASE~
/endTEST=

{up)

/rrGTEST

/xgLOQP~

resilient
modu lus
calculation

DATA INPUT SUBROUTINE

{goto)}BEGIN= this subroutine allows the file names,

/rndIDAS~ sample data, and starting points to be entered
5rndIDAF~ entered intuv the workshaet.

rndTEMP=

/rndTHIK=

/rndSTINT=



/rNQFACT 1=~
/rncIDAS™
{goto}IDAS~
/rndlDAS~
{down}
/rnclDAS
{right}
/rneIDAF =
{right}
/rncTEMP -
{right}
/rncTHIK~
{rignht}
/rneSTINT—
{right}
/rnefFACT 1o=
{right)
/%1 THIK=0~/xq~
/clDAS~
SAMNO=
/clDAS~
PRINTIO~
/CI1DAF~
FRET~
/cIDAF~
FILID~
/ETEMP=
SPTEMP=
JeTHIK=
THICK~
/CTHIK=
THIK 1=
/CSTINT=
INITIAL~
/eSTINT=
INIT2™
/eFACT 1=
FACTOR™
/CFACT 1=
FACT2™
/XCSTART=
/rndIDAF~
/rndTEMP=
/rNdTHIK>
/rndSTINT=
/rndFACT 1~
/xgLooP4~

PRINT SUBROUTINE

{goto)}Il i~
/prSR\GARYV\TR!AX\
84

err.

{end} {down}
{end)} {down}
{end}{down}
{end}{right}
{end}{right}~
gq X
/xr

ERASE

{down}
/re.
{right)}
(right)}
{right}

c8

this is the print macro which

prints out all of the calculated
data

this is the erase macro which deletes
all extraneous data
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{right}
{right}
{right}
{right}
{right}
{right}
{right}
{right}
(right)
{end)
{down}~
/xGPRINT~

AUTOEXEC MACRO
{goto}la1500~
/%xg\Q=~

MAIN MENU MACRO

/ xmMMenu=

this macro starts the
is called up.

Enter Process OQuit
Enter or Begin proLeave LOTUS 1-2-3

/xe\W~  /xe\Z~

{goto}E 1308~
{down}
{down}
{down)
{down}
{down}
{down}

/wth

/fs-r/qy

229

menu macro when the wks.

this is the menu macro
which has overall control
of the spreadshest

this so(s up titles for the deata input

(BELOW IS AN EXAMPLE OF DATA THAT MUST BE INPUT BEFORE MACRO EXECUTION

USE THE CURSOR KEYS TO MOVE AND PRESS "Alt" "Q" TO RETURN TO MENU

SAMPLE FILE

NAME ID

84 . 12APBCAO
81s 26MABECO
E8S 26MABEC 1
eHs 26MABEC2

AS 10APAFDO

TEMP
DEG C

28
25
25
25
as

THICK
( INCHES)

8.
8.

186
182
143
137
178

START

15

18
11

FACTOR

2.8%04
3.022
3.241

2.7304

2.8%04



APPENDIX E

GROUPING OF HIGH TEMPERATURE SPECIMENS
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