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AASHTO — American Association of State Highway and Transportation Officials
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PAV - Pressure Aging Vessel
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RTFOT - Rolling Thin Film Oven Test

SUPERPAYV E — Short for "Superior Performing Asphalt Pavement”
SHRP - Strategic Highway Research Program

TFOT - Thin Films Oven Test
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GLOSSARY OF TERMS

APPLIED TO ASPHALT PAVING TECHNOLOGY

Absolute Viscosity — A measure of the viscosity of asphalt cement with respect to time,
measured Pa s, conducted at 60°C (140°F). The test method utilizes a partial vacuum to induce
flow in the viscometer.

Aggregate — Any hard, mineral material such as gravel, crushed stone, sand, sag, etc.
Anti-oxidant — Any materia that slows the oxidation reaction (e.g., for asphalt aging).

Asphalt Binder — Asphalt cement used in paving applications that has been classified according
to the Standard Specification for Performance Graded Asphalt Binder, AASHTO Designation
MPL1. It can be either unmodified or modified Asphalt Cement, as long as it complies with the
specifications.

Asphalt Cement or Asphalt — A dark brown to black cementitious material, which occur in
nature or are obtained in petroleum processing. Asphalt cement is a constituent in varying
proportions of most crude petroleum and is used for paving, roofing, industrial and other specia
purposes. It is a semi-solid at room temperature and aliquid at hotter temperatures.

Asphalt Concrete - A mixture of asphalt binder and aggregate used as a paving material, which
is  thoroughly mixed and compacted to form a pavement layer.

Asphalt Content — The amount of asphalt binder in an asphalt concrete mixture, expressed as a
percentage of the weight of the total mix

Complex Shear Modulus (G*) — A measure of the total resistance to a deformation when
exposed to cycles of oscillating shear stress. It consists of a recoverable (elastic) component and
a non-recoverable (viscous) component. For Asphalt materials it is highly dependent upon the
temperature and frequency of loading.

Consensus Properties - Aggregate characteristics that must follow certain criteria to satisfy a

SUPERPAVE mix design. Specified test values for these properties are not source specific but
widely agreed upon.
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Creep - Gradual deflection of a material under a constant load. With respect to the Bending
Beam Rheometer test for asphalt binder, creep loading simulates the thermal stresses that
gradually build up in a pavement when temperature drops.

Crumb Rubber Modifier (CRM) - Ground waste tire rubber used in Hot Mix Asphalt and other
paving applications.

Deformation— Any change of a pavement surface from its original shape.

Density — The ratio of the mass of a material conpared to its volume (mass per unit volume),
often expressed in pounds-per-cubic-foot (pcf), grams-per-cubic-centimeter (g/cc) or grams-per-
milliliter (g/ml). In the context of asphalt concrete pavement, density is increased by reducing the
amount of air in the pavement layer through compaction processes.

Design ESAL - The total number of Equivalent 80-kN (18,000-1b.) Single Axle Load (ESAL)
applications expected throughout the Design Period.

Detachment - Separation of an asphalt film from an aggregate surface by a thin film of water
without an obvious break in the film

Disintegration - The breaking up of a pavement into small, loose fragments caused by traffic or
weathering.

Displacement - involves displacement of asphalt at the aggregate surface through a break

Ductility - The ability to be drawn out or stretched thin without breaking. While Ductility is
considered and important characteristic of Asphalt Cements in many applications; the presence
or absence of Ductility is usually considered more significant than the actual degree of Ductility.

Durability - Ability to resist disintegration by weathering and traffic.

Dynamic Shear Rheometer (DSR) — Laboratory equipment used to perform the AASHTO TP5
procedure on un-aged, RTFO-aged, and PAV-aged Asphalt Binders. In the DSR, a small disc-
shaped sample of Asphalt Binder is sandwiched between two plates, one of which is fixed, and
the other of which is oscillating. The DSR measures the Complex Shear Modulus and Phase
Angle at intermediate and high temperatures, which can be used to predict resistance to Rutting
and Fatigue Cracking in Asphalt Concrete pavements made with the Asphalt Binder being tested.

Equivalent Single Axle Load (ESAL) — The effect on pavement performance of any
combination of axle loads of varying magnitude equated to the number of 80-kN (18,000-1b.)
sngle-axle loads that are required to produce an equivalent effect.

Fatigue Cracking — A crack caused by repeated flexure.
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Fine Aggregate — Aggregate entirely passing the 4.75 mm (No. 4) sieve and mostly retained on
the 75um (No. 200) sieve.

Flexibility — The ability of a pavement to conform to settlement of the foundation without
fracturing. Generaly, high asphalt binder content or the use of rubber-modified asphalt Binder
enhancesthe flexibility of Asphalt paving mixtures.

Hot Mix Asphalt (HMA) - A form of asphalt concrete that is mixed at a contractor’s Hot Mix
Plant, transported to the roadway in dump trucks, placed using a paver, and compacted with
steel-wheel or rubber-tired rollers.

Kinematic Viscosity - A measure of the Viscosity of Asphalt Cement, measured in centistokes,
conducted at atemperature of 135°C (275°F).

Load Equivalency Factor - The number of 80-kN (18,000-Ib.) single-axle load applications
(ESAL) contributed by one passage of an axle.

Moisture Susceptibility — Refers to susceptibility of an asphalt concrete mixture to Stripping.
This property is tested during mix design with the ITS test procedure.

Penetration — classic measure of estimating the type of asphats. It is measured using a
penetration test where a standard needle is allowed to fall freely in the asphalt cement at a certain
temperature; according to the penetration of the needle the asphalt type is decided.

Performance-Graded (PG) - Asphalt Binder grade designation used in SUPERPAVE. It is
based on the binder's mechanica performance at critical temperatures and aging conditions.

Permeability — A measure of the ability of a pavement to allow the passage of air and water into
or through it.

Phase Angle (delta) — Indicator of the relative amounts of recoverable (elastic) and non
recoverable (viscous) deformation in a material when it is exposed to repeated pulses of Shear
Stress; it is highly dependent upon the temperature and frequency of loading.

Polymer —a material with along-chained molecular structure, including natural rubber, synthetic
rubber, plastics, etc.

Polymer Modified Asphalt Binder — Asphalt Binder that has been blended with a Polymer

Portland Cement — A gray, powdery material that meets ASTM Standard C 150 and is
composed primarily of tricalcium silicate, dicacium silicate, tricacium auminate, and
tetracalcium aluminoferrite. When combined with water, Portland Cement reacts with the water
to form a paste, which then becomes rigid as the reaction between the cement and water
progresses.
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Portland Cement Concrete (PCC) — A mixture of Portland Cement, Aggregate, water, and
other admixtures that is placed in forms and becomes rigid as it cures. It is a commonly used
congtruction material in both highway and building construction.

PAV - Pressure Aging Vessel — A piece of laboratory equipment used to perform AASHTO
PP1 procedure on samples of Asphalt Binder after they have been aged in the RTFO. The PAV
further ages these binder samples by exposing them to high pressure and temperature for 20
hours to simulate the effects of long-term aging. PAV-aged binders are tested with the DSR, the
BBR, and the DTT.

Raveling - The progressive separation of Aggregate particles in a paverment from the surface
downward or from the edges inward.

Rotational Viscometer — equipment used to measure the Viscosity of un-aged modified and
unmodified Asphalt Binders using the ASTM D4402 procedure. This test may be performed at a
variety of test termperatures to gain insight into the Workability of Asphalt Concrete mixtures
containing that particular Asphalt Binder or to develop Temperature-Viscosity Charts for the
binder being tested.

Rutting - Channelized depressions that develop in the wheel tracks of Asphalt pavements
resulting from consolidation under traffic loading in one or more of the underlying pavement
layers. Rutting is not a surface problem, and usualy begins in the lowest pavement layer. It is a
structural problem of insufficient pavement strength caused by either insufficient design
pavement thickness or the weakening of an underlying pavement layer due to moisture damage.

Sand - fine aggregate resulting from natural disintegration and abrasion of rock.

Shear Stress — the stress resulting from the application of forces paralel to each other, but in
opposite directions. A Shear failure is one in which the materia rips or tears as a result of the
applied Shear Stress.

Slag - The nonmetallic material, consisting essentially of silicates and alumino-silicates of lime
and other compounds, developed simultaneously with iron in a blast furnace. It is a byproduct of
the iron manufacturing process.

Specific Gravity — The ratio of the weight of a material compared to its volume at the standard
temperature.

Stability - The ability of an Asphalt Concrete mixture to resist Deformation from imposed loads.
Stability is dependent upon both internal friction and cohesion.

Stiffness —It is basically reflected by the relationship between stress and strain as a function of
loading time at a certain temperature.
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Strain — Deformation of a physical body under the action of applied forces relative to the initia
dimension

Stress — Applied loading (force) relative to the unit area of the object subjected to it (force per
unit area)

Stripping — term applied to hot mix asphalt (HMA) mixtures that generaly exhibit separation
and removal of asphalt binder film from aggregate surfaces due primarily to the action of
moisture and/or moisture vapor.

Sub-base - The course in the pavement structure immediately below the base course. If the
Subgrade soil has adequate support, it may serve as the sub-base.

Subgrade - The soil prepared to support a Pavement Structure or system. It is the foundation of
the Pavement Structure.

SUPERPAVE - Short for "Superior Performing Asphalt Pavement”, a performance-based
system for selecting and specifying Asphalt Binders and for designing HMA mixtures that
utilizes a Gyratory Compactor for Compaction of laboratory specimers (“pills’). It integrates the
selection of materials (Asphalt Binder and Aggregate) and Volumetric proportioning with the
project's climate and design of the traffic loading.

Temperature susceptibility - change of the consistency of an asphalt with a change in
temperature.

Viscosity — A measure of the resistance of afluid to flow caused by internal friction

Wearing Course — The uppermost pavement layer forming the surface of the pavement that is
exposed to traffic and environmental conditions

GLOSSARY OF POLYMER TERMS
Amorphous - having no ordered arrangement.

Complex - two or more molecules which are associated together by some type of interaction,
other than a covalent bond.

Copolymer - a polymer made from more than one kind of monomer.
Covalent Bond - ajoining of two atoms when the two share a pair of electrons.

Crosdinking — linking of polymer chains in a network architecture
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Crystal — arrangement of consistent molecules in a neat and orderly fashion.

Elastomer - A material that can be stretched many times its original length without breaking
which will come back to its original size when the applied force is rel eased.

Free Radical - an atom or set of atoms (molecule) which has at least one unpaired el ectron
Gel - acrosdinked polymer which has absorbed a large amount of solvent.

Hydrodynamic Volume - the volume of a polymer coil when it is in solution. It can vary
depending on the molecular weight and interaction with the solvent

Hydrogen Bond - a strong attraction between a hydrogen atom which is attached to an
electronegative atom (oxygen, nitrogen), and an electronegative atom usually from another
molecule.

lon - an atom or set of atoms (molecule) which has a positive or a negative electrical charge.
Living Polymerization - a polymerization reaction in which there is no termination, and the
polymer chains continue to grow as long as in the system there are monomer molecules to add to
the growing chains.

Secondary Interaction - interaction between two atoms or molecules other than a covalent
bond. Secondary interactions include hydrogen bonding, ionic interaction, and dispersion forces.

Strength - the amount of stress at which the sample is subjected
Thermoplastic- amateria that can be molded and shaped when heated.

Thermoset - ahard and stiff crosslinked material that does not soften or become moldable when
heated.
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ABSTRACT

A PG 76-22 Polymer Modified Asphalt Cement composition was subjected in the laboratory
to accelerated aging using both a standard Thin Film Oven Test and a Pressure Aging Vessel.
Conditions simulating wet atmospheres (PAV in saturated water vapors) as well as very long
service terms (multiple dry and wet PAV operations) were studied. A Rotating Cylinder Aging
Test has been employed as an alternate asphalt aging technique using the same PMAC
composition in order to observe the initial phases of the oxidative aging process. The data
provided by this technique was correlated with the actual aging in the field of asphalt pavements.
The extent of oxidation and changes in the molecular mass of the asphalt cement components of
aged samples were estimated using Fourier Transform Infrared Spectroscopy data,
Potentiometric Titrations and Gel Permeation Chromatography analyses. FTIR data show that
multiple PAV and RCAT aging introduced polar carboxylic acid oxygen species. PT analysis
identified the presence of sulfonic acids in commercial PMACS, apparently derived from sulfur
used in preparing the blends. GPC data show that even after extensive RCAT aging the polymer
did not degrade significantly. In contrast, the polymer is rapidly crosslinked or degraded by PAV
or field aging.

In order to obtain a better understanding of the role of radicals during oxidative processes
both under dry and wet conditions, the chemical impact of aging of PMAC components has been
modeled using a cobalt naphthenate/cumene hydroperoxide redox system to generate free
radicals. Under these conditions, the polymer served as a sacrificial antioxidant and protected

the asphalt components from oxidation.
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Viscoelastic properties of asphalts were determined from dynamic shear measurements using
a high torque instrument. The crossover temperature at which G” equals G' as temperature
increases was considered as the critica emperature and chosen as a criterion to asses the
advancement of hardening (aging). The oxidative aging in the presence of water promoted an
increase in the carbonyl content of aged samples, primarily as acid groups. Aging in the wet

atmosphere had aso a retarding effect on asphalt hardening.
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CHAPTER 1
INTRODUCTION

1.1 OVERVIEW

Healthy economies require a good transportation system, of which roadways are an essential
part. Nationaly there are more than 2.3 million miles of roads that are surfaced with asphalt or
concrete. Annually, approximately $68 billion is spent on U.S. roadways; half for capital outlays
and half for maintenance activities. The production of hot mix asphat (HMA) is estimated at
approximately 500 millions tons annually and employs approximately 900,000 workers in the
manufacture and use of HMA. Therefore, the construction and maintenance of asphalt-surfaced
roads has a long term and significant impact on the economic vitality of the nation.*

Lately, a large percentage of U.S. roads have been reported to be in poor condition. The
primary reasons for the deteriorating conditions of our roads include increases in overal traffic,
poor asphalt binder quality coming from high-tech refining processes, and changes in climate.
Better construction processes are needed to face these challenges. It is necessary to understand
the fundamental behavior and properties of the roads before beginning to develop advanced
construction processes.

The use of polymer modified asphalt cements in pavement construction was an important
step in increasing the life and durability of asphalt roads. Forty states, including Louisiana,
began using polymer modified asphalt cements in the 1980's. Some of these roads required
rehabilitation and reconstruction sooner than was predicted. More than 85 percent of new
asphalt paving in Louisiana is required to use polymer modified asphalt binders, whose usable

life may vary significantly.? The focus of this research is to characterize asphalt binder



properties. Binder typically represents 3 to 5% by weight of the surface course which comprises

the very top of the pavement.®

1.2 BACKGROUND

Pavements are engineered structures containing layers of compacted material that are
designed to withstand the stresses applied by vehicle or other traffic types and provide a smooth
riding surface (Figure 1.2-1).

Concrete (Rigid) Pavement Asphalt (Flexible) Pavement

Load applied by wheel |

Surface course

*| Base course

Subbase course

sery DRSS pRIEIT g Subgrade

i YL {existing soils)

WA R Tk
Figure 1.2-1 Typical cross-section of pavements (adapted from reference®)

A pavement’s structure can be divided into three main components: foundation, base and
surface layer. Each component plays an important role in the overall performance of a
pavement. The foundation is comprised of the subgrade and, in some cases, the sub-base. The
foundation carries the loads created by construction traffic. Structurally, it is the final layer to
which stress is transferred.  The base layer is a main structural element of the design and can
consist of severa layers. The purpose of the base layer is to spread the wheel load so that the
foundation is not over-stressed. Its stiffness and its fatigue resistance (if stabilized) characterize
its behavior in the pavement structure. The surface layer is provided to ensure adequate skid
resistance and act as a protective layer for the underlying materials. Surface layers are

characterized by their stiffness, creep resistance, moisture resistance. Other characteristics of
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surface layers are their resistance to low temperature cracking, fatigue resistance and skid
resistance. Hard surfaced pavements are typically categorized as flexible or rigid pavements:

Flexible pavements are those which are surfaced with asphalt materials, referred to them
as Hot Mix Asphalt. These types of pavements are called "flexible" since the total pavement
structure "bends' or "deflects’ due to traffic loads. A flexible pavement structure is generaly
composed of several layers of materials which can accommodate this "flexing".

Rigid pavements are those which are surfaced with Portland cement concrete (PCC).
These types of pavements are caled "rigid" because they are substantially stiffer than flexible
pavements due to PCC's high stiffness.

The two main components of Hot Mix Asphalt (HMA) are asphalt cement binder and
aggregates.

Asphalt cement is a dark brown-to-black cement-like material obtained mainly by petroleum
refining (Figure 1.2-2). Asphalt is used primarily construction of roads and as a major
component in roofing materials due to its remarkable binding and waterproofing properties.
Asphalts are highly complex and not well characterized materials containing saturated and
unsaturated aliphatic and aromatic compounds with molecular weights from 500 to 2000 and
carbon numbers higher than s (Figure 1.2-3).> Asphalt typically contains about: 80 wt%
carbon; 10 wt% hydrogert up to 6 wit% sulfur; 6.5 wt% asphaltenes; 0.51 wt% small amounts
of oxygen and nitrogen; and metals such as iron 33 ppm, nickel 18 ppm, vanadium 39 ppm,
copper < 1 ppm. > The compounds are classified as asphaltenes or maltenes according to their
solubility in hexane or heptane (Figure 1.2-4). Asphaltenes are high- molecular weight species
that are insoluble in these solvents, whereas maltenes have lower molecular weights and are
soluble. Asphalts normally contain between 5% and 25% by weight of asphaltenes and may be

regarded as colloids of asphaltene micelles dispersed in maltenes.
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Figure 1.2-4 Asphaltenes and maltenes (adapted from V.S.S. Asphalt Technology)
Asphaltenes consist of highly condensed groups, aromatic ring systems and large amounts of

hetero-atoms. Asphaltenes, the product of resin development by geologica or processing
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effects, are agglomerations of the most polar molecules in the asphalt. The polarity is derived by
the presence of hetero-atoms such as sulfur, nitrogen and oxygen attached to carbon atoms in
asphalt molecules in different configurations and in the form of different compounds such as:
oxygen compounds. carboxylic acids, naphthenic acids, phenols, ketones, esters, ethers,
anhydrides,
sulfur compounds:. sulfonic acids, sulfoxides, polysulfides, sulfides, thiols, thiophenes;
nitrogen compounds: pyridinic, pyrrole, indole, carbazole, porpfyrins.’

Asphaltenes have a strong tendency to associate in conglomerates playing a major role as the
“viscosity-building” component and behave as a thickening agent or structuring agent.

Maltenes (Petrolenes) consist of two fractions, oils and resins. Qils are the liquid part of the
asphalt and consist of rr, iso- and cyclo-paraffins and condensed naphthenes with some alkyl
aromatics. The aromatic portion is mostly naphtho-aromatic hydrocarbons with three or four
naphthenic rings per molecule. The ail fraction is non-polar.

Resins are chemically very similar to the asphaltenes as they are a transition from oils to
asphaltenes. The resins mainly consist of poly-cyclic molecules containing saturated aromatic
and hetero-aromatic rings and hetero-atoms in various functional groups. The resins are not as
polar as the asphaltenes and hence are not as interactive.

Asphalt can be classified by its chemical composition and physical properties. The pavement
industry typically relies on physical properties of asphalt for the characterization of performance,
although the physical properties of a@phat are a direct result of its chemical composition.
Typicaly, the most important physical properties of asphalt are:

- Consistency describes the changes in viscosity of asphalt cement due to changes in

temperature since asphalt is a thermoplastic material. Consistency is defined by the following



tests. penetration, viscosity (absolute and kinematic), softening point and ductility. The results
provide information about aging, compatibility of blends and low temperature cracking potential.

- Durability is a measure of how the physical properties of asphalt binder change with age
(age hardening). In genera, as an asphalt binder ages, its viscosity increases and it becomes
more stiff and brittle. Asphalts go through two stages of aging. There is short-term aging in an
HMA facility (approximated by two tests in the laboratory: TFOT and RTFOT) and long-term
aging during while the asphalt is in service (laboratory smulated by using the PAV method).

- Rheology is the study of flow of matter and deformation of matter. Deformation and flow
of the asphalt binder is important in HMA pavement performance. HMA pavements that deform
and flow too much may be susceptible to rutting and bleeding, while those that are too stiff may
be susceptible to fatigue cracking.

- Safety and Purity. Asphalt cement, like most other materials, volatilizes (gives off vapor)
when heated. For safety reasons, the flash point of asphalt cement is tested and controlled.
Asphalt cement, as used in HMA paving, should consist of aimost pure bitumen. Impurities are
not active cementing congtituents and may be detrimental to asphalt performance (the
requirement is 99% purity).

The modification of asphalt cement by mixing it with polymers has been practiced for over
50 years but has received added attention in the past decade or so. Asphalt cement should be
modified to achieve the following types of improvements':

Lower stiffness (or viscosity) at the high temperatures associated with construction This
facilitates pumping of the liquid asphalt binder as well as mixing and compaction of HMA.
Higher diffness at high service temperatures. This will reduce the incidence of rutting

and shoving.



Lower stiffness and faster relaxation properties at low service temperatures.  This will
reduce thermal cracking.
Increased adhesion between the asphalt binder and the aggregate in the presence of

moisture. Thiswill reduce stripping .

Some asphalt cements require modification in order to meet specifications. The required
SUPERPAVE specification for the asphalts used in this work is presented in Appendix A-1.

Examples of polymers commonly used in asphalt mixtures and afew of their advantages and
disadvantages are presented below:

* Styrene Butadiene Copolymer (radia and linear SBS) — good fatigue resistance, high creep
rate, but oxidation susceptibility

* Polyethylene (PE) - high thermal extension but low stiffness

 Styrene Butadiene Rubber (SBR) — very good aging and weather resistance but low tear
strength, low ozone resistance, oxidation susceptibility

* Polybutadiene (PB) — excellent wear resistance, impact resilience, but low strength

* Ethylene Vinyl Acetate copolymer (EVA) - storage stability, reducing binder run-off, high
temperature viscosity, but may be susceptible to crosslink and low creep resistance. EVA isvery
good for low temperature zones but presents differential cooling areas along the chain and
tearing phenomena is commonly observed. Also due to reduced initial stiffness of the material
“chipping loss’ is often experienced.

*Ethylene Methyl Acrylate copolymer (EMA)

Atactic Polypropylene (PP) - good chemical resistance, good fatigue resistance but oxidative

degradation, high mould shrinkage and thermal expansion was observed



* Epoxies and Urethanes, Tire Rubber (Crumb) - Polymers can be classified as. elastomeric,
with a high level of eastic recovery (i.e. SBS, SBR, Crumb rubber); and plastomeric, with high
stiffness and deformation resistance (i.e. EVA, EMA, Urethanes, and PP).

Many types of manufacturing configurations exist to make polymer-modified asphalts.
Important steps in the manufacturing process are dispersion and reaction. This is what
determines the structure (i.e., morphology) of the fina binder and hence its properties. These
steps also determine the level of polymer required to achieve the desired results and have an
effect on the production cost. Compatible asphalt-polymer systems are desirable because they
have superior rheological and stability properties to those of incompatible systems at the same
polymer level. Using additives makes improvements in compatibility. A mixture with
properties, which allows for ease of storage and transportation, is desirable. To improve these
properties, sulfur is added under conditions by which a compatible and homogeneous polymer-
asphalt blend is formed. A few methods are suitable to obtain compatibility between asphalt and
SBS. One method is to use a high-shear continuous mixing of the asphalt-polymer mixture.
However, this method does not solve the problem of compatible blends because, once the high
shear mixing stops, the phases begin to separate. Another method is the addition of an inorganic
acid to enhance the storage stability of the asphalt-polymer mixture; however, the storage
stability can still be further improved without the use of corrosive acid. The use of sulfur is more
cost efficient and is a process which prepares asphalt-polymer blends that are phase stable over a
broader concentration range of sulfur and polymer and are easier to work with than current
blends, while still maintaining the desired creep and rutting resistance. For a 3% polymer used
in asphalt it takes a 5%-8 % (of the polymer weight) addition of sulfur to obtain a gel structure®
SBS has the tendency to crosslink and to form agel. Sulfur acts as an accelerator-gel additive by

increasing crosslinkage with new sulfur bridges (vulcanization). A high crosslinked polymer



will absorb alarge amount of asphaltic components and form a permanent stable gel. It has been
reported that the sulfur vulcanization in an SBS copolymer takes place around 170°C
temperature and is influenced only by PS structure not PB stereochemistry (lower rate of
vulcanization and higher temperature for linear structure).®

The polymer modifier used in this research is a poly-(styrene-b-butadiene)-triblock
copolymer (SBS). It is synthesized through a living anionic polymerization process, and the

resulting block copolymer has the following structure (Figure 1.2-5):
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Figure 1.2-5 Thechemical structure of SBStri-block copolymer

SBS was chosen for the following reasons: it is suitable for high Louisiana temperatures, it
has very good compatibility with asphalts, it has good storage properties, and it requires a low
percentage added to asphalt (2-3% wt), it has higher than 90% reliability, and costs are moderate.
It is easy to find roads in Louisiana that were built using SBS polymer modified asphalts to for
samples for laboratory work.

One of the effects causing polymer failure is the thermal effect. Autoxidation, defined as the
thermal oxidation that takes place between room temperature and around 150°C, proceeds by a
typica free-radical chain mechanism. Thermal energy, ultraviolet radiation, mechanical stress,
metal catalysts, and the addition of initiators form radicals that initiate autoxidation in polymers.
It has been suggested that traces of hydroperoxides introduced into the polymer during

processing are the source of initiating radicals. Various catalysts, notably the transition metals



and derivatives of these, induce the decomposition of hydroperoxides. Termination of chain
reactions takes place sowly, usualy through a complex series of reactions because of the
combination of propagating radicals and/or through disproportionation reactions. °

The thermo-oxidative degradation of an SBS copolymer at 130°C was shown by the
appearance in the IR spectra of bands corresponding to hydroxyl and carbonyl groups. As a
consequence of the crosdinking, reaction bands typical of gel formation were found in the IR
spectra.  The degradation mechanism was suggested to be at 1,4 and 1,2 groups by oxygen to
peroxides, which leads to the formation of carbonyl or carboxylic groups.**

The degradation of the PB block proceeds mainly by a and 3 chain scissions whose
fragments may consequently stabilize by cyclization reaction. The IR spectra of the copolymer,
after being treated thermally, showed a visible decrease for double bonds and vinyl in PB units
due to the crossinking/degradation reaction and an increase in area for carbonyl units. A
complex structure of bands appeared at 1000 — 1400 cm* which can be connected with gel
formation (verified by insolubility in toluene of degraded SBS). From analysis of these spectra
the conclusion was that the 1,4 PB groups were more easily degraded than the 1,2 PB units. The
products resulting from the thermal degradation have been classified into: gases (6.5% wt.), oils
(64% wt.) and residues (29.8% wt.). The analysis of gases showed the presence of light
hydrocarbons and alkenes with 1 to 4 carbons. The main compound found in oils is biphenyl
propane and a mixture of compounds with 9 to 14 carbons, which suggests a high interaction
between the styrene and butadiene units.?

Aggregates are the major building material for pavements. The role of the aggregate is to
form the matrix of strength in a mix; as such their properties are critical to the success of a mix.
Local sources are generally used but some other materials such as expanded clay (light weight

aggregate) or slag may be used if they meet the required specification (size and gradation,
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mechanical strength, durability, chemical stability, surface texture, crushed shape, absorption and
affinity to asphalt, impurities). Aggregates can be classified based on their mineralogy:

* Igneous rocks are volcanic rocks formed from molten rock. Examples of igneous rocks are
granite and basalt. Igneous rocks can be classified as either acidic or basic.

» Sedimentary rocks are rocks formed by the laying down of layers of material that is then
compressed. Classification is based on the predominant mineral present such as calcareous
(limestones, chalks, etc.), siliceous (chart, sandstone) or argillaceous (shale, etc.). Quartzite
aggregates are known to exhibit the least adsorption to asphalt and are a'so known to exhibit the
highest catalytic effect in asphalt oxidation. Limestone exhibits the smallest catalytic effect.

* Gravel is formed from the breakdown of any natural rock. Gravel is usually found in rivers
or waterways. River gravel is an example of acommon type.

 Sands are formed from the deterioration of any natural rock. These often contain clay or
silt and should be washed.

» Slag is a by-product of metallurgical processing. Slag can be made from the processing of
tin, steel, or copper. Slag is generally hard but absorbent. *

For Louisiana, a design asphalt mixture using 4.7% PMAC 76-22 might have the following
aggregate gradations by size (usually 80% of aggregate is limestone): 10% stones of 25 mm,
15% chip of 19 mm, 30% chip of 12.5 mm, 31% manufactured sand of 4.75 mm, 14% screen
sand of 2.36 mm. Aggregates are selected to have fractional faces, non flat or elongated.

The main property that affects asphalt applications is aggregate absorption (the permeability
of aggregate pores) and/or adsorption (adhesion on the surface) of asphalt components. Asphalt
must wet the surface of the aggregate and adhere to it. The polar functionalities described above,
as well as organo-metallic constituents that contain metals such as nickel, vanadium, and iron,

play important rolls in asphalt - aggregate interaction.
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Figure 1.2-6 Adhesion of asphalt on aggregates surface (adapted from V.S.S. Asphalts
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Figure 1.2-7 Adhesive and Cohesive failur e (adapted from straightdope.com)

When asphalts are contacted with aggregates (Figure 1.2-6), polar groups from asphaltenes

are preferentially adsorbed on the aggregate surface leading to an adhesive bonding.*® Failure of

this interaction (Figure 1.2-7) in time can occur between the binder and aggregate (i.e., a failure
of adhesion) and a failure within the binder itself (i.e., a failure of cohesion). The loss of bond
between aggregates and asphalt is defined as stripping distress. Other types of distress observed
in asphalt pavements are: fatigue cracking (repetitive passes associated with overloaded traffic);
low temperature cracking; rutting (changes in pavement shape); shoving (Slippage between

layers); raveling (disintegration of pavement layer); and wear loss (after asphalt cement has

oxidized and is eroded).
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The role played by time and environmental factors on asphalt pavement distress is a subject
of continuous interest.’® Earlier studies carried out on the effect of temperature and relative
humidity on the oxidation of air-blown asphalts, as a function of exposure time, showed that the
rate of oxidation is dependent on both of these environmental factors.’® Hardening is due to
chemical reactions, including oxidation, polymerization, and condensation and/or due to physical
processes, including loss of volatiles and structural morphological change. However, reaction
with oxygen (oxidative hardening) has been shown to be the principal factor responsible for a
more brittle structure and an increase in susceptibility to cracking. Oxidative hardening happens
at arelatively slow rate and varies seasonally; it occurs faster at higher temperature as diffusion
of oxygen increases. Therefore, aging is considered as a chemical as well as aphysical problem.
Voids and aggregate porosity were also found to be contributing factors but were dependent
upon the type of asphalt and average temperature. '

Laboratory protocols were recently developed under the Strategic Highway Research
Program (SHRP) to smulate the field hardening of asphalt binder and mixes in which the mean
annual air temperatures prevalent during field aging have been taken into account but the
influence of atmospheric humidity has not been considered. * The question is whether the
laboratory protocols for aging asphalt binders should consider the exposure to water as a
mechanism of the aging atmosphere. Aging in the presence of water of several SHRP core
asphalts and of two different polymer modified asphalt cements is currently under investigation
at the Western Research Ingtitute (Laramie, WY ") and in our laboratory. It is the aim of the
present research to address the potential influence of water on the aging of road pavements
containing polymer modified asphalt cements. The chemical and physical changes in asphalt
properties after oxidative aging under dry and humid conditions will be correlated to appropriate

aged field samples.
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1.3 OBJECTIVES

The objectives of this research are:
To analyze chemica alteration, morphology and hardening of a PMAC
during laboratory ssmulated aging (PAV and RCAT)
To investigate the role of humidity on asphalt aging
To understand the aging mechanism in the presence of metal ions
To learn how the new aging technique (RCAT) correlates with the actual
field aging of PMAC pavements.

To determine rheological parameters of asphalts at different stages of

aging.
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CHAPTER 2
MATERIALS, METHODS AND PROCEDURES

2.1 MATERIALS

2.1.1 ASPHALT BINDER

A standard Ergon SBS (styrene-butadiene-styrene) elastomeric polymer modified asphalt
cement (PMAC) meeting Louisiana DOTD specifications was obtained from Paragon Technical
Service of Jackson, Mississippi. The PMAC (PG 76-22) was prepared by the supplier by
blending asphalt cement (AC) PG grade 64-22 with SBS dissolved in soft asphalt cement (PEN
150). Besides PMAC the base components. SBS polymer (Calprene 411) and the asphalts PG
64-22 and PEN 150 were provided by the same supplier.

Three and five-year-old full core HMA wearing course samples (from interstate I-55 near
Granada, Mississippi), originally of a similar composition as that of the PMAC listed above,
were supplied for comparison. The asphalt from these samples was extracted in our laboratory.

The procedure for that extraction process is presented below.

2.1.2 POLYMER ADDITIVE

SBS tri-block elastomeric copolymer was used, with a commercial name of Calprene 411
dry. A Dynasol product (butadiene/styrene 70/30 %) in crumb form was received from the same
service. The characteristics of the SBS tri-block elastomeric copolymer are as follows. radial;
30% weight PS, 70% weight PB, molecular weight from GPC measurement around 650,000
which means estimated 8,500 polybutadiene units and 1,800 polystyrene units (900 PS units each

side of PB chain)
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2.2 METHODS AND PROCEDURES

2.2.1 ATMOSPHERIC EXTRACTION

The atmospheric extraction method was used to separate asphalt and aggregates for the field

samples received. The apparatus used for extraction was a Soxhlet extractor (Figure 2.2.1-1).

Figure 2.2.1-1 Pictur e of Soxhlet Figure 2.2.1-2 Picture of Rotary evapor ator
appar atusfor extraction of asphalt using toluene

The cores were cut into small pieces to an appropriate dimension to fit inside the extractor
and were kept under hot toluene reflux for 24 hours. A nitrogen blanket was applied in order to
avoid oxidation. The asphalt cement solution in toluene was cooled and alowed to sit at room
temperature at least 12 hours. It was then filtered to remove the fine particles of sand. The
filtrate was alowed to stand over night to permit ultra-fine particles to settle and the solution was
decantated. The solution was concentrated under vacuum at 0.1 mm Hg and 50°C to 95°C with a
Bichi Rotavapor R200 rotary evaporator (Figure 2.2.1-2). The residue was dried for 48 hoursin
a vacuum oven (Lab-line vacuum oven) first at room temperature for 24 hours, then at 50°C for

12 hours and finaly at 115-120°C for another 12 hours. A thermo-gravimetric analysis (TGA)
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test was performed on each batch to assure that all the toluene was removed (less than 0.1
percent of the sample evaporated at temperatures below 180°C).18

2.2.2 AGING

The original materials were subjected to aging using the Rolling Thin Film Oven Test
(RTFOT), Thin Film Oven Test (TFOT), Pressure Aging Vessal (PAV) and Rotating Cylinder
Aging Test (RCAT aging). To smulate short time aging during production and handling,
RTFOT and TFOT tests has been used in the laboratory. The RTFO test (Figure 2.2.2-1) has
been used to perform AASHTO T240 and ASTM D 2872 *° procedures to simulate aging in
asphalt binder samples representative of the aging that occurs during mixing and construction of
HMA pavement. The RTFO procedure can be done to provide samples for use in further testing
or to determine the mass lost (from lost volatiles) or gained (from the formation of oxidation
reaction products) by the binder samples during the aging process. The RTFO aged binder
samples by continually exposing them to heat and air flow to promote an oxidation reaction. This
reaction is an accelerated version of the aging occurring naturally in Asphalt Binders in
pavements. RTFO-aged binders have been tested with the DSR or aged further with the PAV.
A total of 35+ 0.5 g of materia was loaded in an open metal bottle at 163°C for 75 minutes
under an air jet with 4 L/min flow rate positioned to blow air into each bottle at its lowest travel
position while being circulated in the carriage with a rotation rate of 15°/min. The bottles were
held in a horizontal position while the carriage rotated vertically. Because PMAC blends tend to
foam excessively, RTFO test was replaced with TFOT. For TFO test (Figure 2.2.2-2) the
standard procedures AASHTO T 179 and ASTM D1754 were followed.?° The pans, loaded with
50+5g of asphalt, were kept on a horizontal carriage for 5 hours under continuous airflow at

163°C. All the samples were weighed before and after TFOT and the calculations indicate a gain
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in weight: an average of 0.02% for PEN 150; 0.06% for PG 64-22 and 0.06% for PMAC 76-22.
The gain in weight is due to the formation of oxidation reaction products. Materials subjected to

TFOT were stirred every hour to avoid skin formation and an inhomogeneous aging.

- Rolling Thin Film Oven
¥ ]
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S
Figure2.2.2-1 RTFOT instrument (adapted Figure2.2.2-2 TFOT instrument
from Controls Testing Equipment LTD) (adapted from Controls Testing

Equipment LTD)
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Figure 2.2.2-3 PAV instrument (adapted from reference®!)

After TFOT, the samples were subjected to PAV (Figure 2.2.2-3) (standard procedures

ASTM D454 and ASTM D572%?) aging at 100°C, 2070 kPa (300psi) for 10, 20, 30, 40, 50, 60,

80 and 100 hours in dry and wet conditions. Samples in the following were classified as PAV
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DRY and PAV WET as a function of aging corditions used. Wet condition means that one pan
was filled with water and placed on the same rack with asphalt samples. After PAV the samples
were weighed again, and the results showed an average increase in mass of 0.2% for PEN 150,
0.1% for PG 64-22 and 0.6% for PMAC related to original materials weight.

The suggested pre-heating temperatures, for easier sample pouring into the pans, bottles, or
cylinder, are 150+5°C for normal asphalts (PG 64-22 and PEN 150) and 160+5°C for polymer
modified asphalts. The polymer aging process was done using the same TFOT and PAV
procedures. Polymer samples preparation involved preparation of solutions. Two solvents were
used: decaline (25% weight concentration) for a set of samples and DCM (12% weight
concentration) br another set. Polymer samples showed loss of mass when weighed due to
solvent removal during the heating process.

The RCAT instrument (Belgian Road Research Center, Brussels, Belgium) used in the
present work is presented in Figure 2.2.2-4. 1t was developed in Belgium by Verhasselt A.F and
at. (starting in 1991) to simulate mainly long-term aging 2* and presented in Project NCHRP &
36 January 2004 as a good candidate for aging tests. The main components of the device are the
cylindrical vessel for aging the asphalts (which can accommodate up to 550 g of material) and
the temperature-controlled oven. The manufacturer Normalab Analis, Namur Belgium, provided
standard procedures and an operations manual. During rotation, a solid steel roller makes a
gravity-induced rotating movement about its axis in the cylinder. Using this roller, the binder in
the cylinder is constantly pressed and distributed against the inner wall of the cylinder. As a
result, the asphalt surface exposed to air or oxygen is constartly renewed and remixed with the
bulk of the material. 2® This test provides the ability to follow the kinetic aspects of aging
because it allows small portions of material to be taken at predetermined intervals during the test.

The test was run in open atmospheric contact and no excess water was added. The mass of
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PMAC tested was 520 g at 90°C under continuous air flowing (between 6 and 7 psi) for 10 days.
The oven, as well as the cylinder, was heated and rolled at 90°C on the day before the test. On
the day of the test, the binder was heated for 75 min at 163°C. At the same time, while the
sample was till hot, a portion was taken to perform the identification tests at an exposure time of
To = 0 hours. The materia was poured into the hot cylinder and was held for 60 minutes,
without rotation or inflow of air, to enable the binder to reach the test temperature. The rotation
of the cylinder about its axis was set up at 15 revolutions per minute (for air). To prevent
oxidation reactions from occurring mainly at the surface the samples, an inner steel roller
constantly renewed the surface. The collection of the samples (10-15 g each) continued

according to the program described in Table 2.2.2-1.

Figure 2.2.2-4. Rotating Cylinder Aging Test (RCAT) instrument (picureﬁ provided by
the manufacturer) >

Table 2.2.2-1 Exposur e times of samples collected for analysisfrom the RCAT @ 90°C *

RCAT RCAT RCAT RCAT
Sample Time Sample Time (hrs)
(hrs)

T1 2 T6 73

T2 6 T7 143

T3 19 T8 169

T4 24 T9 193

5 48 T10 227
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As will be seen in the results presented in Chapter 3, no conclusion could be gathered from
the first approach and another set of samples was run. With the second set of samples the
cylinder was loaded twice with 300 g PMAC materia each time. The procedure was the same
but the test temperature was changed to 100°C. The temperature of 100°C was chosen for
comparison with dry PAV and to see the differences with RCAT at 90°C. The collection of the
samples (10-15 g each) was made according to the program described in Table 2.2.2-2.

Table 2.2.2-2 Exposur e times of samples collected for analysisfrom the RCAT @ 100°C

RCAT Aging time RCAT Aging time
sample 100°C hours sample 100°C hours

R1 70 R5 23

R2 104 R6 48

R3 128 R7 240

R4 152

2.2.3FTIR SPECTROSCOPY

Quantification of the oxygen uptake during aging is a direct measure of the advancement of
the aging process.?® Spectroscopic determinations using FTIR was chosen for quantification of
carboxylic acid concentrations during the oxidative aging of asphalts. All of the asphalt samples
(originals, laboratory aged and field extracted) were first dissolved in toluene, concentration of
10% by weight. Using a thin glass pipette, a 0.8 ml solution was poured on a NaCl plate. The
time necessary for toluene to totally evaporate from the sample poured on the plate was
determined in two ways. The FTIR spectra were recorded every five minutes, and compared
with the toluene spectra. When the peaks for toluene disappeared, the samples were subjected to
TGA measurements, which showed no solvent presence. After the asphalt film was formed, the
FTIR spectra were recorded using a blank plate as a background, baseline correction and smooth
coefficient of 25. Samples spectra were run three to five times each. The transmittance files

were converted with the software to absorbance spectra. Data were saved in Excel format files
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and the graphs were analyzed using Origin 6 software. The data reported represents the average
value. In order to build a calibration curve for the peaks observed on the FTIR asphalt sample, a
series of organic compounds with potentially similar carbonyl peaks were tested: stearic acid,
lauroyl peroxide, benzaldehyde, benzoic acid, 2decanone, and trans-cinnamaldehyde. From
each of those organic compounds was prepared a 1%, 2%, 3%, 5% and 8% weight concentration
in asphalt and then the FTIR spectra of each was recorded as described above. The calibration
curves are presented in the results-discussion section. The samples studied in this chapter were:
PMAC original, aged in dry and wet PAV process, aged using RCAT methodology and asphalt
extracted from field samples for comparison.

2.2.4 NON-AQUEOUSPOTENTIOMETRIC TITRATION

To confirm data from FTIR measurements, a determination of acid groups in asphalts was
made by nonagueous potentiometric titration (PT) as described by Buell® and Dutta and
Holland?’ and adapted by investigators at the Western Research institute in Laramie, WY’. The
endpoint was determined using an Orion Aplus pH-meter with glass ionselective indicator
electrode. Samples subjected to potentiometric titration were: PMAC unaged and aged under dry
PAV and RCAT; PG 64-22 and PEN 150 neat; and field samples. The following organic
compounds were necessary to run the test:

Potassium hydrogen phthalate (KHP) with molecular weight (Mw) =204.23 as standard
calibration compound for instrument (oven dried for two hours 100°C);

Benzoic acid as model compound, Mw=122.12 (oven dried for two hours 100C°);

Tetra butyl-ammonium hydroxide as base, Mw =799.96;

Solvents: toluene, isopropyl alcohol, chlorobenzene, and ethanal.
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Three grams of asphalt was weighed in an Erlenmeyer and dissolved in a 50 ml mixture of
chlorobenzene and ethanol mixture 9/1 v/v. Fifty ml was chosen to be enough to cover the
electrode sensor for an accurate reading. The Erlenmeyer was then tightly capped and sealed
under argon. The asphalt was totally dissolved under continuous stirring for two hours. The
base concentration was 0.025 M tetra-butyl-ammonium hydroxide in a mixture of
toluene/isopropyl alcohol 8/2 viv. The literature recommended a ratio of 8.6/1.4 v/v Pr this
mixture but this ratio did not dissolve the base so the ratio was changed to 8/2 v/v, which
dissolved the base instantaneoudly. The burette was well sealed and filled up with argon.
Standard model compounds used were potassium hydrogen phthalate and benzoic acid (dried 2
hours at 100°C). For both solutions 0.025 M concentrations were prepared by dissolving in
chlorobenzene/ethanol 9/1 v/v (solutions were also kept under argon).

Before starting the titration in the flask with the asphalt solution, the pH meter electrode and
amagnet for continuous stirring were immersed in the solution. The burette and argon tube were
placed in the top of the flask and were sealed to keep the argon in the flask. The pH-meter was
first calibrated (apparatus manual procedure) and then set up for the millivolts mode. The
readings for each point of titration curves were made after the systems were allowed enough time
to achieve equilibrium which was indicated by a stable value for potential on the pH-meter
screen. The titrations were replicated five to ten times.

The instrument calibration was made as required by the operations manual provided by the
manufacturer (Figure 2.2.4-1).

Milliliters of titrant (mL base) added were recorded in table format and then plotted versus
mV using Origin software (Figure 2.2.4-2). To quantify titration inputs, a calibration curve (x

axis mV, y-axis ml base) was built using the same benzoic acid as a reference (Figure 2.2.4-5).

23



From the first derivative curve (Figure 2.2.4-6) the end point was obtained and than

concentration per gram of asphalt was computed using the following equation?®:

meq volume of titrant (mL)* normality of fitrant

grams of sample

Normality = Molarity * n
n = number of protons exchanged in reaction
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To make sure that the end point was an accurate reading, the results were verified by adding
benzoic acid (1% and 2% wt.) to the samples and the end point was read by subtraction (Figure
2.2.4-5and 2.2.4-6).

2.2.5 GPC CHARACTERIZATION

The use of gel permeation chromatography is a fast and reliable new method to determine
molecular weight and molecular weight distribution of asphalt binders. The polymer content in
asphalt can also be analyzed. Since unaged polymer molecules typicaly weigh 50 times more
than asphalt molecules, they can be easly identified using this method. The gel permeation
chromatograph used was equipped with a Waters 590 pump and a Waters model 410 differential
refractive index detector. The separation of the polymer from the asphalt components was
effected with two Phenogel 10 p, 300 x 7.8 mm columns (Phenomenex, Torrance, CA),
connected in series (1) 10-5 A (10-1,000 K); (2) MXM (5-500 K). This set of columns was
chosen to cover, as much as possible, the molecular weight distribution expected to be seen in

asphalt binder GPC curves. ® The column set was calibrated with narrow molecular weight
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polystyrene (PS) standards 3% wt. concentration in tetrahydrofuran (THF) (Table 2.2.5-1 and
Figure 2.2.5-1). The molecular weight distribution function of the elution volume for
polystyrene standards (Figure 2.2.5-2) was used to build the linear dependency expressed in the
log/log scale calibration graph (Figure 2.2.5-3). All asphalt and polymer samples were prepared
at a concentration of 2% in THF, injected through 0.2-pm filters into 150 |L vials. Samples
were eluted with THF at 1 mL/min at room temperature and the species concentration in the
eluent was recorded using a differential refractometer. The Gel Permeation Chromatography
(GPC) method was used to analyze the impact on asphalt cement, polymer and polymer modified
asphalt of the wet and dry PAV process. Data were compared to field extracted asphalt blends.
The samples run contained:

Asphalt cement PG 64-22 and PEN 150

Polymer modified asphat (PMAC) 76-22

SBS block copolymer, dissolved in decaline and DCM

Asphalt extracted from field cores 3 and 5 years old,

Mixture of asphalt cements (Mix) prepared in laboratory 85% 64-22 with 15% PEN 150

After aging, some samples have insoluble components. To find how much can be insoluble

in THF a quick test was run by dissolving a known quantity of materials in THF, and passing the
solution through a 0.2um filter. From the difference in weight of the filter before and after
passing the solution (the filter was dried under vacuum for total evaporation of THF) plus the
guantities remained in the vial (not going into a syringe) the percentage of insoluble species can
be evaluated as shown in Table 2.2.5-2. For consistency, a baseline was drawn and the relative
areas were computed by integration For a given sample, the relative area value was related to

the GPC curve of the original material (polymer original with A=1.19531 and PG 64-22 original
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with A=11.67349). Table 2.2.5-3 presents magjor chemical groups, which may be detected by

GPC measurements and also describes how they are to be referred to in this analysis.

Table 2.2.5-1 Elution volume (Ve)
valuesfor Polystyrene standards

LU S L N S S L L LA I B L B LI L L
1516171819 2021222324 252627 28293031 3238 34 5
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Figure 2.2.5-2 Molecular weight vs.
elution volume for PS standards

Figure 2.2.5-3 Linear calibration from
PS GPC traces

Table 2.2.5-2 Per centage of insoluble species not passing through 0.2mm filter

PMAC 76-22 original ~7%
Polymer SBS Calprene after PAV ~99%
Blend 64-22 and 3% SBS after PAV ~5%
PMAC 76-22 after PAV ~6%
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Table 2.2.5-3 Major chemical groups expected to be seen by GPC

Molecular % of weight Ve mL Referred in
weight of asphalt thiswork as
asphaltenes 2000 — 5000 5-25 21.2-26.5 asphaltenes
aea MMW
resns 800 — 2000 15-25 27.2-29.2 low molecular
aromatic oil 500 —900 45-60 28.6 -29.5 weight asphalt
saturated oll 500 - 1000 5-20 28.8-29.5 area LMW
Calprene SBS ~650,000 ~3 ~16.78-16.9 high molecular
original weigh polymer
area HMW

2.2.6 EPIFLUORESCENCE M ICROSCOPY

To visualize the asphalt blends, the morphology fluorescence microscopy method was used.
The technique applies to specimens that can be made to fluoresce, as is the case with asphalt
materials. The samples chose for this test were PMAC original material and PMAC dry PAV
aged for 50 hours (2.5 PAV cycles).

The asphalt samples were melted first at 150°C for 20 minutes than poured in a bar form.
The field mixture was cut in a bar form aso. The samples were immersed in liquid nitrogen to
obtain a fresh cut without using any mechanical force. The pieces with the most even new
surface were placed on the testing surface and at least 3 pictures of each sample were taken. The
pictures were adjusted and layered out using Adobe Photoshop.

2.2.7 INDUCED DECOMPOSITION OF ASPHALT COMPONENTS

Thereis alack of practical laboratory aging that simulates long-term aging of asphalt at in
service conditions. The aim of this test is to simulate an oxidative aging process catalyzed by
metal ions. To accelerate the autoxidation process this test used induced decomposition of a
hydroperoxide via a redox mechanism. A typica example of a redox pair used in induced

oxidation is a mixture of cobalt salts (acetate or naphthenates) and hydroperoxides (ROOH).
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Cumene hydroperoxide was chosen because its half-time is 10 hours at 125°C (this
doesn’'t apply when cobalt naphthenate is present too).

Cobalt naphthenate 6% concentration dissolved in mineral oils.

Solvents: DCM, Decaline, THF

It was not possible to run this test on the commercid PMAC 76-22 (polymer modified)
received from the supplier because of the presence of sulfur. Because it was necessary to avoid
the effect that sulfur has on metal ions (is poisoning the catalyst), polymer modified asphalt was
prepared in the laboratory. This was made by mixing 388 grams of PG 64-22 dissolved with 100
mL dichloromethane (DCM) with 12 grams polymer (SBS, commercial name Calprene 411) and
also dissolved in DCM to obtain a concentration of 3% polymer in asphalt. Another 400 grams
of PG 64-22 was dissolved in 100 mL DCM and was prepared for samples without polymer
(asphalt only). PMAC 76-22 was tested just for comparison. PMAC of 150 grams dissolved in
50 mL DCM was used. To meet the standard requirements of 50 gams materias per pan for
TFOT and PAV, empty pans were weighed, and then aliquots were made. After three days
under the hood and at room temperature the samples were ready to be mixed with various
concentrations of cobalt and hydroperoxide. Having FTIR data for orientation, the first samples
were prepared by adding 5 mL hydroperoxide (d=1.03 g/mL) and 1.65 g cobalt naphthenate to
50 g of asphalt materials. A typical example of a ratio expression for each mixture of cobalt
naphthenates and hydroperoxide follows the equations:
a) For M1 grams of cobalt naphthenates with a 6% cobalt concentration it will be 6% x M1

grams of cobalt with atomic mass of 58.933 which give 6% x M1/58.933 moles of cobalt used;
this quantity is added to 50 grams of asphalt, by dividing by 50, moles per 1 gram asphalt can be

computed [(6% x M 1)/(58.933 x 50)]
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b) For L1 milliliters of hydroperoxide used with a density of 1.03 g/ml and Mw of 152.19
added to 50 grams asphalt, the moles used for 1 gram asphalt are computed  [(L1 x d)/((Mw X
S0)]

c) Sampleswere labeled as afunction of various concentrations of redox systems used, such
as 1: a b where 1 means 1 gram asphalt; ais moles ratio of cobalt used with respect to redox2 as
reference sample; b refers to how much more or less hydroperoxide was used than cobalt with
respect aso to the redox2 sample as areference sample (Table 2.2.7-1).

There is a dight difference in sample preparation using various redox systems. Redox2 was
added to the asphalt or polymer- modified asphalt before pouring the asphalt materials into pans
for the aging process. The rest of the redox systems were added after the asphalts were in the
pans. A lower concentration in asphalt due the dilution with redox compounds can be noticed on
the GPC curves. Some asphalt samples were mixed only with 5 mL HP, in these cases the ratio
was expressed as 1:0:20. The induced oxidation starts in a short time.

Table 2.2.7-1 Proportions of Redox pair used

Mass Volume Moles Cobalt (Co) /1 | Cumene RATIO
cobalt hydroperoxi g asphalt hydroperoxide | 1-g asphalt
naphthe | de (mL) HP) /19 a-ratio Co
nates(g) | L1 asphalt b-ratio HP
M1 1l:a:b
Redoxl | 0.33 5 0.00000672 0.000676 1:0.2:20
Redox2 | 1.65 5 0.00003360 0.000676 1:1:20
Redox3 | 1.65 25 0.00003360 0.003380 1:1:100
Redox4 | 4.61 5 0.00009380 0.000676 1:3:20
Redox5 | 1.65 1 0.00003360 0.000135 1:1:4
0.00 5 0 0.000676 1:0:20

The samples had to wait 24 hours before injection in the GPC instrument, which allowed the

redox systems to react. GPC curves for original materials show the oxidation already working
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and because the data sets were cached in different stages these curves have only informational
value and do not provide a useful reference for comparison. Samples for the GPC pulled out
from pans before aging are referred to as Original, and after aging are named TFOT, dry PAV

and wet PAV.

2.2.8 RHEOLOGICAL M EASUREMENTS

Rheology, the study of deformation and flow of matter, can provide important information of

Hot Mix Asphalt (HMA) pavement performance.
Critical temperature.

To discern the changes in rheological characteristics of polymer modified asphalts brought
about by aging critical temperature changes with age were measured. The critical temperature
Tc was determined using a dynamic mechanica analyzer known as the AR2000 rheometer
(figure 2.2.8-1) which was set up to work in Dynamic Shear mode (Figure 2.2.8-2). This
instrument is specially designed for characterization of soft materials (TA Instruments Inc.
Waters Corp., New Castle, DE) was used. The basic DSR test uses a thin asphalt binder sample
sandwiched between two plates. The lower plate is fixed while the upper plate oscillates back
and forth across the sample at 1.59 Hz to create a shearing action. These oscillations at 1.59 Hz
(10 radians/sec) are meant to simulate the shearing action corresponding to a traffic speed of
about 90 km/hr (55 mph) (Roberts et al., 1996). The steel plates have circle geometry with
diameter of 25 mm (used for original materials) and 8 mm (for aged materials) with a test gap
between them of 1 and 2 mm respectively. A disk of asphalt with equal diameter to the plates
was prepared by pouring in a standard silicon mold (Figure 2.2.8-3) and then placed between the
oscillating and fixed plate of the rheometer (Figure 2.2.8-4). The excess asphalt was removed by
trimming with a hot spatula. Regardless of the standard procedure (AASHTO TP5) a trimming

gap was first set up at 50 microns higher than the test gap, and then the upper plate was set for
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the testing gap. An environmental temperature control (ETC) oven alowed a precise control of

temperature within 0.1°C.
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Figure2.2.8-1 AR 2000 Figure 2.2.8-2 Setting of the AR 2000
instrument instrument in  DSR mode
ASPHALT l a o
= L=
8 mm 25 mm Fixed base
Figure 2.2.8-3 Silicon moldsfor DSR mode Figure 2.2.8-4 Asphalt sandwich
DSR (adapted after wsdot.edu/materials) (adapted after reference®)

For the same field materials the Tc were done before in our group (Table 2.2.8-1)3:

Table2.2.8-1 Critical temperatures Tc (tand =1, G’ = G”) field aged asphalt samples

Asphalt Aging | TcRoad

Sample Time Aged,°C
[-55 Extract 3yrs 210
[-55 Extract 5yrs 27.3
[-55 Extract 7yrs 29.4

Test procedures included a 30 minutes temperature equilibration time; dynamic temperature

ramp determinations, low cooling rates (1°C/min) and a controlled strain of 1% at constant 10
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rad/s frequency. The geometry used was 8 mm. The following equations are then used to
determine a complex shearing modulus, G* and aphase angle, d (Appendix Table A-2)*°:

Repeated Creep and Creep-Recovery test (RCRB). The presence of a macro-network is
also confirmed by stress relaxation tests. Repeated creep and recovery tests for binders (RCRB)
is suggested (Bahia et al., 1999) as a possible means to estimate the rate of accumulation of
permanent strain in the binders. Samples of asphalt binder were tested using the same AR 2000
rheometer and the same sample preparation, 8 mm geometry with a testing gap of 2 mm. The
sample was subjected to a repeat sequence of shear loading and unloading. The strain response,
as a function of time, was measured and expressed by accumulated strain (displacement).
Consistent with the test protocol, two creep loads were chosen at 25 and 300 Pa. The loading
timewas 1, 2 or 3 seconds with arecovery (unloading) time of 9, 18 or 27 seconds, respectively.
The total number of repeated cycles was selected to be 100 and three test temperatures were
selected. The test temperatures were 10°C, the critical temperature and a high temperature of
70°C. From displacement and strain data, using the Excel function “vlookup”, the values at the
end of each cycle were picked up and plotted as a function of time.

Effect of Stress Level on Asphalt Binders (MSCR). The current study showed that using
only a 300 Pa stress level is not relevant for asphalt blends. Another test was developed,
Multiple Stress Creep Recovery (MSCR), by raising the stress level from 25 Pa (0.0036 psi) to
25,600 Pa (3.713 psi) and computing the percentage of recovery.®! The test protocol followed
the same standard sample preparation for dynamic shear rheometer and the instrument used was
the same AR 2000. The test procedure was repeated creep recovery with 1-second load and 9
seconds unload, 10 cycles for each stress level a PG temperature (example for 64-22 PG
temperature is 64°C). A 30 minutes equilibration time at test temperature was chosen. Differing

from the tests presented in literature, the test was run at 25°C, 40°C and PG temperature instead
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of only PG temperature, as we considered low temperature behavior for PMACs more critical.
Stress levels used were 25, 50, 100, 200, 400, 800, 1600, 3200, 6400, 12800, 25600. The
average percentage recovery for each stress level was computed using the equation presented

below, where:

=10 (Ec-Eo)i - (Ec-Er)i
i = number of cycle; s (EcEo)
l:
x 100
Ec- Eo = total strain accumulate ? total 10
Ec-Er = fina (permanent) strain ? fina (Figure 2.2.8-5)
[
Fe ||\ J Forl evele
K H e | %Recovery =
e Mol bl L P,
| Final (Permanant) ‘J’lmal
Strain
Eo

Time

Figure 2.2.8-5 Examplein recording strainsfor MSCR (adapted from Asphalt I nstitute
July 2006)

Failure endpoint — Fatigue test. Correlations can be found to develop a protocol to
estimate fatigue life using stress sweep. If stress sweep and time sweep tests failed at the same
stress level, the failure endpoint for asphalt materials can be found by plotting complex shear
modulus changes in time using the following equation®?, where

N = numbers of cycles = test time(s) x 1.592 cycle/s N G™n

G*n = complex modulus at cycle N
G*0 = complex modulus at time = 0 sec.
The sample preparation is identicd as that for standard DSR measurements. The

equilibration time at test temperature was 30 minutes. The procedure used was a time sweep at



constant shear stress of 50,000 Pa as a first trial. The test temperatures range was chosen to be

25°C, 40°C and PG temperature.
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CHAPTER 3
CHEMICAL ALTERATION BY AGING
RESULTSAND DISCUSSIONS

The chemical composition of asphalt determines its physical properties. However, the
chemical composition of asphalts changes during both the short term (handling and pumping)
and long term (field service). One reason for the deterioration of asphalt concrete is aging,
mainly oxidative hardening, of asphalt in service. Asphalt aggregate de-bonding (adhesion
failure) and / or asphalt phase separation (cohesion failure) is aresult of oxidative hardening.

An important indicator of asphalt structure is the content of asphaltenes. A large
concentration of asphaltenes will bring the asphalts to a “gel” type behavior (non-Newtonian
flow characteristics) which is different from asphalts with a few asphaltenes, designated as “ sol”
type (Newtonian flow). It has been established that asphaltenes are not stable, can form a

separate phase, and can aggregate as a result of chemical alteration. ’

Polar groups created by
oxidative aging stabilize this aggregation. The heteroatoms in un-aged bitumen may be polar or
nonpolar; for example, aliphatic sulfur is nonpolar, but becomes a sulfoxide group when
oxidized. Thisisweakly basic and can participate in polar associations. Similarly, hydrocarbon
chains are non-polar but become polar when oxidized. The asphalt chemical components have
multiple available sites for oxidation such as benzylic and alylic positions (which are especially
susceptible to oxidation); akyl-aromatic sites; and benzylic positions, including tetralin
compounds (which lead to hydroperoxides formation). The functionalities formed contain mainly
carbonyl groups such as ketones, adehydes, carboxylic acids, anhydrides as well as a small

number of alcohols, sulfur and nitrogen compounds. The presence of polymer in asphalt blends

creates new sites available for autoxidation (polybutadiene). Transitional metal ions (in asphalt
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composition or carried by aggregates) are the perfect initiators for free radica oxidative
decomposition and their presence will enhance the oxy-degradation process. In acidic conditions
the water can undergo polar addition to alkene bonds resulting in new alcohol functions.

Two of the most fundamental properties of any organic substance are molecular weight and
chemical functionality. In theory, many physical properties, particularly rheological properties,
are a function of molecular weight and molecular weight distribution. Chemica functionality
determines the extent of intermolecular association, influencing aging and stripping behavior. A
number of analytical techniques can be applied to study the changes in asphalt materials during
the oxidation process. For the measurements of polar functionalities we can use FTIR;
determination of acid content using norragqueous potentiometric titration (PT); and molecular
weight distribution and molecular size determination using gel permeation chromatography
(GPC).’

3.1FTIR CHARACTERIZATION

A magjor factor leading to the hardening and embrittlement of asphalt pavements is the

reaction of asphalt with atmospheric oxygen. As proposed by Petersen®

, the hardening
phenomenon is primarily a result of the formation in asphalt of polar oxygen containing
functional groups that increase asphalt consistency through strong molecular interaction forces.
Therefore, quantification of the oxygen uptake during aging is a direct measure of the
advancement of the aging process. 2> Spectroscopic determinations (FTIR) and “wet chemistry”
analysis (direct titration of functiona groups) are the most commonly used methods. The
formation of carbonyl groups was observed, coupled with increased absorption at a frequency of

1695 cmi?, relating C = O stretching from unsaturated or aromatic carboxylic acids as a result of

oxidation. The absorption at the frequency 1760 cm® was attributed to anhydride groups aso
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formed after oxidation. A small number of sulfoxide groups, characterized by the band at the
1030 cmi? frequency (S = O stretching), were also noted. The bands that appeared at 911 to 699
cm* were attributed to the butadiene and styrene part of the SBS co-polymer.®* An increase was
aso observed in the intensity of the band at 3400 cmi! (OH stretching) which was related to
oxidation of the polybutadiene portion in the copolymer. ©

Thiswork concentrated on quantifying the oxygen uptake by measuring changes in carbonyl
content based on a calibration curve. Inspection of FTIR spectra for our samples showed weak
bands for OH at 3400 crmi' and aromatic C-H at 3070 cmi* ; strong bands for CH methylene at
2923 cmit ; aromatic C=C bands at 1456 and 1601 cri* ; bands attributed to PB and PS parts of
the polymer at 966 crmi' and 730 cmit (verified by increasing polymer concentration in asphalt
with result of increasing intensity for these bands) ; clear peaks at 1695 cmi® for unsaturated or
aromatic carboxylic acids correlated with bands from C-O around 1300 cmi; weak stretches of
sulfur compounds as esters SOR 733 cmi* and sulfoxides 1030 cm*; and wesk signals for 1725
and 1750 crrit in dry PAV spectra coming from aldehydes and/or ketones. In addition, the field
sample spectra showed a weak pesk at 1735-1746 cmi* which can be esters and cyclic esters
(lactones type), and at 1785 cmi' for anhydrides. The first step was to choose a reference peak.
The 1456 cmit peak (aromatic C=C bonds) was the best choice as the reference peak because the
aging process didn't affect these bonds. From all the spectra of potential organic reference
compounds mixed with PMAC, as shown in Figure 3.1-1, only the spectra of the mixture
PMAC-benzoic acid spectra matched the aged asphalt material closely (Figure 3.1-2). Therefore
the calibration curve was built using the peak ratio 1695 cm?® (the stretch of C=O from
unsaturated carboxylic acids) to 1456 cmi* reference pesk for benzoic acid with concentrations

ranging from 0.05 to 0.7 miliequivalents per gram PMAC (Figure 3.1-3).
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A polynomial correlation between the absorbance ratios and carboxylic acid content was
observed for concentrations between 0.05 up to 0.18 meg/g followed by a linear relationship
from 0.18 to 0.7 meg/g. Based on the calibration curve, the acid concentration dependency on
aging under dry and wet PAV conditions was computed (Table 3.1-1). The aging process was
run up to 100 hours (5 cycles of PAV) with the idea of reaching a saturation stage of oxidation.
The carboxylic acids concentration was higher when the aging occurred in humid conditions as
can be visualized in graphic representation Figure 3.1-4. During the PAV dry and wet aging
processes the concentration of carboxylic acid increases rapidly in the first 20 hours. Starting
with the second PAV (40 hours) the impact of oxygen is still elevated but the changes are not as
pronounced as in the first PAV cycle. Acid concentrations in wet conditions almost doubled
compared to dry conditions showing that water helped the formation of acids. The same
procedure to determine the concentration of carboxylic acids was followed for the field sample
(results are presented in Figure 3.1-5 and Table 3.1-2) for comparison with laboratory-aged
sanples.

In the field a similar increase in carboxylic acids formation is seen. The 3 and 5 years old
samples were full core HMA with less water contact. As shown by summary Table 3.1-3, the
content of carboxyl groups of field aged asphalt samples after 3 years on the road was similar to,
but less than 10 hours dry or wet PAV. The 5year-old samples correlated with 20 hours dry
PAV but less than the equivalent wet PAV.

The FTIR results for dry and wet PAV aged PMAC showed that the thermal oxidation has
two reaction rates, a rapid increase in carboxylic acids concentration between 0 and 20 hours
PAV followed by a slower process after 20 hours. As there is not enough information in the O-

20 hours aging range, nothing can be concluded about the reaction rate in this range.
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To study this process in detail another aging technique, RCAT, which alows for the
collection of more samples, was used. The concentrations in carboxylic acids were obtained by
the same procedure (Figure 3.1.7) and time equivalence between dry PAV and dry RCAT PMAC

asphalt laboratory aged samples are presented in Figure 3.1-8 and Table 3.1-3.
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Figure 3.1-3 Calibration curve benzoic Figure 3.1-4 Changes of carboxylic acid

acid mixture with PMAC of dry and wet PMAC aged samples
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Figure 3.1-5 Carboxylic acids

concentrations of asphalt bindersfield aged

Table 3.3-1 Concentrations of carboxylic

acids, after multiple dry and wet

PAV’scycles

Hours DRY WET
PAV meqg/g meq/g

0 0 0

20 0.01656 0.02192

40 0.01732 0.0316

60 0.01979 0.03407

80 0.02302 0.03881
100 0.02782 0.04375

Table 3.1-2 Summary of carboxylic acid concentrations from FTIR measur emerts

HOURS FTIR FTIR YEARS FTIR
PAV DRY WET FIELD
meq/g meq/g meg/g
0 0 0
10 0.0097 0.0098 3 0.0084
20 0.0165 0.0219 S 0.0165
30 0.0169
40 0.0173 0.0316
60 0.0197 0.0341
80 0.0231 0.0388
100 0.0278 0.0437
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Figure 3.1-9 Time equivalence RCAT-PAYV after FTIR determination of carboxylic acids
concentrationsfor PMAC lab aged

According to data accentuated by colors in Table 3.1-3 and the graph presented in Figure

3.1-8, the PMAC treatment for 73 RCAT hours @ 90°C was equivalent to laboratory aging for

10 PAV hours at 100°C (half of 1 PAV cycle); 193 hours RCAT are equivalent to 30 hours PAV

and the last sample, after 227 hours RCAT aging, is equal to 40 hours wet PAV or more than 100

hours dry PAV. The last RCAT ample (227 hours) is still under verification.
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collection process the asphalt layer became very thin and excessive oxidation occurred. This
indicated a need for better handling of the next sample collections for RCAT. However, to
achieve the extent of oxidation equivalent to 20 hours PAV required ailmost 193 hours of RCAT.
Consequently, we can see in more detail that the oxidation process accelerates more rapidly up to
73 hours RCAT (respectively 10 hours PAV) and steadier thereafter. The 3-year-old sample is
close to 73 hours and the 5-year-old sample is less than 193 hours RCAT.

Table 3.1-3 Time equivalence between PAV and RCAT laboratory aged samples

RCAT
Hours FTIR FTIR Hours 90C Years FTIR
PAV dry wet Rcat dry Field
0 0 0 0-24 0
48 0.0073
10 0.0097 0.0098 73 0.0097 3 0.0084
143 0.0122
169 0.0147
20 0.0165 0.0219 5 0.0165
30 0.0169 193 0.0169
40 0.0173 0.0316
60 0.0197 0.0341
80 0.0231 0.0388
100 0.0278 0.0437
227 0.0316

3.1.1 CONCLUSIONS

The FTIR data indicate that multiple PAV aging introduced polar carboxylic acid oxygen
species. The concentration of acid groups increased with the aging time. It was higher when the
aging operation was carried out in the presence of water. One reason might be that water had a

solvation effect on samples during PAV and more available sites were oxidized. Asonly the dry
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PAV'’ s spectra showed aldehydes and ketones present, and no sign in wet PAV results, we might
believe that water accelerated the formation of the fina product, carboxylic acids. The water
may have had a surfactant contribution in carboxylic acids formation. In the dry aging condition,
besides carboxylic, other carbonyl groups are formed. The water may have alowed for further
oxidation of the aldehydes and ketones by solvation or by hydrate formation. More tests besides
FTIR are needed in order to understand the influence of water in oxidation aging.

The field samples indicate an increase in concentration of carboxylic acids with age.
Compared to laboratory simulations there is a difference in the field FTIR spectra due to the
presence of cyclic esters and anhydrides. Ring formation can take place if functional groups in
the same molecule react intramolecular (a hydroxyl acid will form a lactone). The peaks for
cyclic esters were observed for 3 and 5-year-old field aged asphalt (core samples). These
samples were not in contact with much water but they were in contact with many aggregates.
Aggregates can be charged and also carry metal ions. It is possible that positive charges are
present around hydroxyl acids and form temporary chelates with a high probability of closing
lactone ring. Anhydrides are products of intermolecular reaction between two carboxylic acids
groups.

The field data was correlated with laboratory findings. Dry PAV samples are more similar to
field samples which were extracted deeper in the surface layer and where, in this case, water
didn't have the chance to penetrate. The 3-year-field aged asphalt has a concentration of
carboxylic acids less than 10 hours aged PMAC under dry or wet PAV conditions while the 5
year-old asphalt from the field samples shows a very good correlation to 20 hours dry PAV aged
PMAC. Generation of acid carboxylic groups may improve the adhesion to aggregates from
asphalt pavement. At the same time, the acid polar groups could lead to aggregation of

asphaltene components from the base AC.



Dry PAV is a tatic procedure and a skin formation was noticed. The inner steel mixing rod
in the RCAT continuously refreshed the asphalt surface exposed to oxidative aging, so thisis not
an “ad literam” comparison. RCAT aging was applied in order to better understand the oxidation
kinetics and was a useful tool to follow the evolution of carboxylic acids during aging in the O to
20 hours PAV range. Thereisno linear correlation between RCAT-aged samples and PAV-aged
samples (Figure 3.1-9). The very first 24 hours RCAT samples didn’'t show any oxidation in
FTIR spectra (a possibly erroneous results), and for verification the acids concentration can be

measured using nortagueous potentiometric titration.

3.2 NON-AQUEOUSPOTENTIOMETRIC TITRATION

Infrared analysis measures an important number of functional groups in asphalt, especialy
those produced in oxidation. However, the FTIR did not adequately quantify low carboxyl group
concentrations (i.e. within 24 hours RCAT aging). One method that can be used for direct
guantification of al acids in asphalt is nonaqueous potentiometric titration (PT), which was
developed 17 for asphalt analysis based on the work of Dutta, Holland 2" and Buell”. Peterson et
al describe the method in detail. ’

Potentiometric methods are based on the difference in potential between 2 electrodes in an
electrochemical cell. One of these electrodes is the indicator electrode and the other a reference.
In a properly designed system both the reference potential and the liquid junction potential are
constant so the indicator potential gives information on the activity of the species in the solution.
Indicator electrodes should be chosen to interact with the analyte in question so that the potential
measured is directly related to the activity of the species in solution. The most essential

component of a pH electrode is a special, sensitive glass membrane that permits the passage of
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hydrogen ions, but no other ionic species. When the electrode is immersed in a test solution
containing hydrogen ions the externa ions diffuse through the membrane until equilibrium is
reached between the exterral and internal concentrations. Thus there is a buildup of charge on
the inside of the membrane, which is proportional to the number of hydrogen ionsin the external
solution. The most common, and simplest, reference system for norragueous potentiometric
titration is the silver / silver chloride single junction reference electrode.

Potentiometry is generally valuable as a technique for detecting the end-point of titrations,
which usualy is very close to the equivalence point. The equivalence point (stoichiometric
point) occurs when the amount of titrant is equivalent, or equal, to the amount of analyte present
in the sample. In some cases there are multiple equivalence points which are multiples of the
first equivaent point, such as in the titration of a di- or tri-protic acid. A graph of the titration
curve exhibits an inflection point at the equivalence point. The end point is identified by the first
derivative dE/dV pesk.

In this work the base and solvents were chosen to be compatible with the potentiometric
titration principle and with asphalts. Very often, in organic acid titration, tetrabutylammonium
hydroxide, a strong organic base, is used because it is soluble in water, alcohols and organic
solvents. The solvent systems were chosen so that components of the asphalt would not
precipitate during titration. Asphalts are not soluble in water; therefore, a much less polar
solvent must be used. These solvents have a lower dielectric constant than water with the
consequence of an end point, which is less sharply defined. Based on previous work done in
asphalt titratior?”’, this base was our choice to be dissolved in a mixture of toluene, which a good
solvent for asphalt and base, and isopropanol, which usually permits the observation of
stoichiometric curves when used in titration. For asphalt samples the solvent mixture used was

chlorobenzene and ethanol. Chlorobenzene is a good solvent for asphalt and the base and might
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not disrupt asphaltenes associations. Ethanol is less polar than water, and is miscible with most
organic liquids including non-polar liquids such as aiphatic hydrocarbons. To make sure that
the end point was accurately read, the results were verified by adding benzoic acid (1% and 2%
wt.) to the samples and the end point was based upon the incremental change observed. Based
on calibration data presented in Chapter 2, acid concentrations were calculated for PMAC dry
PAV samples and compared with FTIR results (Figure 3.2-1 and Table 3.2-1). The acid
concentrations from PT results were different than FTIR. The measurements revealed that the
PMAC sample contained stronger acids, moderate weak carboxylic acids and weak acids (Figure
3.2-2). If the concentration was computed for carboxylic acids only the data indicates that
concentrations of carboxylic acids do correlate with our FTIR data as presented in Table 3.2-2
and Figure 3.2-3. Analysis of field samples by potentiometric titration indicated higher acid
concentrations than observed by FTIR (Figure 3.2-4 and Table 3.2-3) because of the strong acids
presence. A summary of the carboxylic acids concentrations (meg/g) obtained from various
samples by running FTIR and potentiometric titration is presented in Table 3.2-4.

Potentiometric titration of oxidative aged PMAC showed that aging caused a significant
buildup of acidic species. Inspection of titration curves showed the presence of strong acids,
moderate weak corresponding to carboxylic acids and weak which may be phenols. Earlier
studies showed that sulfur compounds were present at negligible concentrations in the asphalts,
such as thiols, sulfones and sulfonic acids, as well as sulfoxides, sulfides and thiophenes.®® The
potential values observed for sulfonic acids present in asphalt range from +300 to +200 mV that
was well above the range for carboxylic acids (-50 to -150 mV). 3 Our titration curves showed
the presence of strong acids and positive values for potential only for the PMAC sample present
commonalty (Figure 3.2-5). For base asphalts used to prepare the PMAC sample, PG 64-22 and

PEN 150, the presence of strong acids was not detected (Figure 3.2-6).
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Table 3.2-1 Concentration valuesfor PMAC

multiple dry PAV samples

Hours Potenti FTIR
o] dry ometric
0055 { PAV titration meg/g
0.050- meg/g
- 0.0454
g_ 0,040 ]
i ggz / 0 1.28e-4 0
3 —F
g 0027 /i/ 20 0.02694 0.01656
& 0020 ———E/E
E 2212 40 0.02754 0.01732
010 | —=—FTIR]
0.005 60 0.03956 0.01979
0.000
A S s A 80 0.03992 0.02302
agng. hours 100 0.05581 0.02782
Figure 3.2-1 Concentrations values from
Potentiometric Titration and FTIR for PMAC samples
0 ] —first derivative PMAC 76-22 original 0065 —8— PT-total acids
T 0,060
1 0055 1
107 0050
-20 strong very weak acids(phenols) = z'ﬁ ]
acids s ]
o ] @ 005+ /+ PT-only carboxiic acids
5 © om ] i
S 40 § 0.0255 " !
] uc_lr 0020
50 £ 0015 ] — R
T 0010
-60 ]
] moderate weak acids 2‘§ ]
g carboxilic acids 00
S S S B b » 0 % @ m
V, mL base aging, hours PAV dry

Figure 3.2-2 First derivative of titration
curvefor PMAC original

Figure 3.2-3 Carboxylic acid
concentration computed from titration
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Table 3.2-2 Carboxylic acids concentrations from FTIR and potentiometric titration

experiments
© o g
g B g °
E g g 2
3> TE®E E£gy gES
T £ES = =S
0 1.28e-4 0 0.8e-4
20 0.02694 0.01656 0.0180
40 0.02754 0.01732 0.0182
60 0.03956 0.01979 0.0214
80 0.03992 0.02302 0.0247
100 0.05581 0.02782 0.0305
Table 3.2-3 Acid concentration
meq/g field samplesfrom PT and
FTIR
__ Years | Potentiometric | FTIR
00404 [ --0--Titration resuits | 3 in titration
0035 service | total meg/g | meg/g
5 3 0.013445 | 0.008460
E 0.030 .
i 0.0254 ’-O .
3 . 0 5 0.025998 | 0.016567
i 0.020
Lg . o"'l
0015 E 7 0.039112 | 0.023020
o104 o
3 ' 5 7
years in service

Figure 3.2-4 Field samples- comparison
potentiometric titration and FTIR
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Table 3.2-4 Summaries of carboxylic acid concentrations, meq acid/g PMAC

Hours FTIR FTIR Titration Years| FTIR Titration
PAV dry wet dry Field total
mEg/g mEg/g mEg/g mEg/g mEg/g
0 0 0 0.00008
10 0.0097 0.0098 0.0097 3 0.0084 0.0134
20 0.0165 0.0219 0.0180 5 0.0165 0.0259
30 0.016¢
40 0.0173 0.0314 0.0182
60 0.0197 0.0341 0.0214
80 0.0231 0.0388 0.0247 7 0.0231] 0.0391]
100 0.0278 0.0437] 0.0305
200 -100+
a ., PMAC 76-22 orig Y | —a— 64-22 original |
1004 o
| q]:ﬂ -2004 X\ i
0 Enﬂ 250] "l ] \—-— pen 150 original
] EREEAN
ui umqh £ a0 o
-200 @ ] \: 400 \.\.\.
[ ] 4004 \\I [ —_—
-300 ., 450 \“\ﬂ\ﬂ‘c mL base
4 g 5004 ——__g___ .
-400 T T T T T T T T 1 T T T T T T T
5 0 5 10 15 20 25 D 35 40 0 2 4 6 8 10 12
V, mL base mL base

Figure 3.2-5 Titration curve PMAC
original

Figure 3.2-6 Titration curve PG 64-22
and PEN 150 originals
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Sulfur is added during the polymer blending process to increase storage properties and
polymer compatibility with asphalts. This process (vulcanization) creates disulfide bridges
which, by oxidation in the presence of metal ions, can form sulfinic acids salts which initial can
oxidize to sulfonic acids (very strong acids). The potentiometric titration experiment was run on
RCAT samples as well for samples aged at 90°C, but also for the second sets of samples aged at
100°C (Figures 3.2-7 and 3.2-8). There were differences in carboxylic acid concentrations
between samples aged at 90°C and 100°C for the first 48 hours (higher values for 100°C).
PMAC showed an increased thermal oxidative susceptibility in this period of time. Between 48
and 73 hours, no noticeable differences were seen. After 73 hours, overheating compromised the
first set of samples and it is not possible to make a comparison. The 3year-old field aged
asphalt exhibited a very close correlation to the 48-hour RCAT and it might be concluded that
these materials just finished the accelerated stage of oxidation. To reach the level for 5-year-old
asphalts it appears necessary to run more than 240 hour RCAT at 100°C (Table 3.2-5). This
suggests that, in the field, carboxylic acid formation initially was influenced by the presence of

aggregates (higher concentration of metal ions).
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Figure 3.2-9 Comparison of carboxylic acid concentrations both FTIR and PT
measurements of RCAT -aged PMAC samples.

Table 3.2-5 Data collection for carboxylic acid concentrations

Titration Titration Titration | Years | FTIR
Hours carboxylic Hours carboxylic hours | carboxylic Fied carboxylic
RCAT acids conc., RCAT | acidsconc,, dry acids conc., acids conc.,
@100°C meg/g @90°C meg/g PAV | Mmed/g meg/g
0 0.00008 0.0000800 0 0.8e4
23 0.00725 0.0000919 20 0.0180
48 0.00814 6 0.0000875 40 0.0182 0.0084
70 0.00906 19 0.0000919 60 0.0214 0.0165
104 0.00927 24 0.0000900 60 0.0247
128 0.00936 48 0.0081100 100 0.0305
152 0.00982 73 0.0096000
240 0.01023 143 0.0143800
169 0.0075000
227 0.0088700
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3.2.1 CONCLUSIONS

The potentiometric titration technique was used to measure the moderately strong and strong
acids in unaged and oxidized asphalts. The method alowed for the quantification of the
oxidation progress.

Comparison of the data with that obtained using FTIR yielded a satisfactory correlation. The
technique was used to analyze RCAT samples to follow the initial oxidation kinetics. It was
observed that carboxylic acid formation occurs primarily in the first 70 hours of aging under
RCAT conditions.

Titration revealed the presence of strong acids which occurred due to oxidation of sulfur
links. No strong acids were detected in neat or aged base asphalt cements, only in the PMAC
sample. Sulfur is present in all types of asphat, but being in such a low percentage, is not
involved in oxidation.

During polymer modified asphalt production, sulfur is added to improve the physical better
properties. But sulfur has a high capacity to take up oxygen Sulfur bridges are first involved in
the oxidation process with the formation of strong acids before other sulfur sites.

An increase in acidity, mostly strong acids, might lead to a higher degree of oxidative aging.
If water is present, then the chances of early oxidation of the asphalt increase and the binder has
more chances not to perform as was designed. In addition, strong acids have a strong possibility
of reacting with basic aggregates, which may lead to a higher probability of adhesion failure.

On the other hand, oxidative aging creates more polar carboxylic groups that can improve
asphalt-aggregates bonding.

Potentiometric titration is an easy and inexpensive method and can be readily adapted to
automation, where automated titration systems can process larger volumes of samples with

minimal analyst involvement.
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3.3 GEL PERMEATION CHROMATOGRAPHY

During oxidative aging, polar and aromatic molecules interact through attractive forces to
form molecular associations resulting in significant changes in the physical properties of
asphalts. One consequence is that these associations have effective molecular weights and
hydrodynamic volumes larger than the true molecular weights of their components. Therefore, a
separation should be possible by techniques that separate mixtures into fractions of different
molecular size. The most common technique is gel permeation chromatography (GPC) and there
are many reports of earlier asphalt separation by this method. * Gel permeation chromatography
is aso a fast and reliable method to determine the polymer content in asphalt. Since polymer
molecules typically weigh 10 times more than asphalt molecules, they can be easly identified
using this method. Gel permeation chromatography is aform of size-exclusion chromatography.
The smallest molecules pass through bead pores, resulting in a relatively long flow path while
the largest molecules flow around beads, resulting in a relatively short flow path. The
chromatogram shows detector response (DRI) versus time or elution volume (Ve) with the
largest molecules appearing first on the chromatogram. The organic solvent used should disturb
the associations as little as possible and have a relatively low-boiling point. For our studies
tetrahydrofuran (THF) was the choice. Using the calibration curve presented in chapter 2 the
results from GPC were correlated with the macromolecular weights of the compounds. It was
expected that, during oxidative aging, the polymer molecules from PMAC would be linked
through stable chemical bonds, e.g., covalently bonded, crosslinked “aggregates’ which are not

solublein THF. It isalso possible that some highly aggregated asphaltenes are insoluble in THF.



Insoluble species and gels were precluded from entering the columns through filtration through a
short guard column. 8

The GPC studies presented in this chapter concern the water effect on laboratory oxidative
aging of asphalt, the impact on the polymer only, on asphalt cements and on PMAC. The results
from dry and wet PAV samples were compared with field-aged asphalts. As our interest was to
have a closer look at what happens from the first moment of oxidative aging, RCAT samples
were tested and compared with field results.

For a better view of changes taking place during oxidative aging of asphalts and analyzed by
GPC, the regions of a GPC curve were defined in this work as. high molecular weight polymer
species- HMW - region (polymer site) between elution volumes 16 to 20 mL correspondent to
an proxy molecular weight range of 650 to 50 K; medium molecular weight polymer and asphalt
cement species (asphaltenes size) -MMW- between 20 to 26 mL for 50 to 3 K molecular weight
Size compounds; and 26 to 31 mL elution volume for low molecular weight— LMW — asphalt

components with a molecular weight of 3t0 0.4 K (Figure 3.3-1)

o —
2.0
159 HMW MMW
16 - 20 mL 20-26 mL
g 1o POLYMER | POLYMER +AC
' SPECIES SPECIES SPECIES
1 650 - 50 K 50-3K 3.04K
0.5+ /
00__/\_/\‘_
— (PMAC origiinal)
h T Tt ot r ottt rrrrrrrrr1
15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30 31 32
Ve, mL

Figure 3.3-1 Regionsfor a generally asphalt GPC curve, with correspondent in molecular
weight values, based on calibration curve.
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For each of three regions a relative change of integrated area (increment and/or diminish)
during oxidative aging was computed. The reference was the integrated area under the GPC
curve for the original material. The integrate areas for the rest of aged samples were divided by
the original value and presented graphically. An increment for the peaks in a certain region was
observed when the values for relative changes were bigger than 1, respectively when there was
less than 1 a decrease for the peaks observed. Areas under the GPC curve are an expression of
compounds concentration. The dynamics of relative changes computation provide information
about oxidative aging of asphalts. The first overview is for neat materials (Figure 3.3-2).
Samples with only Calprene polymer dissolved in THF were analyzed to see the changes in the
polymer during oxidation. The peak for HMW polymer (~ 650 K) was expected to have higher

DRI magnitude than PMAC samples which contain only up to 3% polymer in asphalt.

1.0 34 — 64-22 original 3.0 — 64-22 original

—— PMAC 76-22 original —— 64-22 1 dry PAV
— pen 150 orig — 64-22 3 dry PAV

0.84 calprene SBS original

64-22 3 wet PAV

N
o
1

o
o
DRI same area
N
o
1

o
~
=
]
1

[y
o
1

DRI same area
DRI same area

o S
0.2 516 17 18 1 D 21 22 23 % 2 26 27 B B 30 A
/\/\ o ]
\x‘ﬁ
00T 0.04
16 I 1I7 I 1I8 I 1I9 I 19 20 21 22 23 24 25 26 27 28 29 30 31
VemL VemL
Figure 3.3-2 GPC tracesfor theoriginal Figure 3.3-3 GPC tracesfor 64-22,
materials. original and PAV aged in dry and wet

conditions.
Origina base asphalts, PG 64-22 and PEN 150, which didn’t have any polymer added,
exhibited only slight differences in the MMW region (50 to 3K) during repeated PAV aging

cycles (Figures 3.3-3 and 3.3-6). Looking for extreme changes in molecular weight distribution
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the samples exposed for 3 cycles wet PAV were used for comparison. PG 64-22 exhibited an
increase in asphaltenes area after multiple aging cycles (~ 65% more than original), but after
aging in humid conditions the asphaltenes aggregation was less compared to dry PAV aged
samples (~ 30 % more). The LMW peaks decreased with ~15% than origina in dry PAV
oxidative aging and only ~ 10% in humid conditions (Figure 3.3-4). This data shows us that it is

diffusion inside of the arbitrary regions chosen.

1.7

] 65%
16 --T- MMW dry PAV - PG 64-22) (O

] --- MMW wet PAV)
154 —©— LMW dry PAV)

{ —o— LMW wet PAV) 5
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Relative changes of integrated area
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Figure 3.3-4 Dynamics of relative changes of integrated area for 64-22 during dry and wet
PAV operations
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Figure 3.3-5 Dynamics of relative changes of integrated area for PEN 150 during dry and
wet PAV operations
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Figure 3.3-6 GPC tracesfor PEN 150, Figure 3.3-7 GPC tracesfor PMAC,
original and PAV aged in dry and wet original and PAV aged in dry and wet
conditions. conditions

The increase in peaks for MMW came ~ 15% from LMW compounds aggregation and 40%
from MMW asphaltenes association. Similarly for PEN 150 (Figure 3.3-5), wet PAV samples
contained lower asphaltenes concentration (~35% more than origina for wet conditions
compared to ~45% in dry PAV cycles).

PMAC (Figure 3.2-7) aged in dry conditions exhibited an amost total degradation of high
molecular weight polymer to the formation of low molecular weight polystyrene chains, which
elute with the asphaltenes. The presence of water caused changes. The asphaltenes peak was
lower and the polymer content appeared to be zero because of crosslinked molecules that are
insoluble in THF.

After dry PAV oxidative aging, PMAC samples had an increment in MMW peaks of ~65%
more than original samples, and around 10% is the contribution of LMW associations (Figure
3.3-8 and Table 3.3-1). The polymer contribution was approximately 5% to that increment as

fragments from chain scission oxidative degradation were eluted in MMW region after 20 hours
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dry PAV. The HMW region associated to the polymer site, after 20 hours PAV was ~20% lower

in concentration than origina and after 60 hours dry PAV was amost equa to the original.
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Figure 3.3-8. Dynamics of relative changes of integrated area for PMAC during dry and
wet PAV operations

Table 3.3-1 Integrated area values for asphalt binders after dry and wet PAV operations

Asphalt Integrated Area Area Area Area Area
'\';‘l‘;/le\e/‘v MMW LMW LMW HMW HMW
3 dry PAV 3 wet 3dry 3 wet 3dry 3 wet
PAV PAV PAV PAV PAV
PG 64-22 29 2.3 8.3 8.9
PEN 150 29 2.6 8.3 8.6
PMAC 25 2.2 8.4 8.9 0.3 0.1

One reason is that extreme oxidation for 3 PAV cycles transformed the entire quantity of
polymer in MMW species soluble in THF (around 30-20 K). As with the case of the wet PAV
the MMW is decreasing, it can be concluded that in the presence of water polymer crosslinking

effect was favorite with formation of a stable insoluble gel.
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PMAC exhibited less oxidation effects in LMW region (3-0.4K) than PG 64-22 because of
the presence of polymers. The dynamics under the MMW region was the same for PMAC and
64-22 (PMAC contains 85% 64-22 in composition). From compared GPC traces (Figures 3.3-9
and 3.3-10) for PMAC (asphalt blend with polymer) and PG 64-22 (asphalt without polymer) the
region highly affected by oxidative aging was HMW polymer species for PMAC aged in humid
conditions. There were no noticeable changes n concentrations of LMW species; a higher
association of asphaltenesin MMW can be observed when the polymer additive was missing.

The polymer, by itself, was subjected to wet and dry PAV cycles using two different
solvents: decaline (Figure 3.3-12) and DCM (Figure 3.3-13). During the high temperature TFOT
process DCM was totally removed but this was not the case with decaline, which didn't
evaporate, thus the polymer was in a decaline solution even after completion of PAV cycles.
When decaline was used as solvent 1 cycle PAV aging in humid condition reduced the molecular
weight for the polymer to ~70K and the second PAV cycles reduced Mw to ~ 20K. When DCM
was used as solvent the molecular weight of the polymer was reduced after only one PAV cycle
(dry or wet conditions) to ~20K. The water present in the PAV aging process increased
carboxylic acid concentrations, so the polarity increased, and this might be connected with
higher solvation for polymer decomposition products. It appears that water helped to slow down
polymer chain scission. HMW soluble polymer chains with very low concentration can still be
seen. (Figure 3.3-9 and 3.3-10). In the presence of decaline the humid aged PAV for 20 hours
yielded compounds with four times more MMW species compared to the origina solution
(Figure 3.3-16). When the polymer was exposed for 20 hours in wet PAV conditions without
solvent (after DCM evaporation, Figure 3.3-17) the chains length with MMW were 30 times
more than the original. In al the samples analyzed by GPC, in humid PAV conditions, a higher

autoxidation of polymer chains was observed.
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Figure 3.3-11 Relative changes of integrated area for the asphalt binders analyzed by GPC
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Figure 3.3-17 Dynamics of relative
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wet PAV operations
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Table 3.3-2 Integrated area values for asphalt binders extracted from field samples
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Figure 3.3-20 GPC traces— details
MMW from Figure 3.3-18

Figure 3.3-21 GPC traces— details

LMW from Figure 3.3-18

GPC traces from Figures 3.3-18 to 3.3-19 show the oxidation progress in the field. It is easy

to notice the polymer role in-field oxidation process (Figure 3.3-20). First the polymer cross-

linked (3-year-old sample) with formation of soluble higher molecular weight species. After 3

years of service the polymer was still functional. The 5year-old asphalt was in an advanced

stage of polymer oxy-degradation (lower HMW polymer concentration that 3 dry PAV) and

LMW polystyrene chains (30-20K) are “migrating” through asphaltenes GPC site (Figure 3.3-21

and Table 3.3-2). There is not much of a difference between field samples. However, the

asphaltenes shoulder (MMW) of field samples is different from laboratory-aged asphalts.

Inspecting all GPC curves, it was noticed that PG 64-22 and PEN 150 3 times PAV aged in dry

conditions had the same magnitude for asphaltenes as field samples but only PEN 150 3 times
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aged in PAV wet condition had the sasme MMW *“shape” as field samples (Figure 3.3-22). The
“shape”’ shows the molecular distribution for species alone in the arbitrary dlice chosen. The
field samples, compared to laboratory samples, indicated a higher association of molecules with
molecular weight of 5 K with a result of higher aggregation in the form of molecules with
molecular weight of 10 K (Figure 3.3-23). A mixture between PG 64-22 and PEN 150 (Figure
3.3-24) was subjected to the same aging conditions. The shape for MMW (asphaltenes region)
was similar to the field sample even though the polymer was missing. The samples were more

similar in shape to the field samples when the asphalt mixture was aged in humid conditions.
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204 ——PEN 150 3 wet PAV 5 years field
06 4 76-22 1 dry PAV
——76-22 3 dry PAV
© © | ——76-22 original
o o
© ©
5 g %1
8 8
z z
(a] o
02
rTrrrYrrrrrrrYrrrrrrrrrrrrrrrrr i 00 T T T T T T T T T 1
15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30 31 19 20 2 22 23 24 25 26
Ve,mL VemL
Figure 3.3-22 GPC traces- comparison Figure 3.3-23 GPC traces- comparison
asphalt binder field aged to PEN 150 asphalt binder field aged to PMAC lab
lab aged aged in dry PAV conditions

The asphalt binder extracted for the 5-year- old field sample shown on GPC traces a peak for
species with a molecular weight of ~30K (polystyrene chains) which was not observed in the
traces for PMAC aged in the laboratory (Figures 3.3.23 and 3.3.25). A detailed view is
presented in Figure 3.3.26 for the HMW polymer region in PMAC field aged and laboratory

aged, and it appears that there is no match between samples.
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ORIGINAL

Figure 3.3-27 Epifluor escence microscopy pictures

Field aged asphalt binder showed the presence of polymer on GPC experiment, so an attempt
to see the polymer phase was made. Epifluorescence microscopy was used to view the polymer
asphalt blends (Figure 3.3-27). The asphalt is fluorescent and the polymer in the asphalt can be
seen as dark globular like shapes. The polymer was clear and present and the phase separation
between asphalt and polymer appears in the images, thus polymer remained in the binder cement
even in the presence of aggregates.

Gel Permeation Chromatography RCAT 90°C. As a continuation of oxidation kinetic

studies, the RCAT samples were analyzed by GPC.
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GPC traces for RCAT closely followed the polymer degradation, which increased with aging
time (figure 3.3-28). The integrated area under the polymer peak (HMW) with a molecular
weight around 650 K shows a decrease in concentration presented in Table 3.3-3 and Figure 3.3-
30. It was observed that, after 70 hours, the oxidation process slowed down to a rate (integrated
area under peak / hour aging) of four times slower than the beginning (table 3.3-3.). This result
correlates with FTIR and PT results that showed the same accelerated carboxylic acids formation
into 70 hours aging by RCAT. Compared with the original PMAC the polymer exhibited higher
concentration for samples aged up to 48 hours and equa concentration for 73 hours (Figure 3.3-
31 and 3.3-32). The polymer was more soluble than original PMAC, possibly because of the
oxidation of disulfide crosslinks. It can be observed that the decrease of the HMW peak for the
polymer (~650 K) is correlated to an increase in MMW region (30 -5 K) and no significant
changes in the LMW (1-0.4K) site. This can sustain the conclusion that polymer oxidizes first
and lower molecular weight polymer fragments elute in MMW range bringing anincrease in the
concentration of the species in that region (30 — 5K). The samples didn’t yet reach the 3-year-
old asphalt level of aging. Overall the GPC traces for RCAT samples are very useful to study

early stages of aging for the PMAC.

Table 3.3-3 Integrated area of PMAC-RCAT
026 \ aged for HMW polymer chains
0.24 - Agl ng I ntegrataj
% \ exposure, Area
£ hours 90°C for
‘f_i 0.20 -~ 650 K
o 24 026
016 , : : : 48 0.24
“ a;isng RCAT, ho:is - 73 022
143 0.17

Figure 3.3-30 Polymer content changesin
PMAC subjected to RCAT aging conditions
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3.3.1 CONCLUSIONS

Figure 3.3-32 GPC traces- comparisons
PMAC original, PMAC aged under
RCAT condition and PM AC aged 3

yearsin field —-MMW region

The changes in molecular weight distribution of the asphalt component were estimated using

gel permesation chromatography (GPC).

Laboratory aged samples were compared with field

aged asphalt and the impact of water on the oxidative degradation was observed.
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Figure 3.3.1-1 Schematic oxidative aging representation of polymer additive *°
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Generdly, the aging in the presence of water had the following effects. less asphaltenes

association in the MMW region, less association for LMW asphalt species, and lower polymer

concentration in the HMW region. In the wet aging processes for PMAC samples, there was no

evidence of an increase in concentration for species with molecular weight 30-20 K as was

observed for polymer samples. The water may terminate the chain propagation of free radical

autoxidation of the polymer additive by crosslinking. Highly crosslinked insoluble polymer gels

are not shown in GPC traces, but their influence is shown by more dispersed asphaltenes (Figure

3.3.1-1).

After dry PAV oxidative aging, PMAC samples had an increment in MMW peaks of ~65%

more than the original

samples showing less insoluble polymer species and higher asphaltenes

association compared to PMAC samples aged in the presence of water (Figure 3.3.1-2).
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Figure 3.3.1-2 Schematic representation of asphaltenes association during oxidative aging 3
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The FTIR and potentiometric titration studies showed that, during aging, more polar
carboxylic acid groups were produced. Increasing the polarity of the asphalt-aged blend had an
effect in a higher stabilization of the asphaltenes in aggregation forms. GPC traces indicated that
when polymer additive was present in asphalt blends this association was a diminution during
aging, thus we know from FTIR measurements that the carboxylic acids concentration will
increase with aging. The increase in carboxylic acid concentration may have come mainly from
polymer additive oxidative aging and less from asphalt species.

Oxidative aging in humid PAV conditions yielded higher carboxylic acid concentration than
the dry operations (FTIR and PT results). GPC traces reveded that for extended PMAC
oxidation in humid PAV conditions; asphaltenes association was lower compared to the dry
aging oxidation process.

GPC compared data between field and laboratory aged polymer modified asphalt binder
showed that after 3 years in field aging conditions the asphalt blend presented a peak in the
HMW polymer region (~700K), peak higher than origina PMAC. These polymer species
created in field aging were not observed in our laboratory-aged samples. The 5 year-old field
aged asphalt GPC traces indicated a higher degradation of HMW polymer species. Both field-
aged asphalt blend samples exhibited a higher association of species with a molecular weight of
~ 10K (asphaltenes conglomerations), mainly produced from interaction between species with
molecular weight of ~5K. This effect was not observed in laboratory-aged samples.

There is a need to better simulate the oxidation aging following more closely the possible
field influences. One important influence might come from metal ions present in aggregates.
The next step in this work is to smulate oxidative aging of asphalt samples in the presence of

metal ions and hydroperoxides.

71



CHAPTER 4
INDUCED DECOMPOSITION OF ASPHALT COMPONENTS

There are differences between laboratory and field aged asphalt samples as shown in the
previous chapters. The oxidation mechanism that takes place during chemical aging could be a
free-radical reaction mainly to the SBS polymer chains. Free-radical oxidation by molecular
oxygen is often referred to as autoxidation. The general mechanism is outlined in Figure 4-1.
Thermal energy, mechanical stress, metal catalysts, and the addition of initiators can form
radicals that initiate autoxidation in polymers. Radicals rapidly abstract hydrogen, but most
radicals are highly reactive toward oxygen. In the presence of oxygen, radicals will form a
peroxyl radical reactive toward a hydrogen donor yielding a hydroperoxide. Various catalysts,
notably the transition metals and derivatives of these, induce the decomposition of

hydroperoxides.

The degradation mechanism of SBS polymer has been suggested to be at 1,4 and 1,2 groups
by oxygen to peroxides that leads to the formation of carbonyl or carboxylic groups. * The
degradation of the PB block proceeded mainly by a and 3 chain scissions whose fragments may
consequently stabilize by cyclization reaction. From analysis of these spectra the conclusion was
that the 1,4 PB groups were more easily degraded than the 1,2 PB units. *

The autoxidation process is controlled by the chemical composition of asphalt blends; the
presence of transitional metal ions; and the oxygen uptake. In the field the conditions for a free-
radical oxidative aging are present.

To smulate a long term in-the-field autoxidation process of asphat binder, laboratory

samples were mixed with cobalt naphthenate as a source of metal ions and cumene
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hydroperoxide as radical source (redox pairs) and the changes in molecular weight distributions
were analyzed using GPC. The autoxidation was accelerated by various redox system
concentrations. The ratio asphalt: cobalt: hydroperoxide used were 1:0.2:20 (redox1), 1:1:20
(redox2), 1:3:20 (redox3), 1:1:100 (redox4) and 1:1:4 (redox5). Samples of polymer, asphalt
cement and polymer asphalt cement, with and without redox systems, were aged under TFOT
conditions, followed by dry or wet PAV aging. Changes of integrated area and relative
integrated area, for arbitrary regions defined as high molecular weight polymer species (HMW),
medium molecular weight polymer and asphalt species (MMW) and low molecular weight
asphalt species (LMW), were compared. Laboratory simulations were balanced with the asphalt
binders extracted from field samples 3 and 5 years old.

The induced decomposition of cumene hydroperoxide, catalyzed by cobalt ions via a redox
mechanism, used to accelerate the laboratory smulation of autoxidation process is presented in
Figure 4-2.

Having FTIR results as a guideline for the oxidation level, a mixture of 1.65 grams of cobalt
naphthenate (6% cobalt), 5 milliliters of cumene hydroperoxide and 50 grams of asphalt was
chosen to start with. This first redox system was named redox2 in Chapter 2 and the ratio
expression for 1 gram of asphalt used in this work is 1:1:20. The aggregates and asphalts carry
different concentrations of metal ions. In an effort to more closely simulate the onthe-road
oxidation process; various concentration ratios of redox pairs were used. The redox1 system had
five times less cobalt salts with the same amount of hydroperoxide used for redox2, named
1:0.2:20. Redox3 had five times more hydroperoxide than redox2, expressed by ratio 1:1:100.
When cobalt salts were added at a ratio of three times more than redox2 the ratio was presented
as 1:3:20 for the redox4 system. Asin the field, it could be possible that a lower concentration

of hydroperoxides in the redox5 system was prepared by adding five times less cumene
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hydroperoxide with a ratio expressed 1:1:4. Just for identifying the peaks for hydroperoxide
excess samples with asphalt and only peroxide was prepared, the case of 1:0:20 ratios. The
oxidation process was analyzed using the GPC procedure, and the results were compared to field
samples.

The general mechanism of free-radical chain oxidation (autoxidation) follows the initiation,
propagation and termination steps. If relatively eectron rich substrates are available for
hydrogen abstraction (i.e. benzylic, alylic and tertiary positions) reaction propagation will be
granted. A proposed reaction sequence, which might apply in oxidative aging of asphalt blends,
is presented by the reaction scheme in Figure 43. Once the autoxidation is initiated by
molecular oxygen ?0=07), it can propagate by the abstraction of allylic PB hydrogen as
illustrated in scheme 4.3.A. Reaction of the allylic radical produced with oxygen yields peroxyl
radicals is shown in reaction 4.3.B. Peroxide radicals will abstract hydrogen to produce
hydroperoxide ad a new carbon radica (from polymer or from asphalt components) as in
reaction scheme 4-3.B.

In the presence of a transitiona metal M (cobalt in this case) the reductant donates an
electron to the oxidant (metal ion) with formation of an oxy-radical (reaction scheme 4-3.C).

The propagation sequence can go in different ways:

Oxygen radical abstracts hydrogen. This reaction will yield an acohol (with further
oxidation to a ketone) and a new active radical;
Oxygen radical will stabilize by disproportion (chain scission). The yields will be an
aldehyde and a new carbon radical.
The new radical formed in step C will react ether with oxygen and form peroxyl radical or
will form new bridges - crosdink reaction. The peroxyl radical also can continue a chain

propagation step yielding a hydroperoxide. The hydroperoxide will be reduced to an oxygen
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radical by the metal ions (reaction scheme D). The new oxygen radical might abstract hydrogen,
with formation of an allylic alcohol followed by a rearrangement ard ending with a ketone. It
also might follow the oxidation steps and yield adehydes, followed by oxidation to a carboxylic
acid. Oxy-radical formed in step D may stabilize to an aldehyde (step E) with generation of a
new carbon radical.

Polystyrene chains under oxidative aging condition will form a benzylic radical. Following
the similar step for free-radical oxidative mechanism in the presence of metal ions presented
above, it might form an oxy-radical, which by disproportionation and oxidation would rm
benzoic acid (step F). Another chain termination possibility is when two radicals meet to form
crosslinked or cyclic compounds (reaction scheme G). Chain scission will lower the molecular
weight of the block copolymer and lead to a loss of mechanical properties. The polar
compounds formed might enhance adhesion of asphalt to aggregates, but in the same time will

induce asphaltenes aggregation.

Chain scission
and carbonyl products

K Re ROOs
ROs «0OH

oot ROOH RH

light
metal 10ns

Figure4-1 General representation of a free-radical oxidation of an organic molecule
catalyzed by metal ions?®
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Figure 4-2 Cumene hydr oper oxide decomposition in the presence of cobalt ion
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Figure 4-3 Reaction scheme (A, B, C, D, E, F and G)
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To verify if the model proposed is the case of in-field oxidative aging, the free-radical

oxidation reaction was simulated in laboratory. Both wet and dry PAV aging processes were
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employed on mixtures of redox systems with asphalt cement, polymer modified asphalt and
polymer samples. The changes in composition of asphalt and polymer mixtures were compared
with the observations of the field samples.

Impact of oxidative agents on polymer was analyzed using GPC. The GPC trace on the
origina polymer exhibited a molecular weight distribution with peaks around ~650 K for high
molecular weight polymer chains, around 0.9K for very low molecular weight species (could be
an inhibitor), and around 0.3K for the THF solvent (Figure 4-4). The autoxidation was initiated
at room temperature by mixing polymer, cobalt naphthenates with cumene hydroperoxide. The
polymer oxidation occurred quickly and changes in molecular weight were observed by
formation of a new peaks ~700K (crosslinked chains) and ~ 50-20 K (chains scission). As
regards the extent of degradation, there were no noticeable differences for diverse cobalt
concentrations. However, when the hydroperoxide concentration was increased (1:1:100) the
oxidation process slowed down. The dilution effect of five times more hydroperoxide could be
one reason for the slowdown. The excess of hydroperoxide was seen around a molecular weight
valueof 0.2K (33 mL).

After TFOT (Figure 4-5) GPC traces for the polymer exposed with redox2 (1:1:20) exhibited
a higher concentration for HMW species (~700K) compared to polymer-redox 1 mixture
(2:0.2:20). The cobalt salts concentration (five times higher in redox 2) made this difference.
The TFOT temperature increased the reaction rate and more medium molecular weight
polystyrene chains were formed (~20K) if redox pairs were present, compared to polymer
samples without redox system.

As was expected, during the TFOT process, the decomposition of the polymer without redox
system was slower than systems with redox compounds. The polymer and redox 3 mixture

(2:1:100) could not pass through the TFOT test yet. Every day, for 2 weeks, the sample was
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heated for 30 minutes starting with 90°C achieving 145°C in the last day, and every time the heat
was stopped because of the fumes, hydroperoxide smell and danger of explosion.

After dry PAV (Figure 4-6) GPC traces for polymer and redox2 indicated that the
hydroperoxide it was almost consumed and also the 2 K species were gone. The polymer mixed
with redox 2 (1:1:20) still showed a small percentage of soluble HMW (~700K) polymer besides
MMW species (~20K). The proportions chosen for redox2 were more stoichiometric, and were
expected to give a more redlistic effect. The GPC curve for a mixture of polymer and redox1
(less cobalt than redox2), exhibited a higher concentration for species with molecular weight
distribution around 20K, without any peaks for HMW polymer species. As can be seen, after dry
PAV oxidative aging, the difference in concentration in metal ions induced different fina
products (Figure 4-7 and 4-8).

With less cobalt present (less catalyst for free radical reaction propagation), more insoluble
HMW polymer species were revealed by GPC traces.

The GPC traces for polymer mixed with redox2 showed less short polystyrene chains and
more soluble HMW compared to polymer-redox1 mixture. An explanation may be that cobalt
contains 6% naphthenates in mineral oils. With more oil present, there was more suface area
(dilution) with the effect of decreasing oxidation speed.

Using the same regions (Figure 4-9) defined in Chapter 3 for a GPC molecular weight
distribution (HMW, MMW and LMW); the relative changes of integrated area for various
species, with respect to integrated area for the original polymer (before and after dry PAV) are
computed and presented in Figure 4-10 and 4-11.

The GPC trace for the dry-aged PAV polymer, without redox systems, showed a decrease in

HMW of around 55% while MMW increased with 15% than the original polymer.

80



1.50 - calprene polymer original
~650 K original with 1:0.2: 20
original with 1: 1: 20
1.25 original with 1: 1:100
1.00 -
«
g
@
@© 0.75 -
£
IS
[%2]
@
& 0.50
¥
02549
N~
4 0
0.00
15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30 31 32 33
Ve,mL

Figure 4-4 GPC tracesfor the polymer, polymer-redox1 mixture 1:0.2:20, polymer-redox2
mixture 1:1:20, polymer-redox3 mixture 1:1:100, at room temperature
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Figure 4-5 GPC tracesfor the polymer, polymer-redox1 mixture 1:0.2:20, polymer-redox2
mixture 1:1:20, after TFOT
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At room temperature both redox1 and redox2 pairs accelerated polymer autoxidation, the
concentration of HMW species decreased with 80% and MMW increased with 25% than the
origina polymer. The difference of around 55% not shown in GPC traces was insoluble
crosslinked polymer species.

After dry PAV aging, the product of redox pairs produces a further diminution of HMW of
around 15-20% loaded to total reduction of original HMW. For the polymer-redox1 mixture the
MMW increased after aging only 20% compared to PAV-aged polymer (45% compared to
origina polymer) while polymer aged in the presence of redox2 did not bring significant
increases in this regions compare to PAV-aged- polymer.

We have seen how the polymer degraded in the presence of redox systems. The next step is
to analyze the impact on asphalt cement (AC) PG 64-22 by itself (Figure 4-12).

The peak at 0.9 K was higher for the asphalt cement mixed only with hydroperoxide. The
presence of cobalt had an effect of decreasing this peak as it consumed the hydroperoxide. The
more cobalt there was in the system (Figure 4-13) the higher the asphaltenes peak (9.8K)
became. However, various corcentrations of redox compounds induced only a slight difference
(Figure 4-14), but the main conclusion is that oxidation can occur to asphaltic materials when in
contact with aredox system. All the samples exhibited almost the same percentage increment in
the asphaltenes region. Small differences can be seen around 0.9K (Figure 415) and around
0.2K for excess of hydroperoxide. TFOT (Figure 4-16 and 4-17) aging caused a slight increase
in the oxidation differences between samples but the changes were not significant.

After PAV aging, the curves displayed a more normal (expected) trace (Figure 4-18 and 4-
19). After TFOT and dry PAV, the samples of asphalt-redox system showed some increase in
the asphaltenes content (MMW region) while the sample mixed only with HP had the same trace

as asphalt alone, which indicates that HP did not have any major influence on the asphalt. This
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sustained the conclusion that what we see in figure 4-19, from the sample with the higher
concentration in HP (redox 5 1:1:100), was only a solvation effect caused by HP excess and not
asphalt degradation.

From GPC traces magnitude the conclusion is that there were no significant changes in
molecular weight distribution of asphalt species due to accelerated oxidation induced by redox
systems. To have detailed information about the changes brought by adding redox pairs to the
origina AC, the medium molecular weight species regions was divided in two new zones MMW
1 (50-7K) and MMW 2 (7-3K) as presented in Figure 420 and 421. The changes of the
extended oxidation were noticeable more in the region MMW 2 (lower molecular weight) than in
MMW 1.

The overall changes in MMW region of asphalt cement are presented in Figure 422. At
room temperature the redox systems induced acceleration in asphaltenes association up to 37%
more than origina asphalt integrated area for MMW species. After the dry PAV operation, the
integrated area for the same region computed using GPC traces was higher with 50% than
asphalt aged without redox systems. Analyzing the LMW region it was observed that around
10% of these species diffused in MMW region before aging, regardless of the PAV exposure
(Figure 4-23). For both regions MMW and LMW the mixture with redox5 (1:1:4) indicated the
highest acceleration in oxidation effects.

A blend of asphat and 3% polymer was prepared in the laboratory. The polymer
concentration in asphalt was verified by GPC data (Figure 424). The peak at 0.9K from the
original polymer could be seen overlapping on the asphalt peak for the blend trace. After
blending, the polymer in asphalt appeared at a slightly different peak at 16.6 mL, compared with
16.9 mL (~650K) of the original. The polymer elution was influenced by the high concentration

of asphalt compounds in the solution.
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Figure 4-9 GPC tracesfor polymer after oxidative aging without redox systems
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Figure 4-16 GPC tracesfor the AC 64-22, AC 64-22 mixtures with HP (1:0:20), redox2
(2:1:20), after TFOT
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Figure4-17 GPC tracesfor the AC 64-22 mixtures with redox1 (1:0.2:20), redox3 (1:1:100),
redox4 (1:3:20), redox5 (1:1:4) after TFOT

—— AC 64-22 PAV 1
—64-22 1:0:20 PAV —64-22 1:0.2:20 PAV
2] —64-22 1:1:20 PAV | —64-22 1:3:20 PAV
—64-22 1:1:4 PAV
64-22 1:1:100 PAV /
10 4
n 14 )
g g 05
0 004 . ~11K
18 19 20 21 22 23 24 25 26 27 28 29 30 31 P B 10 m 2 2 23 2 5 2 2
Ve,mL VemL
Figure 4-18 GPC tracesfor the AC 64-22, Figure 4-19 GPC tracesfor the AC 64-
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Figure 4-27 GPC tracesfor HMW
region original blend with redox1
(2:0.2:20), redox3 (1:1:100), redox5
(1:1:4), room temperature
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Figure 4-28 GPC tracesfor MMW and LMW region of original blend with redox1
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Figure 4-29 GPC traces for MMW and LMW region of original blend with redox3
(2:1:100) corrected

92



When cobalt was present the polymer peak decrease was accompanied by elution of shorter
species in the MMW region (Figure 4-25 and details in Figure 4-26). Higher concentration of
metal ions of cobalt did lower the concentration of HMW species (Figure 4-27).

Less cobalt caused less damage on polymer and asphalt sites (Figure 4-28). The sample with
more cobalt and less HP sample showed more damage on the polymer site and some on asphalt.
There was an error for the blend sample with HP (1:0:20); the polymer DRI signal was higher
than the sample with original blend (Figures 4-25 and 4-26)

Keeping in mind the solvation effect of HP in excess, the area for GPC curve with a high
content of HP (redox3) was integrated from 50K to 0.3K and the HP peak was excluded. The
graph from Figure 4-28 was re-plotted in Figure 4-29. This image shows that HP, when used in
excess, had only a dilution effect. In the discussion below fewer references will be made to the
samples with high concentration of hydroperoxide as it is suspected that there was only a dilution
effect revealed by GPC traces.

The graphic comparison presented in Figure 430 shows polymer oxidative degradation in
the presence of redox2 system without changes in molecular weight distribution of asphalts
components in the region 30K through 0.3K.

It might be concluded that when polymer was present as an additive in asphalt blends, the
induced oxidation would occur first at the polymer chain. Intermediate stages of molecular
weight distributions of oxidative aging in GPC traces of TFOT samples are seen (Figures 4-31 to
4-34). After TFOT aging the molecular weights of the species around 11K showed an increment
in concentration for the blend aged in the presence of redox2 system (1:1:20). This increment
was accompanied by a lower concentration for species that elute in LMW and aso by a lower

concentration of HMW polymeric species.
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Figure 4-30 Comparison of GPC traces for blend and redox2 and for AC 64-22 and redox2,
at room temperature
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Figure 4-31 GPC tracesfor original blend with redox1 (1:0.2:20), redox2 (1:1:20), redox5
(1:1:4), after TFOT

94



blend TFOT

2.5 7 blend 1:0:20 TFOT
i blend 1:1:20 tfot
50 blend 1:0.2:20 tfot

blend 1:1:4 tfot

DRI same area

LA DL L LA NN BNNLEN N L LA R NNLA RL NNLAN BN BN N B |
15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30 31 32
Ve,mL

Figure 4-32 GPC traces for blend, blend with HP, with redox1 (1:0.2:20), redox2 (1:1:20),
redox5 (1:1:4), after TFOT
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Figure 4-33 GPC traces- HMW detail from Figure 4-32
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Figure 4-34 GPC traces— detailsMMW and LMW from Figure 4-32
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Figure 4-35 GPC traces for blend, blend with HP, blend with redox2 (1:1:20), after PAV
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From the composition of the mixtures formed with redox pair the effects of a redox2
treatment could easily be seen. After the TFOT process the concentration of species which
eluted around 11K (asphaltenes) was maximized in the presence of asphalt: cobalt: HP ratio of
1:1:20 (redox2).

The HMW species (polymer), after TFOT aging operation, contained a higher concentration
for samples treated redox2 than with redox1 or redox5.

It can be concluded that HMW polymer chains subjected to aging in the presence of alow
concentration of free-radicals and/or low concentration of metal ions catalyst formed an
insoluble crossinked network (case of sample redox1 and redox5). This statement is correlated
with the observations of MMW for these samples, where a noticeable increase in that region is
not revealed by GPC measurements. When the ratio, blend: cobalt: HP was 1:1:20, the oxidative
aging of HMW polymeric chains is propagating through formation of short chains which diffuse
in MMW region. After dry PAV aging (Figures 4-35 to 4-38) the trend observed after short term
TFOT aging is changed. The samples of blend mixed with redoxl and redox5 (lower
concentration of cobalt 1:0.2:20 and lower concentration of HP 1:1:4) show a continue
propagation of free-radical reaction. Some of the crosslinked insoluble polymer is cleaved after
a dry PAV process in smaller molecular weight species, which elute in the range 50K to 20K.
The effect is shown by GPC traces, the concentration in MMW region for these samples is
increasing. Very low concentrations of high molecular polymer chains are still present. This
was not observed when the polymer was oxidized by itself. Asthe polymer was present at only a
3 % in asphalt, some protection from the asphalt site is expected. A higher concentration of
MMW species was coming from degradation of HMW polymer chains than from LMW
associations. After dry PAV the samples do not exhibits significant changesin LMW region. An

extra peak is observed for GPC curves for redox1 and redox4 pairs eluting around 29.12 mL that
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it can be an excess of redox components as there was not a stoichiometric proportion to consume
them. The changes in molecular weight distribuiion occurred in induced oxidation of the blend
prepared in laboratory (asphat cement 64-22 and 3% polymer additive) might be better
understood using the comparative values of integrated area for a specific range of molecular

weights (Figure 4-39 and 4-40).
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Figure 4-36 GPC traces—MMW details- for blend, blend with HP, with redox1 (1:0.2:20),
redox2 (1:1:20), redox5 (1:1:4), after PAV
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Figure 4-37 GPC traces- HMW details- for blend, blend with HP, with redox1 (1:0.2:20),
redox2 (1:1:20), redox5 (1:1:4), after PAV
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Figure4-38 GPC traces— LMW details- for blend, blend with HP, with redox1 (1:0.2:20),
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Figure 4-40 Changes of integrated areain HMW region, before and after dry PAV
process, for blend, blend and redox1, redox2, redox5

At room temperature the polymer autoxidation was initiated and the integrated area for
changes after blend was mixed with redox systems show that redox2 (1:1:20) induced 35% lower
concentration of HMW species while redox1 (1:0.2:20) and redox5 (1:1:4) were inducing a
decrease in HMW concentration of 70%.

Different for the redox1 and redox5 was a lower concentration in cobalt ions-catalyst donor
and hydroperoxide- radical donor systems. These two systems, both redox1 and redox5, induced
a dow propagation of free-radical reaction in polymer chains giving enough time to the active
radicals to close an insoluble crosslinked network. After PAV aging redox2 and redox5
exhibited the same percentage of polymer degradation (around 70% more than blend PAV aged).

Analyzing the integrated area for MMW and LMW it can be observed that redox5 systems
accelerated the increment in the 50-3K ranges by 60% (redox5) with a decrease in 3-0.4K ranges

by 10%. This 10% was diffusing from the LMW to the MMW region. The rest of 50%
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increment in MMW appears to come from HMW, which alows us to estimate that around 20%
polymer crosslinked at room temperature. After PAV in LMW there were no new changes
brought by redox systems. The PAV process gave enough time for redox5 to extract 10% more
from crosslinked network, transforming the species in soluble molecules. In the MMW region,
at room temperature, there was 60% higher the concentration than in the original material. The
concentration was only 50% higher after PAV than aged blend. The loss was 10%. It may be
possible that there was a diffusion back-and-forth of the molecules passing the arbitrary borders
we drew for computation purposes. It also may be a high association of asphaltenes with an
effect in formation of insoluble species.

A similar set of blend samples were PAV aged in a humid condition in order to understand
water influence during oxidative aging (Figures 4-41 to 4-44).

Samples containing asphalt, polymer and hydroperoxides showed dlightly higher
degradation of HMW species in wet rather than dry PAV conditions (Figure 442). In MMW
and LMW there were no differences between samples of blend mixed in aratio of 1:1:20 with
cobalt and hydroperoxide after wet and dry aging.

For the samples of asphalt without polymer the water present in the aging vessel increased
asphaltenes aggregation is observed (Figure 445). These associations were enhanced by the
presence of cobalt and hydroperoxide. The highest asphaltenes association took place when a
redox system and water were present (Figures 445 and 4-46). One reason for this may be a
solvation effect caused by the water, which increased the surface contact area.

The GPC studies presented in chapter 3.3 showed that, in the presence of water, the asphalt
aging was slowed down. It was shown also that polymer protected the asphalt during oxidative
aging. The wet or dry aged PMAC samples consistently had a lower asphaltenes shoulder than

aged asphalt cements.
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Figure 4-41 GPC traces—HMW details for blend, blend with HP, and blend with redox2,
after wet PAV aging.
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Figure 4-42 GPC traces for blend with HP, after dry and wet PAV aging.
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Figure 4-43 GPC traces-MMW and LMW detailsfor blend, with redox2, after dry and
wet PAV aging.
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Figure 4-44 GPC traces-MMW details for blend with redox2, after dry and wet PAV
aging.
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Figure 4-45 Comparison GPC tracesfor dry and wet PAV aged asphalt cement with and
without redox system
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Figure 4-46 GPC traces—MMW details- for dry and wet PAV aged asphalt cement with
and without redox system
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Figure 4-47 GPC traces—MMW details-
for dry and wet PAV aged asphalt cement

Figure 4-48 GPC traces— LMW details
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Figure 4-49 Changes in integrate area from GPC curves for the molecular weight regions
MMW (50-3K) and LMW (3-0.4K) for AC 64-22 dry and wet PAV aged, AC mixture with
redox2 (1:1:20) dry and wet PAV aged
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In all the samples run in Chapter 3.3 the water had a beneficia influence against oxidation.
But the samples analyzed in Chapter 3.3 were treated 3 times under dry or wet PAV conditions.
These new sets of samples showed that, before 60 hours of aging, water promoted oxidation
(Figures 4-47 to 4-48). As can be seen in Figure 4-47, two samples were tested for 1 dry PAV.
There was a difference of one year between the GPC measurements for these samples. Thisis a
proof that data from Chapter 3.3 can be compared to the rew samples from Chapter 4 because
there were insignificant differences between 1 dry PAV samples. Unexpectedly, 1 and 3 times
wet PAV were amost the same age. The 1 wet PAV was a little more aged than 1 dry PAV
while 3 wet PAV was less aged than 3 dry PAV. We might say that in the long term water will
protect asphalt against oxidative aging. The changes in integrated area for medium and low
molecular weight asphalt components showed the same conclusions can be made after reading
the GPC curves. The highest concentration in degraded species, trandated in asphaltenes
aggregation, was observed for AC 64-22 with redox2 aged in wet conditions (Figure 4-49). The
diffusion of asphaltenes with a molecular weight close to 3K by association into molecules with
molecular weights closer to 11K was the reason for concentration increment observed in MMW
region. This observation is based also on the fact that in LMW region the changes were not
comparable to the addition in content of the MMW species. Figure 450 shows that, once the
redox system was added, 1 dry PAV with cobalt and hydroperoxide complex equaled 3 dry PAV
without redox complex. The highest asphaltenes aggregation took place after only 1 PAV in the
presence of redox system and water. It may be concluded that asphalt is susceptible to a complex
metal iong'hydroperoxide/water. Figure 4-51 brings together GPC curves for blend (asphalt with
3% polymer) and AC 64-22 exposed to wet PAV mixed or not with redox pairs (redox2). The
conclusion from that figure sustained by the changes of integrated area presented in Figures 4-52

and 4-53 is that the presence of polymer protected the asphalt cement in all the cases.
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Figure 4-54 Polymer molecular weight distribution in various blends
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The polymer was primarily subject to oxidative aging and was sacrificed in protection of the
asphalt. When polymer was present, as an additive in asphalt, there was a 9% lower content in
species in MMW. Oxidative induced aging for blend yielded a lower accumulation in MMW
with 20% than samples of asphalt cement without polymer. At the same time LMW species did
not indicate a noticeable diffusion into the MMW region.

Figure 454 brings together GPC curves for PMAC, blend and blend exposed to induce
oxidation by the presence of redox pairs (redox2). The difference between PMAC 76-22 and
|laboratory blend 64-22 with 3% Calprene polymer was that 76-22 contained at least 15% PEN
150. Also, we know that 76-22 original had around 6.9% of speciesinsolublein THF.

The GPC (Figure 4-51) shows that the polymer in origina 76-22 was dready in the
degradation process. When polymer was mixed with asphalt, for a better compatibility and
storage, sulfur was added, so a crossinked insoluble polymer was formed. The presence of
sulfur has further implications.

Potentiometric titration showed that PMAC samples had strong acids besides carboxylic
acids; acids, which can be generated from sulfur, compound oxidations. The presence of sulfur
will accelerate the polymer oxidation process. It was expected that the polymer concentration
would be lower than with our blend (but not that low).

The next results attempt to compare the laboratory blend to the PMAC aready prepared by
the supplier 76-22. As the asphaltenes area show the same values for PMAC and the blend, it
can be concluded that the polymer from PMAC suffered only crosslinkage not chain scission.
Once the redox system was added to the blend, induced oxidation was started at room

temperature with scission of polymeric chains (Figure 4-55).

The closest curve to the field sample for MMW asphaltenes and short polymer chains was

the dry aged blend (asphat + polymer) with redox ratio 1:1:4 (Figure 456), but the HMW
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polymer degradation showed by GPC traces for these samples was not a match with field
samples (Figure 4-57).

Another close example is the mixture blend with 1:0.2:20 after 1 dry PAV (Figure 4-58) but,
again, there were differences for polymer degradation in the HMW region (Figure 459). The
PMAC in the field had enough time for slow diffusion process of species with molecular weight
of ~3K to form aggregates with higher molecular weights, we might not find the perfect match
for it.

The GPC trace for HMW polymer species in the blend with asphalt subjected to TFOT in
the presence of redox2 system 1:1:20 came closer to the field samples, but with a different
magnitude. The integrated areas for “the best matches” with asphalt samples extracted from the
field are presented in Table 41. This means that the stoichiometric ratio used might work to
model aging if a lower concentration of redox agent per gram of asphalt was added. It is
reasonable to conclude that a ratio 1:0.2:4 will give closer results to the field. It is aso
reasonable to consider controlling free-radical oxidation in laboratory simulation to a slower rate

by adding very small concentrations of hydroperoxide and cobalt at longer difference in time.

Table 4-1 Comparison of integrated area for field aged asphalt samples and laboratory
blend with redox1 and redox5 dry PAV aged

Integrated Integrated Integrated
Area Area Area
HMW MMW LMW
3 yearsfield aged 0.27 2.82 7.80
5 years field aged 0.25 2.98 7.68
Blend +redox5 1 dry PAV 0.12 3.12 7.65
Blend +redox1 1 dry PAV 0.16 2.90 7.80
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Figure 4-56 GPC tracesfor 3 and 5 yearsold-field aged asphalt compared to trace for
blend with redox5 dry PAV aged

111



0.10

0.08
o 0-06-
g
©
g 3 years field
s 0.04 4 -5 years field
= blend 1:1:4 PAV
a

0.02

0.00

T T T T T T 1
15 16 17 18 19
Ve,mL

Figure 4-57 GPC tracesfor 3 and 5 yearsold field aged asphalt compared to trace for blend
with redox5 dry PAV aged —detailsHMW region

2.5 4 )
3 years field
-5 years field
blend 1:0.2:20 PAV
2.0
g 1.5 -
IS
Q
§
o 1.0
@
[a)
0.5 -
0.0
Trrr~r~r-1rr-rrr-10 111 TrrTTr T T
15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30 31
Ve,mL
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with redox1 dry PAV aged
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4.1 CONCLUSIONS

The expected results from oxidation reaction were to have a decrease in HMW polymer
species with a segment diffusing to MMW and another segment to become insoluble. This was
the case for the samples with polymer. PAV aging yielded 55% degradation of HMW, but only
15% of the fragments were found in MMW region, leading to the conclusion that 40% of the
polymer components became insoluble crosslinked species. At room temperature the induced
oxidation accelerated HMW loss, leading to a decline in concentration of 80% compared to the
origina polymer concentration. The reduction in HMW was accompanied by the diffusion of a
25% of the fragments to MMW and the formation of 55% insoluble species. The chain
propagation of induced oxidation continued with scission of network bridges during PAV.
Redox1 (less cobalt) promoted the cleavage of 45% of the insoluble species (80%) created by the
initial mixing of polymer with redox1; 35% of the fragments created were seen in HMW range

and 10% diffused to MMW region. Redox2 (1:1:20) provoked solvation of 75% of species which
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initially crossinked at room temperature and brought them in HMW range. After these
computations it looks that after redox1 and PAV there are 10% more insoluble species than were
after polymer PAV aged and after redox2 and PAV the value for insoluble polymer is the same
with PAV-aged polymer.

The expected molecular distributions for asphalt cement species after being subjected to
oxidative aging was a rise in concentration of MMW species due asphaltene associations along
with a lower concentration in LMW region. The dry PAV operation on AC 64-22 produced a
30% increase in MMW asphaltene associations; to this increment 4% was molecule diffused
from LMW region and 26% was a rearrangement of MMW species, molecules with around 3K
molar mass to associated molecules with ~11K molar mass.

At room temperature redox systems brought an increase in asphaltenes association at up to
37%, 10% came from LMW and 27% within the region diffusion. After dry PAV redox systems
do not continue the degradation of LMW species but intra-region diffusion in MMW continue
with another 23% LMW are not susceptible to redox more than 10%. The higher damage is
brought by redox5 (1:1:4)

The blend prepared in laboratory (AC 64-22 with 3% polymer) showed after dry PAV
operation a 10% increment in HMW, 30% increment in MMW and 5% decrease in LMW. At
room temperature the addition of redox systems accelerated polymer oxidation. GPC curves for
Redox5 and redox1 showed 60-70% less concentration in HMW species while for redox2 shown
35%.

Redox2 (1:1:20) at room temperature determined a growth in MMW concentration of 30%
and lower LMW content of 10%. So, 10% from LMW diffused to MMW and 20% of HMW

diffused to MMW. Thisyielded 15% insoluble species.

114



Redox1 (1:0.2:20) induced an increase of concentration in LMW range of 5%, which could
be derived from MMW region. This increase might also be connected with the excess of
hydroperoxide. As MMW showed a 30% increment, a 35% from decomposition of HMW was
transferred to MMW, leaving uncounted a 25% insoluble species. The lowest uncounted
insoluble percent, 10%, was computed for Redox5 (1:1:4) which did not produce any changesin
LMW range, and a 60% increment to MMW was observed from chain scission of 70% polymer.

At room temperature dilution by asphalt protected the polymer against redox (lower
extend of degradation was observed in HMW for the blend mixtures). Polymer protected the
asphdt against the redox system, as the MMW concentration is lower relative to asphalt alone
exposed with redox systems. In the case of redox5 the 60% increment in MMW is due to a
massive chain scission reaction since the GPC trace for this sample showed this diffusion from
HMW to MMW. It was observed that LMW could not associate more than a total 10% (5%
more when redox system were present than PAV aged blend). An increasein MMW of 20-30%
more for the blend-redox systems mixtures compared to aged PAV blend was observed. Without
polymer additive, the MMW for asphalt cement alone with redox pairs went up to 50% more

After dry and wet PAV operations the GPC traces for AC and AC mixed with redox2 were
analyzed. Examination of GPC curves leaded to a conclusion that 1 wet PAV might have been
very closeto 1 dry PAV. Relative integrated area computations showed that there are 10% more
MMW species for sample aged in humid conditions with respect of dry-aged asphalt. Higher
concentration in MMW (20% more) was observed for asphalt mixed with redox2 aged in wet
conditions compared to asphalt-redox2 aged in dry conditions.

The polymer served as a sacrificial antioxidant and protected the asphalt components from
oxidation. (Figure 451 to 453). When polymer is present, e additive in asphalt, there is a

lower content in species in MMW of 9%. Oxidative induced aging for blend yielded a lower
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accumulation in MMW with 20% than samples of asphalt cement without polymer. At the same

time LMW species do not show a noticeable diffusion to the MMW region.

Comparison of the integrated areas for asphalt binders aged 3 and 5 years on the road,
showed that a blend (asphalt and polymer) with redox system 5 (1:1:4) and redox system 1
(2:0.2:20) closely matched field aging. It is reasonable to conclude that a ratio 1:0.2:4 will give
closer results to the field. It is also reasonable to consider controlling free-radical oxidation in
laboratory simulation to a slower rate by adding very small concentrations of hydroperoxide and
cobalt at longer difference in time could be a better model.

From the induced oxidation test it can be concluded that polymer protects the asphalt. It is
necessary to have a stoichiometric ratio between metal ions and hydroperoxides to induce higher
polymer degradation. If water is present, the oxidation reaction effects increased in the presence
of redox system. However the water will keep the oxidation aging to a constant level (simulated

in laboratory by 3 times PAV wet cycles).
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CHAPTER 5
RHEOLOGY ANALYSIS

For practical purposes it is important to correlate chemical changes due to oxidative
hardening with changes occurring in physical properties. Upon aging, in-service asphalt cement
becomes stiffer, suggesting systematic microstructural changes as steric hardening is observed
with rheological measurements.®” Rheology is the study of deformation and flow of matter.
Deformation and flow of the asphalt binder in HMA is important in determining HMA pavement
performance. HMA pavements that deform and flow too much may be susceptible to rutting and
bleeding while those that are too stiff may be susceptible to fatigue or thermal cracking. HMA
pavement deformation is closely related to asphalt binder rheology.

To characterize the viscous and elastic behavior of the asphalt binder a AR 2000 TA
Rheometer instrument set up in Dynamic Shear mode was used to measure complex shear
modulus G* (total resistance of a material to deforming when repesatedly sheared) and phase
angle d (relative amounts of recoverable and nonrecoverable deformation). By measuring G*
and d , the DSR software is able to determine the total complex shear modulus as well as its
elastic (G') and viscous (G") components. 8

An elastic material (Figure 51a) experiences recoverable deformation when subjected to a
constant (or creep) load and will immediately return to its initial shape when the creep load is
removed (d=0°, G'=G*). The deformation of the viscous material (Figure 51c), however, will
remain after the load is removed, hence, a viscous materia experiences nonrecoverable
deformation (d=90°, G"=G*). A visco-elastic response is presented in Figure 5-1b; after the load

is removed the material will partially recover, accumulating a permanent deformation. Asphalt
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binders are viscous at high temperature and elastic at alow temperature below service temperature.

At temperatures where most pavements carry traffic, asphalt acts as a visco-€elastic material.
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shear modulns G* Viscous _
{loss Viscous
modulus) Gw
o= o= el
o \’ i - |
Elastic = G* Elastic (storage modulus) G
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Figure 5-1 Principle of visco-elasticity 2°

5.1 CRITICAL TEMPERATURE

By adding polymers, such as cross-linkable SBS, the gel character of asphalt cements is
enhanced. The three dimensiona network resists deformation and recovers the initia shape at
temperatures at which the storage modulus (G’) is superior to the modulus describing the viscous
character of the asphalt, i.e., the loss modulus (G”). The effectiveness of the network diminishes
rapidly above the cross-over temperature at which these two moduli become equal (G' =G” at d
= 45° for which tard = 1). 3° This cross-over temperature (to be called critical temperature, T, in
the following) was proposed to discern the changes in rheological characteristics of polymer
modified asphalts brought about by aging. The cross-over temperature depends, however, on the
frequency at which the test is conducted: the higher the frequency, the higher the temperature.
Therefore for each temperature a relaxation time can be determined, corresponding to the

frequency at which the moduli are the same: the higher the temperature, the shorter the time. An
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example is shown in Figure 5.1-1 that describes the variation of d of the 30 hours PAV dry-aged
PMAC sample. In this example tard= 1 for Tc= 42.8°C. 3

The results are presented in Figure 5.1-2 and table 5.1-1. Extremely high critica
temperatures have been recorded after 60 hours dry PAV aging. Surprisingly, wet-aging
produced much softer materials, with a Tc of samples wet-aged for 50 hours equivalent to that of

dry-PAV samples aged for only 30 hours.

6
- ——' - 465
20010° 7 G g
® —0—G
- %
Q @ o° 4 460

1.8x10°

1.6x10°

Delta , ()

G'and G", Pa

NN J 445

]

[}

5 ]
1.4x10° A o) H
]

]

[}

o - 0 4

& Tc=43.6°C! 00,0 440

1.2x10° T T T T : T T T T —O
41 42 43 44 45 46

Tem:perature, °c
Figure5.1.1 Plot of G’ and G” vs. frequency applied to the deter mination of the cross-over
temperature of the AC 64-22 aged without water for 30 hrs (1.5 PAV) ®

Critical temperatures of PMAC laboratory aged samples were compared with that of asphalt
samples extracted from field aged pavements.

Perusing data listed in this table we might conclude that the maximum critical temperature
exhibited by the sample aged for 7 yearsis somewhere between the PMAC sample aged for 20
hours in the presence of water (one dry PAV cycle) and without water, while shorter periods of

aging on the road (3-5 years) produced samples with a cross-over temperature somewhat closer
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to that of PMAC samples aged for 10-20 hours. These data are amost in the same direction with

the conclusion from previous measurements (FTIR and GPC).
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A short overview about how chemical changes by oxidation influence physical changes for
PMAC aged in laboratory are presented in Figures 5.1-3 and 5.1-4. Formation of acid groups
during oxidative aging analyzed with potentiometric titration and FTIR methods does not follow
critical temperature changes. This means that chemical changes analyzed address primarily the
polymer and less to the asphalt species. However, the critical temperature values, as a measure
of physical changes, are determined by changes in the asphalt composition. Figure 5.1-5 shows a
parallelism between rheological determinations of critical temperature for PMAC and the
changes of integrated area from GPC traces for medium molecular weight distribution (MMW
~50-3K). The changes of integrated area for HMW polymer species do not follow the changes
in critical temperature. The percentage of insoluble polymer values for aged polymer in PMAC
is still under study in our laboratory. When SBS is used as an asphalt additive, the oxidative
aging changes the polymeric matrix towards an open gel structure still capable of stabilizing
asphaltene/maltene emulsion. As has been mentioned in previous chapters, the oxidation process
is controlled at a given temperature by the reactivity of the binder and the rate of diffusion of
oxygen into the binder. As the viscosity of asphalt increases, the coefficient of diffusion of
oxygen decreases. The coefficient of diffusion was found to aso be dependent on the
concentration of chemically bound oxygen, viz., as the later increases the coefficient decreases.*
The concentration of chemically bound oxygen was found to be higher in asphalt samples aged
in the presence of water both in this work and in other investigations. *” Therefore, water might
moderate the aging process towards a more open gel structure that trandates to a “softer”
material with a corresponding lower Tc. 3 From previous chapters an idea about a comparison
between those two aging methods has been formed. It isthe aim of rheology to provide a clearer

picture of this comparison, as shown in Figure 5.1-6. It appears that the RCAT oxidative aging
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needed an induction period of several hours. Therefore equivalence was observed between 24
hours airflow RCAT-aged samples and 10 hours dry PAV. After that, both the PAV- and
RCAT-aging processes developed divergently with an almost linear progress (Figure 5.1-7).
This linear progress was not observed from the FTIR RCAT-PAV data correlation (Figure 5.1-
8). The much higher reaction rate determined by PAV conditions (100°C and 300 psi vs. 90°C
and 6-7 ps RCAT parameters) resulted in an equivalence of 2 PAV operations (40 hours) with
>200 hours RCAT (as compared to 4 PAV vs. ~200 hours RCAT for FTIR equivalence). These
findings do not compare well with data on RCAT aging in air at 90°C of different asphalt
binders, both plain and polymer- modified which indicated that ssimulation of long term aging —
asobtained in 1 PAV operation — required some 140 hours of continuous operation.** Moreover,
comparison of T of laboratory- and field-aged samples (Table 5.1-2) shows that less than 19
RCAT aging hours were necessary to achieve the same 7. as that of the field PMAC sample
extracted from cores collected from MS Hwy 155 after 3 years of service (as compared to more
than 48 RCAT hours to achieve an FTIR acidic group equivalence, Table 3.1-4). The
equivalence for the sample extracted from cores after 5 years of service was achieved after 48
RCAT hours (as compared to 193 RCAT hours for FTIR equivalence). The equivalent RCAT
time was <70 hours (~ >200 hrs FTIR equivalence, Table 3.1-4). >*

Table5.1-2 Critical temperatures T (tand = 1, G’ = G”) of aged PMAC samples
determined at a frequency of 10 rad/s

PAV T(C) | RCAT T (°C) Field T(°C)
Aged, Hrs @tand=1 | Aged, Hrs @tand=1 | Aged, Hrs | @tand=1
0 9.5 6 18.6
10 23.7 19 22.7 3 21.0
20 30.8 24 23.2
30 42.8 48 27.4 5 27.3
40 55.0 73 31.6
60 71.0 143 42.4
80 89.4 169 45.6
100 104.1 227 56.4
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5.2 REPEATED CREEP AND CREEP-RECOVERY TEST

Another important characteristic of the visco-elastic behavior of asphat cement is the
relaxation process estimate using the same DSR procedure in repeated creep and creep recovery
test.

Asphalt binders are viscoelastic materials and, when subjected to a constant load, will
deform at a constant rate until the load is removed. The deformation is a combination of elastic
response and viscous flow. The magnitude of deformation, or mechanical response, is dependent
on load magnitude, duration, and rate of application and the temperature state of the material.
The deformation, however, will remain after the load is removed and the material will experience
non-recoverable deformation.

Repeated creep and recovery test for binders (RCRT) was suggested by Bahia et a.*? asa
possible means to estimate the rate of accumulation of permanent deformation (strain) in asphalt
binders (Figure 5.2-2). The RCRT test protocol consists of applying a creep load of 25 to 300 Pa
for 1-second duration (loading time) followed by a 9second recovery period (rest period) for
100 cycles. Also, the loading time can vary 1, 2 or 3 seconds, respectively. Accordingly, the
recovery time should be 9, 18 or 27 seconds, respectively. Higher deformations were obtained
for higher creep loads or longer loading times (Figure 5.2-1).

Asphalt deformation reflects the stiffness of the materia that is dependent on temperature.
Observing the same experimental conditions, the RCRT test is a valuable tool for monitoring the
viscous response of asphalt binders as the material aged, as shown for repeated PAV-aging of
PMAC (Figure 5.2-3).

Accumulated strain varies with temperature. The lowest temperature this test could be run at

was the critical temperature (Figure 5.2-4); the asphalt was too brittle at a lower temperature. The
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higher displacement is achieved at high temperature. Accumulated strain varies also with aging
conditions. The differences are presented in Figure 5.2-5 for PMAC aged 10 hours in dry and wet
conditions.

The water softened the samples with the result that more accumulated strain was shown by wet
aged samples. The higher difference response between wet and dry aged samples was shown at
the highest stress applied (300 Pa). During aging, the asphalt binder becomes stiffer which is why
the older sample exhibited a lower accumulation n strain. Although oxidation of the asphalt
components may be retarded by the presence of the water, age hardening continued to occur.

The asphalt suffered a large transformation between 0 and 20 hours PAV from a stiffness
rheology point of view (Figure 5.2-6). These observations correlate with GPC analyses, where it
was shown that polymer chains are broken in low molecular weight, inducing changings in the
viscoel astic response of the binder.

Dry and wet samples exhibit an exponential growth in viscosity correlated with exponential
decay of accumulated strain (Figure 5.2-7). The water “helped” the asphalt as was seen in
previous tests also; aged PMAC in the presence of water is softer with lower viscosity. The
accumulated strain and displacement for field samples also decreased 2.25 timesin two years. Lab
aged samples presented a decay of 6-7 times for every 10 hours PAV till 20 hours PAV when it
reduced to 2.5 times. In the meantime, the viscosities increased 6-7 times. The binder extracted
from the road samples (Figure 5.2-8) exhibited an aimost linear displacement over 1000 cycles of
repeated 25 Pa load and 70°C. In two years the binder aged in field lost amost half of its
capability to recover. Deformation (strain) accumulated after 1000 cycles (1 second loading 25 Pa
followed by 9 second recovery periods) at 70°C of laboratory aged binders and field-aged binders
are compared in Table 5.2-1. The vaues of accumulated strain (displacement) for wet aged

samples are dightly higher than dry aged samples for 10 hours PAV.
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Figure 5.2-4 Accumulated defor mations
PMAC 10 hoursdry PAV aged for three
temperatures
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Figure 5.2-6 Comparison accumulated
strain for PMAC aged in wet and dry
conditions
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Table5.2-1 Data collection from creep-recovery test 1/9 25 Pa and 70°C
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Figure5.2-9 RCRT for original PMAC and for RCAT aged PMAC
After 50 hours, the wet aged samples show a noticeable increment in displacement
(accumulated strain) relative to dry aged PMAC. Accumulated strain values for asphalt aged in
the field situate 3-year-old close to 0.5 dry PAV aged PMAC, and 5-year-old between 0.5 and 1

PAV aged PMAC samples.
Deformation (strain) accumulated after 1000 cycles, 25 Pa at 70°C of laboratory- PAV-

RCAT-and field-aged binders are compared in Figure 5.2-9 and Table 522. Perusing the data
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listed in this table it can be concluded that there is no good match between dry PAV and RCAT
samples. Around 200 hours under RCAT conditions produces a material smilar to 15 hours
PAV aged. PAV-aging for 10 hours or RCAT aging for >48 hours produced a material similar
to the 3 year fidld-aged binder, while PAV-aging for >10 hours or RCAT aging for <73 hours
produced a material similar to the 5 year field-aged binder.

Table5.2-2 Accumulated deformation of laboratory - and field aged binders after 1000
cycles (1 second loading 25 Pa followed by 9 second recovery periods) at 70°C.

PAV Accumulated RCAT Accumulated Fied Accumulated
0 2.5324 6 1.0394
10 0.3651 19 0.5139 3 0.3638
20 0.0531 24 0.5294 5 0.1605
50 0.0240 48 0.4070
80 0.0014 73 0.1502
227 0.1005

5.3 CONCLUSIONS

The asphalt architecture has been simulated with that of agel. The cross-over temperature at
which G” equals G’ as temperature increases was considered as the critical temperature and
chosen as a aiterion to asses the advancement of hardening (aging). Critical temperature is
dependent on frequency and therefore data have been compared at a frequency of 10 rad/s.
Initially the SBS copolymer additive helped to disperse the asphaltenes. Breaking of C=C bonds
shortened the B blocks and encouraged formation of an open gel structure. Upon aging, the
copolymer crosslinked and contracted around the asphaltene aggregates. The combination of
these effects with aggregation of asphaltenes led to an increase of the PMAC critical
temperature. Water had a retarding effect on hardening. Critical temperatures of asphalts aged
in presence of water were inferior to that of dry-aged PAV samples.

Critical temperature of the asphalt extracted from field 3-year-old sample correlated better

with the laboratory wet PAV aged PMAC sample (between 0.5 and 1 wet PAV). Critica
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temperature of the 5 years field-aged asphalt sample was intermediate between Tc of the dry 0.5
PAV and that of the dry 1.0 PAV laboratory aged PMAC samples.

The values of accumulated strain (displacement) strain for wet aged samples are dightly
higher than dry aged samples for 10 hours PAV. After 50 hours, the wet aged samples show a
noticeable increment in displacement (accumulated strain) relative to dry aged PMAC. The
RCRT test provided equivalence for PAV-aged samples and field-aged samples similar to that
indicated by critical temperature of binders. Longer RCAT aging times were required to produce

materials of asimilar RCRT response.
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CHAPTER 6
SUMMARY AND CONCLUSIONS

Elastomeric polymer modified asphalt cements are complex compositions containing
molecular species that answer differently to the orchestrated actions of aging agents. The aging
intensity of elastic pavements is dictated among other factors by the clime, i.e., both the annual
average temperature and humidity. As expected, the elastic characteristic of the polymer
modified asphalt cement used in the present investigations was enhanced tremendously by SBS
block copolymer over alarge temperature domain. However, the butadiene blocks were the first
to be sacrificed by oxidative aging of asphalt cements.

The extent of oxidation and changes in the molecular mass of the asphalt cement components
of aged samples were estimated using Fourier Transform Infrared Spectroscopy (FTIR) data,
Potentiometric Titrations (PT) and Gel Permeation Chromatography (GPC) analyses.

FTIR data have shown that multiple PAV aging introduced polar oxygen species derived
mostly from carboxylic acid groups. Oxidative aging of PMAC subjected to multiple PAV and
RCAT operations, as well as of 3-5 years field aged asphalt binders, were quantified from FTIR
spectra; a calibration curve was developed to this aim by using un-aged asphat cements
containing various amounts of benzoic acid. It has been found — as one might expect — that the
concentration of acid groups increased with the aging time. It was higher when the aging
operation was carried out in the presence of water. Comparative infrared data have also shown
that the concentration of carboxylic acid groups of the 3 yrs field-aged binder was similar to that
of the PMAC sample dry-aged for 10 hrs in the PAV machine, and also to the PMAC binder

sampled after 73 hrs of RCAT-aging. The FTIR acid equivalence of the extracted binder which
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aged in the fidd for 5-yrs was similar to that observed for samples subjected to 20 hrs of PAV-
aging and 193 hrs of RCAT-aging.

The non-agqueous potentiometric titration of binders identified the presence of strong acidsin
commercial PMACs, apparently sulfonic acids derived from the interaction of PMAC with sulfur
used in preparing the blends. Comparison of PT acidity data with that obtained by FTIR analysis
yielded a satisfactory correlation. Potentiometric titration also reveadled that formation of
carboxylic acid groups occurred primarily in the first 70 hours of aging under RCAT conditions.

Relative changes in molecular weight distribution of the asphalt components have been
determined by GPC measurements. Laboratory aged asphalt samples were compared with field
aged binders and the impact of water on the oxidative degradation was observed by shifting the
GPC peaks to higher elution volumes (i.e., lower MW). Generally, the aging in the presence of
water had the following effects: |ess asphaltenes association in MMW region, |ess association for
LMW asphalt species, and lower polymer concentration in HMW region. GPC traces showed
also that, for extend PMAC oxidation in humid PAV conditions; the aspheltene association was
lower compared to that observed when the water was absent. The GPC traces of binders
extracted from M S I-55 pavements revealed a higher degradation of HMW polymer species for 5
years field —aged sample as compared to the 3-years one. At the same time, both extracts pointed
to a higher concentration of species with molecular weight of ~ 10K (asphaltene associations),
produced perhaps mainly on the expense of species with molecular weight of ~5K-3K.
However, according to GPC analysis, the SBS polymer did not degrade significantly even after
extensive RCAT aging times. By contrast, the polymer was rapidly crosslinked or degraded by
PAV or field aging.

Since metals are present in catalytic amounts in asphalt binders, the oxidation mechanism of

aging in the presence of meta ions catalysts was ssmulated in laboratory and the changes in
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molecular weight distributions were monitored by GPC. The aging process of PMAC
components has been mimicked using a cobalt naphthenate/cumene hydroperoxide redox system
to generate free radicals. Under these conditions, it has been observed that the SBS copolymer
served as a sacrificial antioxidant and protected the asphalt components from oxidation.
Viscoelastic properties of asphalts were determined from dynamic shear measurements over
alarge range of temperatures (25 — 70°C). The cross-over temperature at which G’ equals G’ as
temperature increased was considered as a critical temperature and was chosen as the rheological
criterion to asses the advancemert of hardening (aging). The critical temperature of the 3 yrs
fidld-aged binder was similar to that of <10 hrs PAV-aged or <19 hrs RCAT-aged PMAC
samples. For the 5-yrs field-aged binder rheological equivalence was observed for >10 hrs PAV-
aged and 48 hrs RCAT-aged samples. The wet atmosphere had a retarding effect on asphalt
hardening. The Tc of binders subjected to PAV-aging in humid atmosphere was aways less than
that of binders aged for the same periods but in a dry environment. It has been concluded that the
increase in oxygen content of aged binders (observed for samples aged in presence of water)
does not necessarily determine an increase of the stiffness, because the actual aging of asphalt

pavements is a concerted action of different stimuli, bothchemical and physical.
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CHAPTER 7
RESEARCH IN PROGRESS AND
FUTURE WORK

A better understanding of the mechanism through which water affects the oxidative aging of
polymer modified asphalt cements would be part of the future work. To this aim, extending the
composition of binders, changing experimental conditions and using new methods of
performance evauation, additiona investigations should be performed. Some of these are
presented in the following.

The rotary cylinder type of aging instrument (RCAT) should be used in order to alow a
greater variation of aging conditions (such as exposition to air or oxygen, water content, time and
temperature of the process). FTIR measurements, along with titration methods and quantified
GPC data, will help follow chemical changes occurring during laboratory aging. The catalytic
influence of metal ions present in HMA will be better understood from of asphalt binder samples
exposed to a larger variety of redox pair concentrations. Rheological measurements will keep
track of performance modifications induced by oxidative processes. Measurements on
|aboratory-aged mixtures (asphalt binder and fine aggregates) may simulate closer the field aging
process.

It will be also the aim of afuture work to continue the rheological tests presented below.

As the stress level of 300 Pa was too low for polymer-modified asphalts a new Standard Test
Method for Multiple Stress Creep and Recovery (MSCR) of asphalt binder using a Dynamic
Shear Rheometer will be soon implemented. This practice will cover the identification of
elastomeric response of modified asphalt binders by means of percent recovery obtained in the

MSCR test. The test will be conducted using the DSR instrument at the temperature
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corresponding to the higher performance grade (PG Grade) temperature of the asphalt binder. It
is intended for use with aged residue from Test Method D 2872 (RTFOT).

The percent recovery in the MSCR test of asphalt binders is affected by the type and amount
of polymer used in the polymer modified asphalt binder. The percent recovery value is intended
to provide a mean for determining if the polymer used in modification will provide an
elastomeric response of the binder; however, it can not account for the type of elastomer used.
According to proposed methodology, but using a lower temperature than that indicated by the
test, our initial MSCR work collected data at the stress sweep of 25 to 25,600 Pa, a 1/9 seconds
stress/recovery time, the temperature of 25°C, and 10 cycles per stress, using the same AR 2000
rheometer set-up in Dynamic Shear mode presented earlier in the text. This experiment should
be continued for a larger set of samples at 25°C, at an intermediate temperature (40°C), and a a
high temperature (set by the PG temperature of the binder).

Our results have shown, as one might expect, that both RTFOT and PAV aged PMAC
samples had a lower ability to recover than that of the original sample (Figure 7.1). The
proposed MSCR asks for a minimum 15 % recovery at 3,200 Pa at the PG temperature as a
preliminary value for determining if the binder has suitable elastomeric properties to improve
performance. We have extended the test to a much lower temperature (25°C) looking for a
faillure indication. The only sample which seemed to decay to the failure value of 15% average
recovery for 3,200 Pa at 25°C was the origina (i.e., unraged) polymer-free asphalt cement PG
64-22 (Figure 7-2 and Table 7-1). However, the software for the MSCR procedure using the
AR 2000 instrument needs to be updated for this type of tet.

Other experiments have been performed in order to determine the failure point as an

estimation of fatigue life under stress. The chosen stress level was 50,000 Pa. Results gathered
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till now are for PMAC 76-22 original at low and intermediary temperatures (viz., 25 and 40°C).

A failure point has yet not to be reached, but an estimate can be extrapolated (Figure 7-3).

[

|

o) —0
o) o)
0 —0

—O0— PMAC original
—0— PMAC RTFO
—0— PMAC PAV

T
5000

o—- O—WOQ?O-%SOO‘O%
b

T T T T T
10000 15000 20000 25000

Shear Stress, Pa

1
30000

90

80

70

Average recovery, %

20

1%

50

30-
] @O‘O\Q\O

104

N2
\7

159
|

g

—— AC 64-22 ORIGINAL
V— PMAC RCAT 2
—O—PMAC 1 PAV
PMAC RTFOT
—>— PMAC ORIGINAL

T T T
0 5000

T T
10000

T T T T 1
15000 20000 25000 30000

Shear Stress, Pa

Figure 7-1 MSCR results-PMAC average

% recovery

Figure 7-2 M SCR results— aver age
per cent recovery for different asphalt

binder samples

Table 7-1 M SCR average percent recovery at 25°C for various asphalt binder samples

MSCR
Shear 64-22 64-22 PMAC 76-22 76-22 76-22
Stress RTFOT original RCAT 2 1 PAV RTFOT original
Pa
25 60.48 20.20 55.49 71.35 83.45 87.02
50 58.48 22.46 76.72 79.34 87.07 91.34
100 61.23 22.92 86.44 82.33 88.88 93.33
200 62.32 23.42 90.77 83.66 90.54 04.21
400 61.72 23.72 92.64 84.25 88.60 94.71
800 62.14 24.00 93.67 84.75 88.93 94.86
1600 62.18 24.14 94.02 84.80 88.90 94.91
3200 62.24 24.22 94.27 84.88 88.93 94.99
6400 62.27 23.40 94.49 84.87 89.00 95.00
12800 62.24 22.07 94.44 84.79 88.95 95.00
25600 62.16 19.28 94.50 84.61 88.95 94.91

The estimate was computed using the equation [N x G*n / G*0] (presented in details in

Chapter 2). G*n for the estimated points was computed by applying the average percentage
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increment calculated from the tested points of G*. The readings for G* have been made at a
constant time of 60 minutes each time. In this way was possible to estimate number of cycles
(time x 1.592 cycles/s), and to compute possible values for G*. The prognoses are presented in

separated regions A and B.
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Figure 7-3 Exercisefor learning how to determine failure point for a certain stresslevel
(The pointsof area A (for 25°C) and area B (for 40°C) are possible prognoses)
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APPENDIX A: ADDITIONAL TABLES

Table A-1 Required SUPERPAVE specification for the asphalts PG 64-22 and Pg 76-22

Performance Grade PG 64- PG 76-

Average 7-daysmaximum

pavement design temperature, °C <64 <76

Minimum pavement design

temperature, °C, > -10 -16 -2 -28 | -4 | -40 | -10 | -16 | -2 | -28 | -4 |

ORIGINAL BINDER

Flash point minimum, °C 230 230
Viscosity, maximum 3 Paat 135 135
test temperature
Dynamic shear
G*/dnd minimum 1.00 kPa, test 64 76
temperature@ 10 rad/s

ROLLING THIN FILM OVEN RESIDUE
Mass|oss, maxim
percentage 1.00 1.00
Dynamic shear
G*/sind minimum 2.20 K Pa, test 64 76
temperature@ 10 rad/s

PRESSURE AGING VESSEL RESIDUE
PAV temperature, °C 100 100(110)

Dynamic shear

G*sind maximum
5000 kPatest
temperature@ 10 rad/s

31 28 25 22 19 16

|37|34|31|28|25|

Physical hardening

Creep stiffness S

maximum 300 M Paand m-valueminimum
0.300

test temperature@ 60s, °C

|O|-6|-12|-18|-24|

Direct tension
failure strain minimum 1.0%
test temperature@ 1.0 mm/mm, °C

|O|—6|—12|—18|—24|

Louisianaextrarequirements
Forceratio @ 4°C, 30 cm, minimum
Force ductility @4°C,30 cm
minimum

RTFOT material — dadtic

recovery @ 25°C, minim

0.3

05Lb

03

05Lb

60%
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Table A-2 Equationsfor G* computation

d =timelag

ks L G = Lo

pr® ™ h 9

t max maximum applied shear stress, Pa

T maximum applied torque, N

r radius of binder specimen (either 12.5 or 4 mm)

? mex maximum resulting shear strain

? deflection (rotation) angle

h specimen height (either 1 or 2 mm)

G complex shear modulus, Pa

d phase angle. Thisisthetimelag (expressed in radians) between the

maximum applied shear stress and the maximum resulting shear strain
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APPENDIX B: LETTER OF PERMISSION

From: AAPT aapt@qwest.net

Sent: Wednesday, October 10, 2007 2:18:09 PM

To: "lonelaGlover" ichiparus2001@yahoo.com

Subject: Re: Request for release to use published research datain dissertation - lonela
Glover

Dear Ms. Glover-

Y ou have the permission of the Association of Asphalt Technologists to use all or part of
both of the papers that you mentioned below.

If you have any questions, please let us know.
Sincerely-

Eugene L. Skok
AAPT Secretary-Treasurer

From: lonela Glover [ mailto:ichiparus2001@yahoo.com]

Sent: Wednesday, October 10, 2007 10:55 AM

To: aapt@qgwest.net

Subject: Request for release to use published research datain dissertation - lonela Glover

Hello,

| am a co-author of a paper which has been published in the "Journal of the Association of
Asphalt Paving Technologists' and another paper which has been submitted and approved. The
data and analysis used in these papers are essential elements of my PhD dissertation at Louisiana
State University and | am writing to request permission to use significant elements of those two
papers in my dissertation. The relevant identifying information for the two papers is presented
below:

“Comparison of RCAT versus PAV Aging Techniques for a Polymer Modified
Asphalt Cement”, 1oan Negulescu, Louay Mohammad, William Daly, Chris Abadie, Sam
Cooper, Rafael Cueto, and lonela Glover; forwarded to the Journal of the Association of Asphalt
Paving Technologies, approved 2007.

“Chemical and Rheological Characterization of Wet and Dry Aging of SBS Copolymer
Modified Asphalts: Laboratory and Field Evaluation”, loan |. Negulescu, Louay N. Mohammad,
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William Daly, Christopher Abadie, Rafagl Cueto, Codrin Daranga and lonela Glover; Journal of
the Association of Asphalt Paving Technologies, Volume 75, 2006.

| look forward to hearing from you and | would like to thank you in advance for your
consideration.

lonela Glover

PhD Candidate
Department of Chemistry
Louisiana State University
Baton Rouge, LA 70803
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