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Abstract

Asphalt binder of twenty-three samples were obtained from Alberta, Northern Ontario,
Canada, Montana USA, and Venezuela. Thin films samples (1mm) were prepared by
heating onto glass slides at 150°C for 10 min. X-ray diffraction (XRD) patterns
were obtained using monochromatic Cu-K-a radiation at 40kV and 40mA on Rigaku
DMax 2200V-PC. Profile fitting was performed using Pearson VII and Pseudo-Voigt
functions over 5° to 35° and 60° to 110°= 26. Furthermore, to our knowledge, it is the
first time we introduced XRD spectra modeled using a Generalized Fermi Function
(GFF) for asphalt binders. The analysis of the diffraction line broadening in x-ray
thin film is analytically calculated and simulated using these functions. The results
showed a correlation among Pearson VII, Pseudo-Voigt and GFF.

X-ray line broadening investigations from the integral width or the full width at
half maxinum (FWHM) of the diffraction line is used for approximation of the ex-
perimental x-ray line profiles obtained from the samples. Asphalt binder samples
measured by x-ray diffraction on thin asphalt films, are identified as two factors that
correlate reasonably well with aging tendency at low temperatures. From the appli-
cation perspective, cracking in asphalt pavements in colder climates and rutting in
hot climates are on-going problems. Therefore, investigation and understanding of
structural and compositional properties of asphalt binders at the microscopic level is

aimed at improving the performance and durability of asphalt pavements.
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Chapter 1

Introduction

1.1 Asphalt and Asphaltene

Asphalt is a mixture of aggregates, binder and filler, used for constructing and main-
taining all kinds of roads, air ports, parking areas, etc. Typical asphalt mixtures are
aggregates of crushed rock, sand and gravel. To achieve, a good cohesive mixture
of the aggregates, we use a binder to hold them together. Particularly, bitumen is
widely used as a binder for binding aggregates. Asphalt pavement consists of the
road structure above the subgrade which includes unmixed and bituminous mixed
materials. This gives the pavement the ability to distribute the loads of the traffic
before it breaches at the subgrade or as sometimes called formation level.
Furthermore, asphalt is highly viscous liquid that is available in most crude
petroleumn and in some natural deposits such as natural asphalt in Trinidad lake.
Asphalt has been the primary choice in roads and similar pavement constructions due
to its excellent candidacy for pavement. Asphalt is a pavements major factor that
leads to its deterioration (aging), due to its sensitivity and easily oxidized. Therefore,

it is very important to study and investigate vigorously the performance of asphalt
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Source Composition(wt Perc.) Atomic Ratios

C H N O S |H/CN/C 0O/C S/C

Canada 79.0 80 1.0 39 811 .21 0.011 0.037 0.038
Iran 83.7 78 17 1.0 581 .19 0.017 0.009 0.026
Iraq 80.6 7.7 08 03 9.7(1 .15 0.009 0.003 0.045
Kuwait 822 80 17 06 7.6|1 .17 0.017 0.005 0.035
Mexico 814 80 06 1.7 831 .18 0.006 0.016 0.038
Sicily 817 88 15 1.8 631 .29 0.016 0.017 0.029
USA 845 74 08 1.7 56| 1 .05 0.008 0.015 0.025

Venezuela 84.2 79 20 16 45| 1 .13 0.020 0.014 0.020

Table 1.1: Elemental Composition of Asphaltene from World Sources (Speight, 1999).

composition of asphaltene is given in Table 1.1.

On the other hand, resins are defined as the fraction of the non-asphalt oil that
is strongly present in materials such as silica, alumina, and can only be removed by
a solvent such as a mixture of toluene and methanol. Since asphaltenes are aromatic
heterocompounds with aliphatic substitutions and as a result, they form the most po-

lar portion of crude oil. Furthermore, Koots et al. (1975), suggested that resins have

reasonable correlation with asphaltenes and concluded that this afliliation determines
solubility in crude oil. An example of a proposed molecular structure of asphaltene

is seen in Figure 1.2.

1.1.1.1 Physical Properties and Characteristics of Asphaltenes

The study of asphaltenes and resins has been the interest of researchers since 1930s,

when it was realized that asphaltenes can easly be found throughout nature. As-
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Figure 1.3: Modified figure of solubility, where delta indicates solubility with Resins;

theta symbolizes precipitate and O represents whole with Resins (Keith, 2003).

fraction asphaltenes were appreciably non-interacting, they would begin to precipi-
tate at the same heptol ratio as the whole and then proceed at a much steeper slope.
In 2003, Keith et al., showed that the soluble fraction was far more soluble than either

the whole or precipitate.

However, the true structural definition of asphaltene may never be quantized due
to an enormous varities of molecules in crude oil. Most researchers agree that as-
phaltenes contain polynuclear aromatics, aliphatics, and alicyclic moieties with small
amounts of dispersed heteroelements such as oxygen, sulfur, vanadium, and nitrogen.
In addition, in terms of molecular weight and aromaticity, asphaltenes are the heaviest
fraction of a distribution of compounds that include aromatics and resins. Recently,
however, Mullins (2011) showed the most up to date definition of asphaltene using a

variety of methods to create the modified Yen model.

In this research, we investigate asphalt binders collected from different parts of
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Canada. The asphalt binders are aged for a week and the x-ray diffraction profiles
arc collected and analyzed accordingly from the Rigaku diffractometer, by the aid of
advanced mathematical functions of Pearson-VII and Pseudo-Voigt and Generalized

Fermi Function (GFF).

1.1.2 Types of Asphalt

Providing the best performance to different construction designs, one can usce various
proportions of asphalt mixture. Due to the different requirements, for exapmle, a road
construction needs to consider high traffic load, extreme hot or extreme cold weather

conditions. Thus, the mix used has to have the capacity to withstand stiffuess and

deformation. However, the need to have sufficent flexibility and strength to resist
cracking caused by different pressures exerted on the road is essential for reasonable
durability of the pavement. A good knowledge of the catagories of asphalts during
mixing is important for achieving proper standard in performance and durability.
Thus, some of the major types of asphalt are listed below:

a) Hot Mixe Asphalt (HMA), commonly are produced at temperatures range from
150° C - 190° C. But, depending on the intended use, a different asphalt mixture can
be used.

b) Warm Mix Asphalt (WMA), is however produced at temperature range of 20°
C-40° C, which is much lower than the HMA. The advantage of producing WMA
is, that it utilizes less energy. The two important points to note during WMA are:
having sufficient stiffness and resistance to deformation in order to cope with the
applied pressure due to heavy trucks for example. Furthermore, the need to have an
adequate flexural strength to resist cracking.

¢) Cold mix are produced without heating the aggregate. This is only possible, due
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to the use of a specific bitumen which breaks either during compaction or dwring
mixing. After breaking, the emulsion coats the aggregate and over tiime, increases its
strengths. Cold mixes are particularly recommended for lightly trafficked roads, in

rural arcas.

Asphalt can be broadly classified into two categories. Natural asphalts are de-
posited in layers for thousands of years whereas, the petroleuin asphalts are colloidally
dispersed hydrocarbous residue from crude petroleum distillation during refinary pro-
cess. Today asphalt from petroleum crude is mostly used for pavments. Rigid pave-
ments are constructed using Portland cement concrete while flexible pavemnents are
constructed using asphalt. Flexible pavement failure can be attributed to causes such
as changes in the crude source and refining processes; improper mix design; increased
truck traffic volume; tire pressure and axle loading; deficiency in specifications and
improper use of additives. Improper mix design, improper use of aggregates in asphalt
binders, asphalt pavement failures and the XRD analysis method will be discussed in

the literature review section.

1.1.2.1 Natural Asphalt

Natural asphalt, such as (Trinidad lake asphalt), is an organic compound that re-
acts with oxygen, and hence changes the structure and composition of its asphalt
molecules. As a result, the asphalt loses its sticking ability. Relatively, oxidation
tends to occur more rapidly at high temperature than at low temperature. Natural
asphalts are mostly used to replace some of the bitumen content in an asphalt mix

and improve the overall surface performance and deformation resistance.
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1.1.2.2 Petrolcum Asphaltene

Petroleuin asphaltence represents a class of petrolewn liquids. It is the most refractory
and often the heaviest oil component (Sheu, 2002). Such propertics associated with
asphaltene may include molecular weight and structures. It has taken researchers
over a century trying to understand asphaltene molecular and colloidal properties.
Yet, many issues around asphaltene are controversial until recently (Mullins, 2010)
showed clegantly that at least the first attempt to have the best approximation of
asphaltene’s molecular weight.

As briefly discussed in the literature review, asphaltene was identified by Boussingault
in 1937 from an ether insoluble fraction of asphalt. In 1933, Nellensteyn suggested
that asphaltenes are high molecular hydrocarbons forming a colloidal system adsorbed
by lighter components on the surface. However, his proposal was directed to studying
fundamental properties of asphaltene molecules, such as molecular weight, structure,
etc. During the early 1900’s, many scholars believed that asphaltene molecular prop-
erties might not be as important as it was believed by others and supportive of the
concept proposed by the asphaltene discoverer (Boussingault, 1937). However, active
research has been taking in understanding the structure, molecular weight and other
properties of asphaltene is the crucial concept for many applications and production

efficency of petrolum products.

1.1.2.3 Asphalt Cement

Asphalt cement is composed of bitumen, resins, absorbed gas, etc., and distillation
process can occur either naturally, resulting in asphalt lakes (Trinidad asphalt), or it
can be performed through the petroleum refining process. The crude source type and

the distillation process determines the proportion and content of these compounds in
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asphalt cement. Asphalt ccinent goes under cheniical and physical changes, due to
the raction of the ingredients with it through time. In general, as the asphalt cement
ages, it becomes stiffer (Richard, 2007). In the refining process, the heavy residue
from this stage of refining is further processed to produce various grades of asphalt
cement. Asphalt cement, now called Performance Grade (PG) binders, is selected on

the basis of climate and traffic at the location where it is ntended be used.

1.1.3 Performance Grade (PG)

Performmance grade (PG) or (binder grading) systeim, includes specifications that relate
measured physical properties of asphalt binders to field performance. Performance
grading tests use aging conditions, temperatures, and loads that are similar to those
encountered in the pavements of interest. For example, PG binder designation of
PG 67-31 would be read as; the first number, 67, is the high temperature in degrees
Celsius that the pavement is expected to reach. The second number, 31, is the lowest
temperature that the pavement perform well in the standard. PG 67-31 asphalt is
soft enough to resist low temperature thermal cracking down to a temperature of
31°C, as a result it prevents a pavement from rutting in hot seasons when pavement

temperatures become as high as 67°C.

PG binder specifications require that the asphalt to be modified with polymers or
other chemicals to enhance its properties and meet performance requirements. Adding
these modifiers however have negative consequences, i.e., by reducing the temperature
susceptibility and age hardening. On the other hand, the advantage of these type of
binders is that, they resist low temperature cracking, and improve stiffness of the
asphalt at high temperatures, hence, reducing rutting. However, the economic aspect

of modificd asphalts is far reaching since it can cost nearly twice as much as unmodified
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asphalts (Hesp, 2008). By weight, asphalt generally accounts for between four and
eight percent of the hot mix asphalt (HMA) and makes up about 25 to 30 percent of

the cost of an HMA pavement (Monismith, 1985).

1.1.4 Asphalt Binders and Asphaltene

Asphalt binders refer to the binding agent that glues the aggregate together in a hot
mix asphalt (HMA). Asphaltene is a molecular compound that has a high resistance to
cracking and hence decreases petrolum production during distillation. However, the
presence of high proportion of asphaltene is the best candidate for making highway
surfaces. Many of the properties that make asphaltene useful thus depend on the
application in question. For example, asphalt with higher percentage of asphaltene is
the best choice for highway surface applications. This research work also discloses the
impact of mix and improper mix on the performance of pavements, such as in North
Ontario and Alberta, where the asphalt binders samples obtained and analyzed are

with different techniques.

1.1.5 Rutting and Cracking

Two of the main phenomenon that affect asphalt pavements performance are rutting
and fatigue. Rutting is characterized by permanent deformation of the pavement.
It generally develops during the hot seasons, when the asphalt is soft, while fatigue
cracking is characterized and occurs during cold to mild seasons. The first phase of
fatigue is identified with longitudinal cracks, and followed by alligator cracking in an
advanced damage stage to the pavement. We believe that, for improving the rutting
and fatigue performance of an asphalt pavements, extensive studies of the structural

and compositional characterstics of asphalt binder at its microscopic level is crucial.
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1.1.5.1 Rutting

Highway rutting is commnon due to higher repetition of trafhic. For instance, rutting
is less on airport pavements due to lower aircraft traffic and more room for taking
off and touching down. However, there are still some factors contributing to rutting,
such as high pressure from plane tires, of course the most imnportant part is, proper
pavement mix content and the weather conditions in the location. Surface rutting
can also occur when one or more of the HMA layers fails and is usually accompanied
by depressions in the swrface, while subgrade rutting occurs when the subgrade is
unable to support the loads to which it is exposed as we observe from the illustration

below in figures 1.4 and 1.5.

Surface rutting Subgrade rutting
HMA
WANAV/IN N,
KRSl
o Vo N

Figure 1.4: Sketch of surface cross-section and subgrade rutting.

Pavement settles into the subgrade causing surface depressions in the wheel path.
Considerable research has been conducted to set a limit on binder and aggregate
influence on rutting potential that must be sufficiently strong to resist excessive shear
loads generated between the aggregate particles at higher temperatures.

Many scholars, investigated some of the potential causes of rutting. McGennis
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the combination of high binder content and low air void content, providing longer
fatiguc life. In 1995, Monismith, investigated correlation anmong HMA mixtures that

are stiff and pure asphalt binders, result in failure in the fatigue life of mixtures.

1.2 X-ray Diffraction (XRD) Measurements

X-rays primarily interact with electrons in atoms. When x-ray photons collide with
electrons, some photons from the incident beam will be deflected away froin the
direction where they originally travel. If the wavelength of these scattered x-rays
did not change i.e, x-ray photons did not lose any hv of energy, the process is called
elastic scattering (Thompson Scattering) where only momentum has been transferred
during the scattering process. These are the x-rays that we measure in diffraction
experiments, as the scattered x-rays carry information about the electron distribution
in the thin film of the specimen (asphalt binders).

On the other hand, in the inelastic scattering process (Compton Scattering), x-rays
transfer some of their energy to the electrons and the scattered x-rays have different
wavelength (A\) than the incident x-rays. Diffracted waves from different atoms can
interfere with each other and the resultant intensity distribution is strongly modulated

by this interaction.

1.2.1 X-Ray Scattering Theory

Highly collimated beam, combined with a long distance between the sample and the
detector, allow sensitive measurements of the x-rays that are just barely scattered
by the sample (scattering angle < 6°). From Bragg’s Law, the length d is inversely
proportional to the scattering angle, therefore, small angles represented larger features

in the samples (see section 2.1.1).
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Our analysis of the collected data of asphalt binders is based on the assumption of
Yen model, i.e, atoms are rearranged themselves in a periodic fashion and a simmple
cubic structure with four known peaks. In addition, we discuss the new Yen-Mullins

model in relation to the XRD analysis in section 2.1.2.

1.3 Ohbjectives of The Research

The objective of this research is to investigate XRD analysis on asphalt structure,
properties and performance. Furthermore, this work is intended to develop the main
pavement deterioration model for asphalt pavements focusing on at the molecular

level of asphalt binders. A total of twenty three different samples of asphalt binders,

are taken from diffferent parts of Canada and tested in the laboratory for aging and
investigating the composition of the aggregates at the microscopc level.

The aging asphalt specimens are sirnulated using three of the major mathematical
functions (Pseudo-Voigt, Pearsen VII, and Generalized Fermi Function). This is just
a simulation based on real aging asphalts from the specimen. The XRD profiles were
performed and the results analyzed. The XRD data show it is possible to differentiate
asphalts of different standards and classifications through peak centroid and other

parameters (such as aromaticity and crystallite) are considered.




Chapter 2

Literature Review

2.1 Asphaltene Structure and X-Ray Diffraction

One of the pioneered and most significant studies in asphaltene is done by Yen et
al. (1961), who used x-ray analysis of asphaltenes to determine structure of asphal-
tene. In the same year, Yen and his co-workers investigated asphaltenes using x-ray
diffraction and they concluded that according to their measurements, asphaltene is
composed of a stack of clusters of n-alkyls. Large margin of error of the x-ray diffrac-
tion signal collected to the aromatic clusters and causes a great deal of uncertainities
that evolve to the degree of condensation (Dickie et al., 1961).

As a result of this study, however, subsequent study was also concluded by Dickie
and Yen (1967). Yen (1974) proposed the first model and it is called the Yen Model,
of the asphaltene’s structure that postulates simple cubic structure model as a foun-
dation. However, this model has not been accepted by many researchers, but Yen
and his collaborators’ original idea has continously been receiving attention for the
last 40 years. Furthermore, they reported that strong chemical forces are responsible

for asphaltene’s elements such as carbon, hydrogen, and heteroatoms to keep them

16
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together.

XRD has been widely used to study the macrostructure of asphaltencs (Yen et
al., 1961). Sadeghi ct al. (1986) reviewed the fundamental principles of the XRD for
asphaltenes. Christopher with his colleagues (1996) and Shirokoff et al. (1997) stud-
ied asplialtene macrostructure aud crystallite parameters by using XRD and NMR
methods and showed that there is correlation between the information collected fromn
XRD and NMR. The XRD method is one of the principal techniques that, provides
knowledge about the macrostructure and crystallite parameters of the asphaltenes.
The description of x-ray results of carbon compounds mainly depend on the experi-
mental results of both aromatic and waxes of hydrocarbons in various concentrations
(Sadeghi et al., 1986).

In some of our samples, the result showed that parafinic waxes dominate compared
to aromatic hydrocarbones as discussed in chapter 4. Michael et al. (2005) gives a
brief description of the aromaticity and crystallite parameters, such as the average
distance between the aromatic sheets d,,,, the average distance between the aliphatic
chains d, the average diameter of the aromatic sheets L,, the average diameter of the
cluster L., and the average number of aromatic sheets per cluster M. Siddiqui et al.
(2002) investigated crystallite parameters of asphaltenes by catagorizing the samples
as fresh and aged Arabian asphalts. The structural transformations of asphaltene
molecules in thermal processing of vacuum residue by XRD extensivly studied by
(Michael et al., 2005). Furthermore, these researchers, determined the macrostruc-
ture and aromaticity parameters using XRD and compared them with the average
structural parameters calculated from NMR.

Asphaltenes give non flexibility and strength to bitumen by holding the structure
so that it controls various properties of bitumen. The differences in the properties

of various bitumens can be described, thus recognizing the structural and functional
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characterstic of asplialtenes is essential. Duc to dependence of the molecular proper-
ties of petroleum and its components on distinct paramcters, a lot of rigorous rescarch
has been done on the study of basic structural units within bituwmen by Yen and Erd-
man (1963) and later by Strausz et al. (1992). Procedures such as XRD and NMR,
and IR spectroscopy lave been sucessful in revealing a lot of inforniation about the
overall structure of asphaltencs. In this research however, we use XRD as the main
tool for investigation of asphaltene and asphalt binders speciimen properties. Yen and
Erdman (1963) used XRD for structural characterization of asphaltenes and resins
in crude oil. Based on the XRD data, these authors proposed a macrostructure for
asphaltenes.

Sadeghi et al. (1986) summerized the fundamental theory and application of XRD
for asphaltene characterization. Furthermore, based on an XRD study, Dickie and
Yen (1961) proposed a macrostructure which represents crystallites and particles of
asphaltenes. Schwager et al. (1983) examined the macrostructure and crystallite
paramcter of different asphaltene samples and used XRD and NMR procedure to
estimate the size of the average aromatic structural unit and the number of such
units per molecule. Particularly, XRD studies on asphaltenes by Decroocq et al.
(1992) revealed structural transformations during heat treatment, which is based
on the change in peak position and intensity of the v and (002) bands. In 1983,
Ebert et al. reported XRD of wax (n-paraffins) and stacked aromatic molecules and
described the problems of determining the average structure of asphaltenes. Based
on the XRD pattern of various paraffins, naphthenes and aromatics, the author and
coworkers showed that the v band originates from paraffinic ordering and that the
carbon atoms that are not in stacks do not contribute to (002) band.

As mentioned above, x-ray diffraction is one of the best tool for identification

of petroleum asphalt and analysis. The reason being that the peak centroid value
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Figure 2.1: Cross-sectional view of asphaltene (Jayaraj et al., 1996).
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is the best for asphalt identification and does not changed significantly over time.
It ts shown that XRD is efficient for asphalt identification, and asphalt crystallinity
grows up with the time of weather exposition but not in a direct proportionality
form as expected. However, increase of crystallinity can be related with the increase
of viscosity characteristics of aging petroleuin. As a result, we may expect some x-
ray scattering and angles change their position which indicates a possible change of

distance between atoms planes given by Bragg’s Law as seen in figures 2.1 and 2.2.

3000 4

r-y,v...éo‘v..,....40...;|.---g°r'.r,.,..do....|v.--1b6..

Figure 2.2: Several modified results of asphalt binders peaks as obscrved from XRD

in Counts versus 26 (Siddiqui et al., 2002).

2.1.1 Role of X-ray Diffraction in Studying Asphaltene Struc-

ture

The diffracted waves will consist of sharp interference peaks with the same symmetry

as in the distribution of atoms. Measuring diffraction pattern allows us to observe
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how distribution of atomns in a material are arranged. Generally, the peaks in x-ray
diffraction pattern are directly related to the atomic distances. If one considers an
incident x-ray beaimn interacting with the atois arranged in a periodic fashion as

shown in the 2D figure 2.3.

A =EFG =2 EF
EF =dmsing
A= 2 dnsing <

G
/\/\_\

PAVLAN Aromade theet | NS
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Figure 2.3: Diffraction of x-ray through cross sectional view of asphaltene clusters.

For a given set of lattice planes with an interplane distance of d, the condition for a

diffraction peak to occur can be simply written as,

2dsin(f) = nA (2.1)

which is the famous Bragg’s law. In the equation, A, 8 and n are the wavelength of

the x-ray, the scattering angle, and an integer representing the order of the diffraction
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peak respectively. The Bragg’s Law is one of most important laws used for interpreting
x-ray diffraction data. It is important to point out that although it is assumed that
atowns are scattering points in this example, Bragg’s Law applics to scattering centers
cousisting of any periodic distribution of electron deusity. The law also holds true if
the atoms are replaced by molecules or collections of molecules, such as asphalts in
the thin filin forms that we used as samples i this study.

XRD is one of the widely used methods for unvailing structural information from
asphaltene aggregates, that means, it exposes inner structural informmation of the
cluster of associated asphaltene mmolecules with stacked aromatic sheets (see Figure
2.4).

Aliphatic chain
'

A

'
Aromatic Sheets

Average No, of” Sheets in a Cluster

Cluster

z XY —» Sheet

Figure 2.4: Asphaltene cluster showing the main crystalline parameters.
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To quantitatively analyze the x-ray diffraction data, the arcas under the peaks
and the particular distances are calculated, from whichi the procedure established by
(Dickic and Yen, 1982) can be used to determine the aromaticity. Yen defined the

aromaticity as,

Coar
N - 2.2
A CHT + Cfl ( )

(002)area
(002)area + Yarea

(2.3)

where C,, is the percentage of aromatic carbons from (002) band and C, the percent-
age of aliphatic carbons from v band. The intersheet distance dygs and the interchain
distance dvy can be calculated from the (002) peak and v bands, respectively. The
Scherrer equation was applied for calculation of the average number of sheets per
cluster and the average area of a sheet. The average size of the aromatic clusters
perpendicular to the plane of the sheet L. can be deduced from the (002) band using

the Scherrer equation:

0.9X
L, = —— 24
w cos(8) (24)

0.45
= — 2.5
FWHM(Ooz) ( )

where, w is the Full Width of the peak at Half Maximum (FWHM). From dypo

and L. one can determine the average number of associated sheets in a single micelle:
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L.
n = 2.6
d02) (2:6)

An example of asphalt grade loss due to L. is shown in Figure 2.5.

Triangular symbols show oxidized binde rs
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Figure 2.5: Modified asphaltene cluster size in the x-ray diffraction spectrum due to

worst 3-day grade loss (Hesp et al., 2007).

The average diameter of an aromatic sheet L, is calculated from the (100) or the

(110) peak as,

1.84A
e = /= 2.7
L (w cos(h) (27)
0.92
= = 2.8
FWHM 10, (2:8)

An example of asphalt grade loss due to L, is shown in Figure 2.6.
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Triangular symbols show oxidized binders
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Figure 2.6: Modified asphaltene sheet size in the x-ray diffraction spectrum during

worst 3-day grade loss (Hesp et al., 2007).

2.1.2 Modeling Asphalt as a Cubic Material (Yen Model)

There are four peaks in the XRD patterns of asphaltene. The peak v is thought
to be the packing distance of saturated structures which arises from x-ray scattered
by aliphatic chains or condensed saturated rings. The graphane peak or peak (002)
comes from the diffraction of x-ray by the stacks of aromatic molecules (Siddiqui et
al., 2002). The peaks (100) and (110) in the diffraction of x-ray are from the in
plane structure of the aromatics (see figure 2.7). They correspond to the first and the
second nearest neighbours in the ring compounds.

The broader the peaks in the XRD patterns, the more short range order and less
long range order that exists in the structure type. In general, sharp narrow XRD
pattern peaks are from highly crystalline samples with a high degree of long range

order. In the case of asphaltene, there is a good long range order in some directions
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Figure 2.7: The bands (a) and planes (b) of an X-ray diffractogram (Siddiqui et al.,
2002).

in the solid crystals, and only short range order in others. This is why there are some

sharp peaks and one broad peak in all the diffraction patterns.

2.1.3 The Modified Yen Model (Yen-Mullins Model)

Research on asphaltene structure, molecular weight, and properties, has been revo-
lutionized in recent years. In 2010, Mullins investigated and showed that the uncer-
tainities, particularly the molecular weight of asphaltene, is dramatically improved.
Many studies have been conducted utilizing different techniques to uncover or at least
to improve the uncertainities of the molecular and colloidal structure of asphaltenes
for the past several years. However, it is obvious that, the more one goes deeper
in studying asphaltene’s structural and chemical properties, the more challenging it
becomes, due to asphaltene’s complex structure (see figure 2.8).

The modified Yen model, however, gives us a way of designing, handling and analyzing

an enormous amount of data. Currently, research on asphaltene is active and reaching
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arrangetnent of aronlatic carbon atoms presence on the diffractograms of asphaltenes
as a peak in the region 20°-26° (Cu-Ka-radiation), this peak being observed for
graphite which corresponds to the reflection of (002) band from the parallel layers of
carbon atoms. However, on this peak there is superimmposed a noise scattering from
the disoriented carbon atoms, as well as scattering from partially ordered aliphatic
i.e. Methane and alicyclic (non-aromatic character) groupings, i.e., v band. Jen et al.
(1961) reported that, in the range of large angle regions, at 20°-43° and 20°-78°, the
x-ray diffractograms reveals the peaks of respective reflections (100) and (110) bands

from the two dimensional (2D) flat sheets of saturated aromatic hydrocarbons.

2.2.1 Aging of Asphalt Binder

The aging of asphalt is one of the major factors responsible for the deterioration of
asphalt pavements in roads and also decreases under heavy traffic conditions. The
aging procedure of asphalt binders has been extensively studied by Bell, (1989). The
majority of these procedures involve temperatures of 100°C-200°C. The author found
out that that correlation of following laboratory procedure relative to field aging was
almost made on the basis of a limited number of factors left not considered, such as
softening, penetration, etc.

In this research we observe and analyze (using XRD and GFF analysis) the aging
effects of asphalt binders caused from improper aggregates (mix) and weather changes
in the Canadian petroleum asphalts that have been used to construct all transporta-
tion routes. Hesp et al., (2007) found out that x-ray diffraction have shown wax
content is a major contributing factor to the reversible aging process (Figures 2.10
and 2.11). Furthermore, they reported, at low temperature condtionaing, small and

large clusters of asphaltene sheet size are also reasons for grade loss during condition-
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ing at low tewperatures.

Triangular symhols show oxidized binde rs
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Figure 2.10: Modified wax area in the x-ray diffraction spectrum during Worst three

day grade loss (Hesp et al., 2007).

Dow (1903) studied that all bitumens undergo a more or less rapid change with
aging where two major causes are responsible:
a) Surface hardening, which is likely due to aging, and possibly due to the evaporation
of some light oils. The process starts at the surface and gradually penetrates into the
bitumen.
b) Hardening of the entire mass, that occurs due to condensation of molecules. Both
these changes take place in all bitumens.
Furthermore, Brown (1958) suggested that when asphalt oxidizes in the pavement,
some of the oils and resins surge into the subgrade of the pavement, but the major
aging process is that of oxidation. Over the course of aging, the non polar oils remain

substantially unchanged, as a result the resins decrease, and the asphaltenes increase
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Figure 2.11: Aging of Asphaltene in worst three day grade loss (Hesp et al., 2007).
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(Browi, 1958). This shows conversion of the sialler resin molecules to the larger
asphaltenie molecules.

On the other hand, the long term aging is affected by exposure to high temperature
and rainwater also depends on asphalt binder in different geographical locations.
Asphalt binders do change their physical and chemical propertics due to aging process
with respect to time (Philip et al., 1994). Short term aging occurs during the mixing,
paving, compacting and long term aging during transportation service, in the case of
highways. The rolling thin film oven test (RTFOT) has been accepted as a reliable
procedure mostly in evaluating week old aging.

The hardening of petroleuin asphalt used in road construction due to slow oxida-
tion is one of the major factors that limit the life of asphalt surfaces and re-surfacings.
As this process may take long period of time to become significant and varies depend-
ing on the origin of asphalts, and the demography with an accurate means of modeling
and ultimately predicting asphalt performance is very important. Road asphalts in
cold temperate climates such as Canada, rarely reaches temperatures in excess of
60°C. In the laboratory, modeling of the age hardening process is, however, usually
carried out at much higher temperatures in order to obtain data within a practical
period.

Correlation between long term aging of asphalt in the field and high temperature
laboratory aging have in particular, a tendency toward increased average molecular
weights and changes in fractional composition (Yapp et al. 1991), namely a trend
to increased levels of the more polar fractions. Petersen and his collaborators (1981)
have studied in detail the formation of oxygen containing functional groups during
oxidation of 15 part per million (ppm) films at 130°C. This and other work related to
asphalt composition and durability has been reviewed by Petersen (1984). Results for

laboratory-aged (24 h, 130°C, 15 ppm films) and the same field aged asphalt extracted
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from eleven to thirteen year old asphaltic concrete cores were compared (Petersen,
1984). Agrecment was generally improved significantly given the likely variation in
air void content of the mixes and the importance of this factor in asphaltic concrete
oxidation rates (Petersen, 1989). However, (Petersen, 1989) the significance of 130°C
asphalt aging is questioned on the basis of differences in the availability of reactive
species compared to standard temperatures. In the ficld slow reversible molecular
structuring may act to sterically hinder possible reaction sites.

As asphalt source and the tendency for steric hardening is related, comparison of
oxidation rates at high temperatures may lead to errors and wrong conclusions. This
would have the effect of reducing the rate of reaction in the field compared to that
at high temperatures beyond that expected from the simplest Arrhenius temperature

dependence equation:

K = Aexp|-FE,/RT)| (2.9)

Where,

A is constant
R universal gas constant
T asolute themperature in Kelvins
E, actvation energy

Furthermore, asphalt aging is having a tendency to go delicate and stiff due to
exposure to heat, oxygen, and UV light during storage, mixing, transport and laying
down, as well as in service life. These aging processes lead to decrease of asphalt
properties as mensioned in introduction section such as high temperature rutting and

low temperature cracking, and shorten the lifetime of pavement. The photochemi-
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cal transformation of asphalts must be considered in the study of the perforinance
of asphalt paveinent, especially in geograplical regions where high solar radiatioun
intensity occurs, for example Africa.

Many methods have been applied since, to investigate the process of asphalts aging
and where the majority of the study applied standard rolling thin film oven (RTFO)
test to simulate the short term aging of bitumen. The aging asphalt is simulated using
two of the major mathematical functions (Pseudo-Voigt and Pearson VII). Usinug real
aging asphalts from the specimen. Periodically, the XRD profiles were calculated and
the results analyzed. The XRD showed be possible differentiate asphalts of different
standards classifications through peak centroid and others paraineters.

One of the important factors determining the lifetime of constructions in which
asphalt has been used is the influence exerted on the asphalt by the weather. The
entire complex of changes in the properties of asphalt by atmospheric influences, to
the detrament of the construction concerned, is called aging. The aging phenomena
of asphalt is extensively studied by Yu et al., (2009).

Frequently, correlations between aging phenomena and properties of the asphalt
are sought by purely empirical mcthods. Many methods described aim at obtain-
ing direct information by short time tests on asphalt behavior after long exposure.
According to the literature, the action of oxygen is one of the principal factors respon-
sible for the occurrence of the aging process. When asphalt is exposed to atmospheric
oxygen, the chemical nature of which depends to a very large extent upon the tem-
perature will experience change.

Shenoy, (2002) showed that at temperatures above 100°C., dehydrogenation takes
place, as is evident from the water produced and also carbon dioxide formed. At
lower temperatures such as, 25°C or 50°C, the oxygen involved in the oxidation is

quantitatively bound in the bitumen and no water or carbon dioxide is formed. The
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rate of the oxidation may be followed by means of oxygen absorption measurements.
The overall rate of oxygen absorption was found to be not only determined by the
chemical nature of the asphalt, but also by the physical transport of the oxygen from
the surrounding atmosphere to the interior of the material. Therefore, it is also a
physical problem, onc of diffusion in particular.

Asphalt binders age mainly due to two main mechanisius:

(a) volatilization of light oils present in the asphalt.
(b) oxidation by reacting with the oxygen in the environment.

The blending and agitation in the hot mixing facility and during placement ages
the binder by both mechaiisims because of the high temperature and air flow involved
in the process. In this work, the rolling thin film oven (RTFO) procedure is used
to simulate this form of aging. After the asphalt pavement is constructed, aging
continues, but the oxidation mechanism dominates because of the relatively moderate

temperatures of the environment Lee, (2009).

2.2.2 Modeling Asphaltene

The modeling of asphalt concrete is an active area of research to make an efficient
performance of pavements. Continuing developments and improvements on uncer-
tainities in computational power and test techniques allow asphalt materials and
pavement expertise to implement more realistic, powerful models to predict the per-
formance of asphalt materials, pavements, and microstructure (see figure 2.12).

The detection of bubble points and asphaltene aggregation onset pressures by
near infrared spectroscopy (NIR) for both a live crude oil and model systems has
been demonstrated by Narve et al., (2002). The aggregation onset pressure is seen as

a baseline elevation of the NIR spectra due to light scattering.
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these factors on asphalt concrete performance. Most of these models, developed be-
fore the Strategic Highway Research Program (SHRP), are empirical in nature. The
importance of mechanistic models for material specifications, mixture design, and
pavement design and developed a range of research products based on the principles
of mechanics. The evolution from using empirical to mechanics during the SHRP
nade a significant impact on the role of models in asphalt pavement engineering IKini

(2008).

2.2.3 Precipitation of Asphaltene

Hussam et al., (2004) investigated that asphaltene precipitation rate dependence on
asphaltene content of the oil decrease as the heteroatoms content of both the crude oil
and asphaltenes increased. However, asphaltene precipitation increase as the aromatic
carbon fraction and the degree of branching of the asphaltene molecules increase.
On the other hand, asphaltene precipitation rate dependeuce on the amount of n-
heptane (i.e. light paraffin hydrocarbon) added decrease as the paraffin fraction of
the asphaltenes increase, but increase as the propensity of the asphaltene molecules
for aggregation increase Hussam et al. (2004).

Groenzin and Mullins, (1999) reported that asphaltene molecular weights are
known to be, 800 g/mol. Asphaltene science performed at different length scales
(such as nano scales) into a standard picture requires establishing structural rela-
tionships is the major part of Petroleomics (Mullins et al., 2007). Compositional
variations of the fluid containing asphaltenes directly affect their aggregation state.
In addition, asphaltene molecules tend to associate into small nanoaggregates that
are changed into larger clusters and eventually precipitate. Mullins, (2010) found out

clear description of the connection between molecular architecture and aggregation
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of asphaltene. Furthernore, the role of resins specially on asphaltenes’ stability has
loug been controversial, however, a more unified view is emerging (Goual et al., 2011).
This is based upou the author’s (Goual et al., 2011) experience in asphalteue researcl
over the past decade. It focuses on asphaltene separation, characterization, structure
and role of resins.

Nikhil and co-workedrs, (2001) reported asphaltenes of different characteristics
are found to precipitate at different pressures. Decreasing the pressure forms small
amount of flocs and , initially formed flocs are remain unchanged. This characteristic
shows that asphaltenes are stable and should be resin deficient. Latter flocs are
likely to have more resin and be tackier thereby having an adverse effect on crude oil
production. Furthermore, these authors revealed that field asphaltene precipitation
is shown to be largely reversible with pressure over a certain time (minutes). It is
worse to recognize that asphaltenes extracted by pressure reduction on live crude oil
are quite different to those prepared by solvent precipitation from dead oils. However,
most authors use the same terminology, called asphaltene in both cases.

Asplaltene precipitation in crude oils can occur not only by adding solvents such
as heptane but also occurs at elevated temperatures. Therefore, self-precipitation of
asphaltene in crude oils with different compositions occurs at different temperatures,
Bayat et al. (2008). This phenomenon is only dependent on the composition com-
patibility of the oil, and it does not depend on the asphaltene content. Because of
the composition compatibility, heavy crude oils with high asphaltene content may be
more stable than light ones with low asphaltene content.

Tharanivasan et al., (2009) found out a method to use what they called (regular
solution approach) to model asphaltene the onset and amount of asphaltene precipi-
tation from their prepared specimen diluted with n-heptane. These author’s showed

that the composition of the samples could be determined using a mass average of
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the crude oil of saturates, aromatics, resins and asphaltenes (SARA) analysis. The
average aggregation number of the asphaltenes was a molar average of the crude
oil asphaltene aggregation numbers. Finally, the molar mass distribution of the as-
phaltenes in the prepared speciien was determined by adding the mole weighted
distributions from crude oil and obtained a result indicating the asphaltenes from dif-
ferent crude oils did not interact with each other for short time scale. To gencralize
the method developed, the results require to be tested over louger time scales, the
data support models that assuine no such interaction.

However, the model successfully predicted the amount of heptane required to
precipitate asphaltenes in a range of blends and also predict when blends are less
stable than the constituent crude oils. But, tlie model was less successful at very high
asphaltene dilutions, for example, when toluene had been added to the crude oils prior
to heptane addition. At these level of dilutions, asphaltenes tend to dissociate, and
the assumption that the average asphaltene aggregation number is constant doesn’t
work, Tharanivasan et al., (2009).

A good background of understanding under what conditions the asphaltenes pre-
cipitate and to what extent precipitated asphaltenes can be redissolved is very im-
portant. Although there is considerable data available in the literature on asphaltene
precipitation, Peramanu et al., (2001) studies mostly focus on the measurement of the
ratio of solvent to bitumen at which asphaltenes begin to precipitate. There is limited
data available on the effect of the reversal of solvent concentration or temperature on
asphaltene precipitation. And yet, data on reversibility of asphaltene precipitation is
essential for bitumen or heavy oil processes that involve solvent addition and recovery.
Furthermore, these data help in investigating the validity of asphaltene precipitation
models based on solution thermodynamics Peramanu et al., (2001). For instance,

the theory of thermodynamics predict that asphaltene precipitation is fully reversible
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while the colloidal theory predicts irreversible precipitation.

2.2.4 SAXS and SANS

Herzog et al. (1988) performed small-angle x-ray scattering (SAXS) experiiments
using a synchrotron x-ray source for some asphaltene dispersious in organic solvents
as well as natural solvents (maltencs). They interpreted asphaltene species as thin,
large and porous particles with varying radius and a lateral extension possibly greater
than 80nm.

This interpretation has been supported by several other experimental observations
including those by Xu et al. (1995), who used SAXS to demonstrate the existence of
particles with sizes ranging from 3 to 15nm in crude oils diluted in aromatic solvents.
Small angle neutron scattering (SANS), used by Ravey et al. (1988), revealed parti-
cle sizes in this same size range. Also they concluded that the physical dimensions
and shape of the asphaltene aggregates was a function of solvent and temperature of
investigation. XRD was used by Siddiqui et al., (2002) to investigate the structure
characterization and the aging pattern of asphalt binders. Asphaltene has high resis-
tance to cracking. As a result it is difficult to biodegradable, due to presence of heavy
metal components. On the other hand, the presence of high percentage of asphaltene

has an advantage in obtaining quality pavements in hot and cold locations.

2.2.5 Asphalt Pavement failures

There are four major factors of physical deterioration of asphalt pavement.
a) Rutting (permanent deformation)as mentioned earlier caused by progressive
movement of materials under repeated application of loads at high temperature.

b) Fatigue cracking caused by application of loading which exceeds the structural
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design criteria.

¢) Low temperature thermal cracking caused by the developient of thermal stress
that exceeds the fracture strength at low temperatures.

¢l) Moisture damage (stripping) of asphalt pavements caused by the lack of an
adhesive bond between the asphalt and aggregate due to the prescnce of moisture.
Stripping is one of the factors that contribute for rutting and fatigue cracking and
can lead to disintegration of the pavement.

Asphalt concrete failures caused by low temperature cracking is a big challenges
for proper pavement performance and service life (see Figure 2.13).

Early maintenance or replacement of the damaged road is the occasional task by
the construction expertise and engineers. The implication on the econoinic aspect of
this maintenance is enormous amount of money for the taxpayers also putting more
time waiting for road construction season after season. Therefore, it is crucial to
study and understand the critical cracking temperature, for instance in cold region,
of the asphalt cement and concrete in order to prevent failures.

On the other hand, laboratory tests that evaluate rutting use the maximum pave-
ment design temperature, whereas tests that evaluate fatigue potential use the in-
termediate pavement design temperature. However, thermal cracking tests use the
minimum pavement design temperature plus 10°C. The minimum pavement design
temperature is increased by 10°C to reduce the testing time. These results are cor-
rected to the minimum temperature using the time-temperature shift factor (McGen-
nis, 1994).

At present, rutting is a major kind of damage of asphalt pavement at home and
abroad, especially the question of initial rutting of the asphalt pavement. Rutting
brings tremendous economic loss to country roads and highways disadvantage to so-

cicty that needs close attention. At present, The effective measures to improve high
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Figure 2.13: Cracking severity versus (a) AASHTO M320 and (b and c) LS-308
grading temperatures for Lamont, Alberta, C-SHRP pavement trial binders (Zhao et
al., 2006).
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temperature stability performance of asphalt mixtures, the main methods: adjust the
aggregate grading of asphalt mixtures, adopt modified asphalt or compound modifi-
cation asphalt (specially modified asphalt, SMA), strengthening constructional man-
agement and quality control of asphalt pavement. Although all of the approaches
have furthered development in high temperature stability perforinance of asphalt
mixtures to some extent, do not solve the existing problems. Methods that seek an
economical and effective reinforcement method for solving asphalt pavement rutting
in subtropical region during the summer is important.

Through these experimental studies, it appears that high viscosity asphalt has the
character of high viscosity, low penetration, high softening point and little ductility.
The mixture has properties of high intensity, high modulus, perfect high temperature
performance, water stability, anti-fatigue property and mechanical property. It is
more suited to asphalt middle layer and subsurface at high summer temperature
and heavy axial load, which can largely evaluate the high temperature performance,
water stability and fatigue life of asphalt pavement. Since they bring greater social

and economic benefit, the application prospect of high viscosity asphalt is good.

2.3 Performance Grade and Asphalt Binders test-

ing Methods

One of the objectives of the Strategic Highway Research Program was to develop
performance based testing of asphalt binder materials. This research lead to Perfor-
mance Grade (PG) binder specifications. Traditional methods for evaluating asphalt
were largely empirical and the asphalt was only evaluated at two temperatures, the

mixing temperature and the maximum service temperature.
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Penctration Grades 80-100 120-130 130-200
Requirements Min,  Mav. | Min.  Max, Min.  Max.
Penetndion at 25°C, 100g, 55, 9.1 imn 80 160 120 150 150 200
Viveosity @60°C, Pis or

Viscosily@ 135°C, mms User must specify either Alnolute or Kinenatic
Gmup A Viscasity for alt Asphalt Grades (Such as Figare 1)
Group 8 (Both Viscasity requirements shall not be used
Geoup C sinndtaneously)

Flush Puint (Cleveland Open Cup), °C 230 a-e 220 - 220 nee
Thin Film Oven Test, % foss in masg - 0.85 - 13 == 13
Penetration of Residuc at 25°C.100g, 55,

0%, S of odginad penetiution after 47 - 42 -~ 40 -
Thin Filin Oven Test

Solubility in tdehlomethyleawe, % by mass 9.0 - 9940 e 90 -

Table 2.2: Canadian General Standards Board (CGSB) Specifications for Asphalt

Grades used on Canadian Airports (Chuck, 1999).

Since the properties of asphalt are highly temmperature dependent, it was important
to cover the entire range of temperatures the asphalt is exposed to over its service
life. Table 2.2 shows three asphalt grades (PG) currently recommended for airport
pavement construction in Canada. These grades (PG) are identified by their depth of
penetration which describes typical characteristics of fatigue cracking and rutting that
predict performance characteristics, such as at low and high temperature exposure
respectively (section 1.1.3).

Figure 2.14 shows penetration vs viscosity combination of penetration grades. The
specification includes requirements for the flash point, penetration of residue as a
percentage of the original penetration after the thin film oven test (TFOT), solubility

in trichloroethylene, and mass loss by the thin film oven test.

2.3.1 Rolling Thin-Film Oven

The rolling thin film oven is used to simulate hardening (durability) characteristics

of asphalt binders (see figurc 2.15). The RTFO simulates the thin films of binder as
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Figure 2.14: CGSB Specification for Absolute Viscosity vs Penetration (Chuck, 1999).

they are exposed to heat and forced air during the mixing process and placement.
A sample is poured into a cylindrical bottle and rotated horizontally at approximate
mixing temperatures. As the bottle rotates and air is blown over the sample, new
thin films are exposed simulating the binder coating on the aggregate during mixing.

Lighter oils are driven off and some oxidation occurs. A mass change determina-
tion is made and because RTFO aged asphalt binder is approximately 2-3 times the
viscosity of the unaged asphalt binder, it is tested to determine whether the desirable
viscoelastic properties have been maintained.

Asphalt binder is rapidly aged during the construction process. Heating the as-
phalt to mixing temperature and blending it with the aggregates causes rapid ox-
idation and volatilization. The rolling thin film oven is used to condition asphalt
binder samples to simulate the change in binder characteristics during the construc-
tion process. After the asphalt is placed, the aging process continues for an extended
period of time. The pressure aging vessel (PAV) is used to simulate the hardening

that asphalt binder would experience during seven to ten years of service.
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to the long-term aging expected after 5-15 years of service inn an asphalt pavement.
Asplhalt Binders are exposed to high temperature (100°C) and air pressurce (2.07 MPa)
for 20 hours to simulate long-term aging. Resulting viscosity of the PAV-aged asphalt

binder is approximately eight times the viscosity of the unaged asphalt binder.

2.3.3 Bending Beam Rheometer Test

In general, BBR measures properties at low temperatures (see figure 2.17). When
the pavement temperature drops, two simultaneous events occur that are detrimental
to pavement performance. The reduction in temperature causes a voluine reduction
which due to the constraining effect of the pavement slab, generates stresses in the
pavement. Concurrently, the drop i temperature causes the asphalt stiffuess to
increase making the binder more susceptible to cracking due to the thermal stresses.
The bending beam rheometer (BBR) evaluates the binder’s ability to resist thermal
cracking. Since the potential for thermal cracking increases when the asphalt stiffness
increases due to age hardening, the BBR test is performed on samples that have been

conditioned in both the rolling thin film oven and the pressure aging vessel.

Control and _a— Air Bearing

Data Acquisition Load Cetl
I S .
Asphalt Beam\ ~ / gl:::

>4

e

Figure 2.17: An Altered Figure of a Bending Beam Rheometer (LS-298, 2005).

BBR is used to measure the flow properties of liquid asphalt binders at low (i.e. -
12° C) temperatures. It is analogous to the DSR which is not used at low temperatures

because of the torque capability of the equipment. The BBR operates on engineering
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beamn principles, such that a fixed static load is applied to an asphalt binder beam
of known dimensions. The resulting deflection is measured and the flexural stiffness
reported as a function of time. Provides an indication of the low temperature stiffness

and cracking potential of an asphalt binder.

2.3.4 Direct Tension Test

Roberts and his colleagues (1996), measure failure properties of an asphalt binder at
low temperatures, especially from 0°C to -46°C range. It provides an indication of the
failure stress and strain of an asphalt binder. The Direct Tension Test was originally
used as a referee test when the m-value from BBR results passed but the estimated
stiffness failed and was between 300 and 600 MPa. If the average strain value from
the DTT was one percent or more, it could be assumed the binder was sufficiently

elastic at the tested low temperature range.

Figure 2.18: An Altered Figure of Direct Tension Test.
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It measurcs viscosity (kinematic) at high temperatures as high as 135°C. It is used
in mix desigus to provide represcntative temperatures for mixing and conipaction of
asphalt mixtures. It opcrates as a rotating cylinder within a fixed sample cylinder
(within a thermal-controlled chamber). Resistance to flow is measured as the torque

applied to a spring and converted to viscosity.

2.3.6 Dynamic Shear Rheometer Test

The dynamic shear rheometer (DSR) 1neasures the viscoelastic properties of the as-
phalt cement at the highest pavement temperature and at an intermediate tempera-
ture (approximately the average of the high and low temperatures; see figure 2.20).
The DSR applies a sinusoidal load to a plate shaped sample. The deformation re-
sponse of the sample is measured and the shear stresses and shear strains are deter-
mined. These are used to compute the complex modulus and the phase angle of the
asphalt binder. The test at the higher temperature evaluates the ability of the asphalt

binder to resist permanent deformation (rutting) of the pavement. The developers of

r——"

Figure 2.20: An altered schematic diagram of Dynamic Shear Rheometer (Gordon,

.

2002).

the PG specification hypothesized that rutting potential is critical at high tempera-
ture and during the initial pavement performance period, before the binder stiffness

increases through age hardening. Thus, the high temperature tests are performed on
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samples which have been conditioned with the rolling thin filim oven.

The SHRP rescarchers hypothesized that the critical time for fatigue is after the
asphalt has age hardencd and when the temperature is in the intermediate range.
Thus, the tests at the intermediate temperature are perforined after the samples have
been conditioned with both the rolling thin filim oven and the pressure agiug vesscl
Also known as an oscillatory shear rheometer. it is used to measure the flow properties
of liquid asphalt binders at intermediate (i.e. 20°C) to high (i.e. 64°C) temperaturcs.
It works by applying a sinusoidal shear stress to produce a resulting shear strain. The
complex shear modulus (G*) is a ratio of the applied shear stress ( ¢ ) to the resulting
shear strain ( g ). The phase angle, d , (related to the time lag between input and
output signals) provides a relative indication of the viscous and elastic behavior of the
asphalt binder. Materials with a phase angle of 90 degrees are completely viscous;
while materials with a phasc angle of 0°C arc completely clastic. At intermediate
temperatures, such as 20°C, asphalt binders are said to be viscoelastic (phase angle

near 45°C).

2.3.7 Microscopy

Fluorescence and phase contrast images have been obtained on asphalt binder samples
using the latest techniques in optical microscopy to identify vartations in chemical

phases in asphalt binders (see figures 2.21 to 2.23; Hesp et al., 2007).
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Figure 2.23: Fluorescence (dark grey) and phase contrast (light) images of miscella-

neous asphalt binders (Hesp et al., 2007).



Chapter 3

Experimental

3.1 Set-up Components

Most of our knowledge of the internal structure of amorphous and crystalline solids
is derived from x-ray diffraction studies. The crystallite structure of asphaltenes can
be determined by using XRD. For diffraction to occur in a crystal in which atoms are
arrayed in planes, the wavelength of the incident radiation must be of the same order
as the atomic space distances between crystallographic planes. Figure 2.3 showed in
cross section two x-rays of wavelength impinging at an angle # on the surface of an
asphaltene cluster in which aromatic sheets are arrayed in planes separated by an
interplanar distance dy;. The planes with a relatively large number of atoms on them
usually give rise to strong reaction of the incident x-rays.

XRD provides macrostructural information and the crystallite parameters of the
molecules associated in the asphaltene aggregates. XRD gives quantitative intensity
curves, and structural parameters can be obtained from the shape and the position of
the peaks (Trejo et al., 2007). The more amorphous the material under investigation,

the more peak broadening is obscrved in the diffraction patterns. Various parafins,

o6
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naphthenes and aromatics of XRD patterns indicated that the gamma band () is
thought to arise primarily from aliphatic side chains or aliphatic ring ordering; the
graphene (002) baud, which comes from stacks of aromnatic molecules, and the (100)
band corresponds to the nearest and second-nearest neighbors in ringed compounds
(Sadeghi et al., 1986). The significance of the gamma (v ) band is that it represents
the packing distance of aliphatic chains or the layer of condensed saturated rings
(Siddiqui et al., 2002). The x-ray techniques used in this work are those of Yen et
al. (1961) and Sadeghi et al. (1986), used previously in studies of asphaltenes. The
crystallite parameters such as the interlayer distance dyy, the interchain distance, d,
the diameter of the aromatic clusters L. and the diameter of the aromatic sheets L,
were obtained froin the x-ray diffraction patterns of the Canadian asphaltenes.

The x-ray intensities measured over the range 26 = 3° to 90°. The curves exhibit
qualitatively similar peaks. The studies in the literature (Sadeghi et al., 1986; Siddiqui
et al., 2002; Yen et al., 1961) showed that the asphaltene XRD pattern has 4 main
characteristic bands, the gamma band (), the (002) band, the (100) band and (110)
band.

The XRD patterns of the Canadian asphaltenes examined in the present work has
the same features as those reported in the literature (Sadeghi et al., 1986; Siddiqui
et al., 2002; Yen et al., 1961). As shown in chapter 4, the XRD patterns of Canadian
asphaltenes are very similar and have three characteristic peaks which give three
maxima approximately at 20° gamma (7 ), 25° graphene (002), and 44° (100). Also, a
weak indication of a broad peak (110) centered at approximately 20 = 80° is observed.
These broad features indicate that the ordering is very dispersed in the asphaltenes
(Andersen et al., 2005). The average distance, indicated by the maximum of the
graphene band (002), which is located around 25° in the 26 axis, between the aromatic

sheets, ds of asphaltenes was calculated by the Bragg equation, dys = A/2sin 8, where
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A is the wavelength of Cu-K-« radiation, and ¢ is the Bragg angle. The (002) peak
is positioned around 26 = 25° indicating an interlayer spacing of approximately
3.55 (Andersen et al.,2005). The (002) peak is accepted as represcenting tlie spacing
between the layers of condensed aromatic structures. As reported in the literature, a
single crystal graplite structure has interlayer spacing of 3.35, and amorphous carbon
has an interlayer distance of 3.55 (Andersen et al., 2005; Trejo et al., 2007).

The value of dj, is related to the thickness and size of the aromatic sheets. Hence
the interlayer distance for Canadian asphaltenes is in the range of amorphous ma-~

terials of small order. The average distaice between the saturated structures was

calculated in similar manner by the relationship,

5A

( 8siné

(3.1)

The values of d, are calculated and reported in chapter 4. The average height
of the asphaltene cluster, L. was calculated by using the Scherrer crystallite size
equation, which requires the determination of full width at half maximum (FWHM)

of the graphene band.

0.45
=0. = — 2
L.=09wcosé B3] (3.2)

The values for L, are reported in 4. The average number of aromatic sheets in a

stacked cluster, M , is given by the values of L. and djs by using the equation,

L
M= -5
dnr

+1 (3.3)

The average layer diameter of the aromatic sheets, L, can be calculated by the Scher-
rer crystallite size formula from the breadth B[1/2] of the either the (100) or the

(110) bands,

L8y 092
*wcos§ B[1/2]

(3.4)
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The evaluation of the XRD-derived aromaticity f, based on the ganuma (y ) and
(002) peak area. Aromaticity f,, is the ratio of the carbon atoms present in aromatic

rings to the total carbon atoms in the asplaltenes.

Aqooz)
S (L 3.5
/ (Ao + 45) (3:5)

where Aggozy is the area under the (002) peak, A, is the area under the gamma (v ).

3.2 Sample Preparations

Asphalt binder samples were prepared as thin films on glass slide holders by heating
to 150°C for about 10 minutes in a dry oven followed by removal and air cooling to

room temperature.

3.2.1 Thin Film Method

There are several special considerations for using XRD to characterize thin film sam-
ples. High angular resolution is required because the peaks from semiconductor mate-
rials are sharp due to very low defect densities in the material. Consequently, multiple
crystal monochromators are used to provide a highly collimated x-ray beam for these
measurements. Prior to XRD each sample was placed on a glass slide and annealed in
an oven at 150°C for 10 minutes in order to create a thin film of about 1mm thickness.

X-ray diffraction measurements were run on a Rigaku D/Max-2200V-PC using
monochromatic Cu-K-a radiation operating at 40KV and 40mA. The range of scan-
ning used is 5 to 110°26 at a rate of 0.01°26s~! and count time of 5 s/step. The
instrument is set up with a divergence slit of 0.5° and receiving slit of 0.3mm. Sam-

ples are analyzed before and after oxidation for 1 week at 20°. The full width at
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half maximum (FWHM) and profile fits were obtained by using a Pearson VII and
Pseudo-Voigt with fixed background over the ranges of 5 to 35°2¢ and 60 to 110°26.
The x-ray pattern creation and analysis was perforimed using a Jade version 6.1 soft-
ware package incorporating Pecarson VII and Pseudo-Voigt functions. The collected
data was normalized to a conunon background to compare spectra features from the
four main peaks that we measuved, ie v, (002)grapnene, (100) and (110). All x-ray
diffraction samples were prepared in aluminuim sample holders, having test speciinen
dinmensions of 25 mm diameter and 1 mun thickness.

Table 3.1 shows the specimen collected from specific location and some are un-

known, however all the samples follow the PG standard set by CGSB.

3.2.2 Powder Method

Powder XRD is the most widely used x-ray diffraction technique for characterizing
materials. As the name suggests, the sample is usually in a powdery form, consisting
of fine grains of single crystalline material to be studicd. The technique is used
also widely for studying particles in liquid suspensions or polycrystalline solids or
thin film materials. The term 'powder’ really means that the crystalline domains
are randomly oriented in the sample. Therefore when the 2-D diffraction pattern is
recorded, it shows concentric rings of scattering peaks corresponding to the various d
spacings in the crystal lattice. The positions and the intensities of the peaks are used
for identifying the underlying structure of the material. For example, the diffraction
lines of graphite would be different from diamond even though they both are made of
carbon atoms. This phase identification is important because the material properties

are highly dependent on structure (i.e. graphite and diamond).

A number of x-ray diffraction studies have investigated the powder diffraction
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Asphalt Binders Source Modification Type Grades
T1 western Timmins, Ontario PG 64-34
Canadian RET + PPA
T2 unknown oxidized PG 64-34
T3 unknown SBS PG 64-34
T4 unknown SBS + acid-modified PG 64-34
TS5 unknown SBS PG 64-34
T6 unknown oxidized PG 64-34
T7 unknown acid-modified PG 64-34
Lamont, Alberta
L1 Boundary Lake oxidized 80/100 A, PG 58-22
L2 Montana/Bow River straight 150/200 B, PG 52-28
L3 Cold Lake straight 300/400 A, PG 46-34
L4 Redwater straight 80/100 C, PG 58-22
L5 Lloydminster oxidized 80/100 A, PG 64-28
L6 Lloydminster straight 150/200 A, PG 52-28
L7 Cold Lake straight 200/300 A, PG 52-34
Hearst, Ontario
H1 Lloydminster straight 150/200 A, PG 52-33
H2 Venezuelan straight 150/200 B, PG 52-33
Northern Ontario
N1 unknown straight PG 52-34
N2 unknown straight PG 52-34
N3 unknown acid-modified PG 52-34
E9 unknown acid-modified PG 52-40
Various Oxidized
AAE Lloydminster oxidized 60/70, PG 70-22
O1 unknown oxidized PG 58-34
02 unknown oxidized PG 58-34

Note:

Table 3.1: Pertinent Asphalt Binder Properties.

RET = reactive cthylene terpolymer; PPA = polyphosphoric acid; SBS = styrene-butadiene-styrene copolymer.

grades are according to the Canadian Government Standards Board specification while PG grades are according to AASHTO M320.

Penctration
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pattern avising from asplaltenes chiemically precipitated from asphalt cement in both
original and laboratory aged samples. These investigators calculated the structural
(aromaticity aud crystallite) paramecters found in the asphaltene powder samples to
procluce a cross-sectional model using collected x-ray diffraction data. As can be
seen from the asphaltene cross-sectional model, the aromatic portions of the molecule
tend to form stacks under the influence of London dispersion forces (also referred to
as pi-stacking). Aliphatic side chains are represented within the asphaltene model
extending from the central aromatic portion of the asphaltene molecule. These side
chains are likely to be the template sites for wax crystallization.

In 2006, Lu and Redclius have isolated naturally occurring parathin waxes from

asphalt ccment and investigated their x-ray diffraction spectra.

3.2.3 Spectral Line Shapes Modeled using Mathematical Func-

tions

Separation of the v and (002) bands in the above manner to determine aromaticity,
f, involves three potential sources of error. Fortunately, in this study each of these
could be dealt with in a reasonably satisfactory manner. The first of these possible
errors arises from small angle scattering which tends to increase the intensity on the
low angle side of the v band. For broad peaks scattering is hard to detect due to
there being no discrete lines, i.e. only decreasing intensity with increasing angle.
Assuming an approximately symmetrical v band, it was possible to attribute some
of the intensity on the low angle side of the band to small angle scattering and
hence to exclude it from the calculation of f. The second factor is that the intensity
of a (002) band due to a seven layered unit of approximately 2.4nm thickness, for

example, would exhibit an intensity 1.17 times that of the band for a two layered
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unit of approximately 0.7-1.1 min thickness. Thus, a variation in size distribution of
the repeat units from sample to sample would result in an error in f. Fortunately,
the asphalt binders under study have about the same L, and FWHM of the 4 band,

indicating a similar size distribution.

3.2.4 Pearson VII and Pseudo-Voigt

Diffraction is done using much different tools than decades ago both regarding instru-
mentation and especially data analysis. Nuinerous computer programs give solutions
for almost any task, and the amount of information obtainable from a simple powder-
diffraction scan is astonishing. Hence, it is likely that line-broadening analysis will
become a part of routine program output, together with line positions, intensities,
lattice parameters, etc. Full pattern analysis software, such as in soine retrieved re-
finement programs, already includes refinable parameters corresponding to domain
size and strain. Unfortunately, inspection of line broadening is rarely a standard pro-
cedure. Being so automated, line-broadening analysis is very often inaccurate because
of inadequate models used in most retrieved programs. Instead, the approach based
on a Voicing function (Balzac and Led better 1995), which is generally applicable and
probably much more accurate than current models, may be more useful.

During decades of research, it became more and more obvious that neither Cauchy
nor Gauss functions can adequately model diffraction line broadening. Here it was
shown that a model based on a Voigt function may be more realistic and accu-
rate. Moreover, previously considered as divergent approaches, namely the Warren-
Averbach analysis and the integral-breadth methods, are consistently related. Some
common occurrences in Warren-Averbach analysis, particularly the ”hook” effect,

functional dependence of mean square strain on averaging distance, and ratio of
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volume-weighted to the swface weighted domain size, all follow from the ”double-
Voigt” model. Sonme possible limitations of Voigt-based models are both of conceptual
(asynunetric physically broadened profiles) and practical (observed line profiles may
fall below the Voigt-Cauchian limit) nature. Without a better function of choice in
the future, the Voigt function may still prove to be a satisfactory approximation in
11108t cascs.

The Voigt functional form has been the basis for most quantitative analysis of
x-ray photoelectrons spectroscopy (XPS) spectra. Unfortunately, an analytic forin
for the convolution of a Gaussian with a Lorentzian (G * L) is not available and so
practical systems have adopted two approximations to the true Voigt function.

Gaussian or Lorentzian Product Forin:

exp(—4in2(1 — m)(z—}‘f—)z)

GL(z,F,E,m) = (3.6)
y L ) (I—E)2
(1+4m=—7
Gaussian or Lorentzian Sum Form:
. 2
SGL(, F. B,m) = (1 — m) exp(—4n2(1 —m)E=E 4 ™ (3.7)

F2 (1+4£f;_125)2

3.3 Exponential Asymmetric Blend Based upon
Voigt-type Line-Shapes

Given either of the above Gaussian or Lorentzian symmetric line-shapes, an asym-

metric profile is obtained from a blend function as follows,

Y(z) =GL(z) + (1 — GL(x)) * T(x) (3.8)
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Where,

exl)(—k&r—;fs—)) ifr<FE
T(x,k,F.F) =

1 Otherwise

3.4 Line Shapes Analysis Using Peak Search and
Profile Fit

The XRD spectra were peak searched using a parabolic filter ( 10, 000 raw data points,
screened out Ka-2 peaks, peak location summit, threshold sigina 3.0. intensity cutoft
0.1 pereent, range to find background 1.0, points to average background 7) over
the angular rauge of 5° to 110°. The full width at half maximum (FWHM) and
profile fits were obtained by using either Pearson VII and pseudo-Voigt function
(fixed background, exponent = 1.5 and Lorentzian = 0.5) over the ranges 5° to 35°
20 and 60° to 110° 26 on the XRD line spectra of interest. The XRD spectra were

also modeled in Mathematica using a generalized Fermi function (GFF).

3.5 Generalized Fermi Function

Generalized Fermi function (Eq. 4.6) has been used in Mathematica software and
employed to fit raw data from XRD on the Generalized Fermi function. Some of the
procedures and code followed during computation and simulation of specimens are

shown in the Appendix.




Chapter 4

Results and Discussion

These XRD patterns consist of the four inajor peaks in asphaltene binders (-, (002) graphene,
(100), (110)) as describe in the Yein model. In addition to these peaks, there are peaks
present in some samples (E9, L1, L4) due to additional chemical phases such as paraf-
fins, wax. and other impurities.

From Table 4.1 the data indicates GFF values range from f, = 0.08 to 2.40 and
dar = 3.95 to 17.40. This indicates that the profile fitting in GFF is less consistent
than that for P and V, due to the asymmetry of the XRD patterns. Therefore, GFF
is more sensitive to asymmetry and results in higher and lower values of aromaticity

(f.) and crystallite parameters (das).

4.1 XRD Patterns

The XRD patterns created for the 23 different asphalt binder samples were generated
by standard methods as described in the experimental and Jade software. Figures
4.1 to 4.8 represent 15 of the 23 asphalt binders (N1, to N3, L1 to L7, E9, H1, H2,

01, 02) as shown below.
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4.3 Peak Shape Functions

Considering (Figures 4.1 to 4.8) the intensity, Y (7), of the i point (1 < i < n, where

n is the total munber of measured points) of the diffraction pattern, in the most
general forn is the sumn of the contributious, yi, from the m overlapped individual

Bragg peaks (1 < & <) and the background, b(7).

m

Y (i) = (1) + Y Iefur(zx) + 0.5yc(x + Axy)] (41.1)

k=1
where:
I, is the intensity of the &!* Bragg reflection, z, = 26; — 20, and Az, is the difference
between the Bragg angles of the Kas and Koy components in the XRD doublet -,
graphene(002) in asphalt binders. The presence of Bragg intensity as a multiplier
in the above equation enables one to introduce and analyze the behavior of different
normalized functions independently of peak inteusity, i.e. assuming that the definite
integral of a peak shape function, calculated from negative to positive infinity, is unity

in each case. The four most commonly used empirical peak shape functions (y) are

as follows,

Gauss:
\ L
y(r) = G(z) = \/TfH exp (—Cgz?) (4.2)
Lorentz:

¢y 21
y(r) = L(z) = 7 (14 Crz®) (4.3)
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Pscudo-Voigt (Lincar combination of Gaussian and Lorentizian)

1/2 1/2

C C 2y —
y(x)=PV(z) = ng \/;TC:H exp (—Cg2?®) + (1~ 1) w;]’ (1+Crz®)™t  (4.4)

Pearson-VII:

r@) o’

MG 1/2) ﬁH(Hcpx?)"@ (4.5)

y(x) = PVII(2)

GFF:

A
hs) = exp (—a(s —¢)) +exp (b(s — ¢)) (46)

2sin

where A, a, b, ¢ are unknown parameters to be input and s = # while the values
A and c describe the amplitude and the position of the fit, a and b control shape of

the fit.

H and H', are the full widths at the half maximum (FWHM).

= @’;TQ@’“), (4.7)

is essentially the Bragg angle of the i* point in the diffraction pattern with its origin
in the position of the k** peak divided by the peak’s FWHM.
20;, is the Bragg angle of the " point of the diffraction pattern.

26y, is the calculated (or ideal) Bragg angle of the k' Bragg reflection.

1/2
Cg = 41n2, and %‘gﬁ’ is the normalization factor for the

Gauss function such that,
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% 1/z
/ \[H exp(—Cga?) dz = 1 (4.8)

Cp =1, and <L is the normalization factor for the Lorentz function such that,

,Il 1

o0 1/2
/ H A1+ Ca)y N de = 1 (4.9)

Cp=4(2"8 - 1), and [z E(ﬁl)/,)]

is the normalization factor for the Pearson-VII function such that,

oo 1/2
/ (1‘(—/31)/2) ?H(1+Cpl)ﬂd$ = 1 (4.10)

H = (Utan?6+ Vtanf 4 W)Y, (4.11)

which is known as Caglioti formula. It is the FWHM as a function of # for
Gauss, Pseudo-Voigt and Pearson-V1I functions, and U, V and W are free variables.

(Pecharsky et al., 2005).

, U
H = osf + V'tan#, (4.12)

is the FWHM as a function of # for the Lorentz function, and U and V are free

variables.
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n o= 1o+ m20 + a6 (4.13)

where, 0 <7 < 1, and 7 is the Pseudo-Voigt function mixing parameter, i.e. the
fractional contribution of the Gauss function into the linear combination of Gauss and

Lorentz functions, ng, 7, and 7, are free variables whereas, T, is the gamma function.

_ o5 B2
6—6o+@+w (4.14)

(3 is the exponent as a function of Bragg angle in the Pearson-VII function, and
Bo, F1 and Gy are free variables.

The illustration of Gauss (dashed-dotted line) and Lorentz (solid line) peak shape
functions and the FWHM are shown as thick horizontal arrows (see figure 4.10).
The two simplest peak shape functions represent Gaussian and Lorentzian distribu-
tions, respectively, of the intensity in the Bragg peak. From the figure the Lorentz
function is sharp near its maximum but has long tails on each side near its base. The
Gauss function has no tails at the base but a round maximum. Both functions are
centrosymmetric, i.e., G(z) = G(—z) and L(z) = L(—xzx).

The shapes of real Bragg peaks, which are the results of convoluting multiple in-
strumental and specimen functions are rarely described well in XRD by simple Gaus-
sian or Lorentzian distributions, especially in x-ray diffraction. Usually experimental
peak shapes are located somewhere between the Gauss and Lorentz distributions
and they can be better represented as the mixture of the two functions. One way
would be to convolute the Gauss and Lorentz functions in different proportions. This

convolution, somewhat of a complex procedure, that requires numerical integration
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observed in practice. An exainple of the x-ray diffraction profile fitting using Pearson-
VII function is shown in the figure below. Both the Pscudo-Voigt and Pearson-VII
functions are symmetric. The arguiient, z, in each of the four empirical functions

above establishes the location of peak maximum, which is obviously observed wlien
z =0 and 26, = 26;.

For pseudo-Voigt and Pearson VII functions:

-Peak shape is modeled using the pseudo-Voigt or Pearson VII functions.
-The FWHM term, H, is a compouent of both functions.

-The FWHM is correlated to crystallite size and microstrain.

-The FWHM is modeled using the Cagliotti Equation (Eq.4.11).

-U is the parameter most strongly associated with strain broadening.
-Crystallite size can be calculated from U and W.

-U can be separated into (hkl) dependent components for anisotropic broadening.

Hence, in the most general case the pcak FWHM at a specific 26 angle is represented

as,

FWHM =H = VUtan?0+ Vtanf+ W (4.15)

A second parameter, determining the value of the argument, is the FWHM, H. The
later varies with 26 and its dependence on the Bragg angle is most commonly repre-
sented by an empirical peak broadening function, which has three free parameters U,

V', and W (except for the Lorentzian, which usually has only two free variables).
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4.4 Spectral Line Shapes Analysis

Profile fits of XRD (PVII and Psudo-Voigt) and GFF simulation results. The re-

mained results can be secn in the Appendix.

4.4.1 Sample figures after simulation with GFF

The following figures corresponding to 5 of the 23 samples (H1, O1, 02, L3, and T5)
of the GFF profile fits fromi XRD data arc shown below. The four bands (peaks) in
the figures represent the v, (002)graphene, (100), and (110) are the same as found in
the XRD patterns. Additional data for the rest of the samples can be found in the

appendix.

Asphalt Binder H1 Sample Asphalt Binder O Sample
—T = 7 T T T T T T
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Figure 4.11: Samples H1 and Ol from GFF.
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Figure 4.12: Samples O2 and L3 from GFF.
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that does, indeed, affect the results.
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Table 4.1 contains the aromaticity and crystallite parameters calculated using

Pearson VII, Pseudo-Voigt and GFF shown below.

fa dar(A°) (A7) L (4°) L(A%) M.
Sample P‘V|GFF P‘V’GFF PIV‘GFF P’VIGFF PlVlGFF PIV GFF
L1 | 053 053 0043 | 44 44 174 |65 66 599 |34 34 354 166 59 645 |25 23 14
L2 (044 047 0313 | 44 44 423 |67 67 608 |49 149 329 |63 68 573 |24 25 24
L3 051 055 0619| 45 45 47 |70 71 534 {56 56 310 [6.0 54 573 |23 22 2.22
L4 040 046 032 | 44 44 475 |66 67 599 |49 49 301 [69 61 645 |26 24 235
L5 |046 055 240 | 44 45 465 [68 7.0 596 [53 53 359 |54 47 645 [22 20 240
L6 |047 050 0363| 44 44 479 |67 67 578 |45 45 342 |62 56 662 |24 23 2.3
L7 {059 0.72 0969 | 46 47 395 |75 80 599 |47 47 359 |42 36 516 |19 18 230
NI 050 052 061 | 45 45 1767 |68 69 592 |43 43 325 |68 62 460 |25 24 194
N2 | 048 0.50 0.705 | 45 45 537 |66 67 599 |40 40 325 |79 73 548 |28 26 2.02
N3 | 046 047 050 | 44 44 504 |66 66 596 [3.9 39 351 |83 77 520 |29 28 204
E9 [052 054 0.62 | 45 45 506 [6.8 69 599 [3.4 34 345 |66 61 506 |25 24 2.00
AAE | 051 052 0792 | 43 43 482 |65 66 593 |45 45 36l |62 57 561 [24 23 216
Ol | 048 051 0312 | 44 44 467 |67 67 584 (32 32 484 |70 64 537 [26 25 215
02 [047 050 0511 | 44 44 479 {67 67 599 |42 42 354 |74 67 516 |27 25 2.08
HI 052 056 0.520| 45 45 439 |69 70 6.08 |49 49 349 |66 60 526 |25 23 219
H2 |043 048 055 | 44 44 501 [65 66 591 [50 50 359 |7.6 57 516 |27 23 203
Tl |045 054 052 | 44 44 478 {65 67 591 |33 33 351 (55 47 460 [23 21 198
T2 [053 0.66 0.582) 45 45 477 {69 7.3 6.00 |37 37 877 |52 44 517 |22 20 2.08
T3 | 053 0.60 0521 [451 45 419 |70 7.2 599 (33 33 330 |53 46 4.69 |22 20 212
T4 | 055 069 0553 | 45 46 467 |70 74 625 (3.2 32 329 |52 44 469 |22 20 200
T5 049 057 0591 | 45 45 480 |69 7.1 566 |34 34 329 (62 54 573 |24 22 219
T6 | 065 073 008 | 46 46 714 |76 80 599 [3.1 31 329 [44 39 430 |20 18 1.60
T7 |052 053 0284 45 45 523 |69 69 593 |33 33 310 [59 63 517 |23 24 1.98
Table 4.1: Aromaticity and crystallite parameters calculated using Pearson VII,

Pseudo-Voigt and GFF.

Aromaticity (f,) of approximately values 0.08 for T6 and 2.40 for L5 using GFF

shows that the data fits were found to be very poor. For instance, asphaltene T6

does look, from the appearance of the XRD profile, as apparently having a large
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(002) contribution. However, when using GFF the v peak becomes very broad and
lience the (002) contribution becoines very small, making the aromaticity in the range
of only 0.08, while the Pearson VII and Pseudo-Voigt give consistent aromaticity of
approximately 0.65 and 0.73 respectively. The same is seen for asphaltene T7, having
an f, of about 0.284 when fitted in GFF and 0.52 and 0.53 are obtained using the same
procedure Pearson VII and Pscudo-Voigt functions. On the other hand, samples L1
and L7 have an apparent f, of about 0.943 and 0.969 from GFF which are relatively
high but about similar values fromn both Pearson VII and Pseudo-Voigt calculation
for both samples. The higher aromnaticity values for L1 and L7 indicates that a very
distorted x-ray diffraction pattern at low angles that has a strong impact on the
quality of the fit. For the rest of the samples, attempts at fitting an individual peak
gave an aromaticity with approximately similar results with an error of £0.1.

The crystallite parameter of the interlayer distance dj; has extremely higher values
of 17.4 and 17.67 from GFF compared to Person VII and Pseudo-Voigt. However,

the rest of the results for all other samples are consistent.
\ -
30 . \
S
20 | \ \
~ ,

0 B

Figure 4.14: Modified figure of relationship showing crystalline dimension (vertical)

versus bandwidth (horizontal) {Anderson et al., 2005).

The two crucial parameters to understand crystallite size are L. and L,. These
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paramcters are very scusitive to FWHNM, as obscrved in (Figure 4.14), where a the-
oretical retation between L. and L, has been calculated. It is evident that L. is
sensitive to sinall changes in v, i.e., a change from 260 = 5° to 6° causes the stack
height to decreasc from 3.0 to 1.5nm. The sheet diameter data are less sensitive and
remain almost constant around 1.1 to 1.5nm, and only for the narrow (100) band will
an cffect be important. Again, we observe that the basic results are very different
also in terms of trends when changing from Pearson VII to Pseudo-Voigt in XRD.The
fitting procedure may indeed be oversimplificd in that graphing normally involve a
formation of non symmetric (002) peaks forined by several contributions, such as

noise in the residue of the data.




Chapter 5

Conclusions

Cowmparison of XRD pattern profile fits by Pearson VII and Pscudo-Voigt were di-
rectly compared to measure aromaticity and crystallite parameters with higher and
lower values often observed. A generalized Fermi function was used to model the
XRD data in mathematica with mixed results relative to Pearson VII and Pseudo-
Voigt functions. The results can be explained in terms of peak shape functions, profile
fitting, and assymetry of XRD data.

Twenty three asphaltene samples were prepared from different sources and ana-
lyzed by XRD (Pearson VII and Pseudo-Voigt) as raw data, and by GFF modeling.
From zero to seven days (one week), the aging process for all asphalt binders in-
creased. As time elapses, the peaks were marked and analyzed. Thus, we observe
that, the crystallinity is increasing with increasing exposure of asphalt binder with
aging. A minute change in the angles of the profiles shows that a change of planes of
the atoms. The results showed a correlation among Pearson VII, Pseudo-Voigt and
GFF.

XRD experiments unveiled some features of asphaltene aggregates. The cluster of

associated asphaltene molecules with stacked aromatic sheets are relatively stable up

82
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to 150°C, and the layer distance between aromatic sheets and the number of aromatic
sheets in a stacking cluster are uniform in tlirce asphaltene species.

Future analyses will search the relation among variation of values intensitics with
tlie variation of the chemnical commponents in the material because the aging is generally
associated with oxidation at the molecular level. Analysis of the results obtained in
this work indicates that the x-ray diflraction provides insight on understanding the
structural and compositional properties of asphalt binders, which is significant in
understanding of the aging of asphalt binders and pavement.

X-ray diffraction (XRD) results compliment the civil engineering tests as reported
by most research studies, but it is unreasonable to expect the XRD results to strongly
predict the major cosequences of issues such as performance and durability of asphalt
pavement. Further testing is required to confirm these issues and then this would

become a PhD scope of work.



Chapter 6

Recommendations for Future Work

As the challenges elevates to extract materials in their purest form, such as asphaltene,
a new way of designing techniques should be implemented to improve the productivity
and durability of materials.

Develop mix designs for high-modulus asphalt mixes, including the selection of
binder, optimum asphalt content for low voids, and required stiffness.

Develop an understanding of pavement layer bonding. From both a construction
and a performance standpoint, it is crucial to understand how bonding occurs between
pavement layers and its role in pavement responses to loads, by studying the structure

and composition of the mix samples at microscopic level.
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Appendices

6.1 Procedure for Profile Fitting a Diffraction Pat-
tern

. Open the diffraction patteru

®

b. Overlay the PDF reference
¢. Zoom in on first peak(s) to analyze
d. Open the profile fitting dialogue to configure options

. Refine the profile fit for the first peak(s)

(7

laal

Review the quality of profile fit

g. Move to next peak(s) and profile fit

=

. Continue until entire pattern is fit

6.2 More simulations using XRD
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6.3 GFF routine using Mathematica

On the Generahsed Ferma Function
Claac["Gichal e 9|
Aemonfn s 6t s a3 01 0, mation| [affe v e Larie ) a]]

N A e Haeemieef s Tl et

Numerical Integration

P




BisLiograrny

Clear[*Global®«*]

@F = Lengthfdatarull]
10201

plotData =
Listplot [dataFull, PlotRange « { {10, 110}, {0, 2200} ), AxesOrigin— (0, 0}, PlotStyle - (Thack, Blus},
Gridtinss- ({0, 5, 10, 15, 18.5, 20, 21, 25, 30, 35, 40, 44, 45, 50, 55, 60, 65,
70, 75, 79, 80, 85, 90, 95, 100, 105, 110}, {0, 100, 200, 300, 400, 500, 600, 700,
800, 900, 1000, 1100, 1200, 1300, 1460, 1500, 1600, 1700, 1808, 1900, 2000}}])

¥iz
PindPit [dataPull, AL/ (BA (-al (8-c1)) + EA(bL (8-cl))) » A2/ (BA(-a2 (3-C2)) » BA(b2 (a-c2})) +4,
(AL, 450.34417}, (al, 0.24297), {b1, 0.42078), {cl, 30.0},
(A2, 161}, (a2, 0.325), (b2, 0.475), {c2, 27.8), {d, 30}}, s}
1AL = 210,164, al~0.991235, bl = 0,0372906, «1—4.55425,
A2 »1846.84, 32 0.700705, b2 ».341408, €2 - 19.1755, d » 31.558,
fitdata = Plot[
RaplaceAll[ALl/ (B (-al {8 -cl)) « BA(bL (8-c1))) + A3/ {EA(-a2 (3-c2)) + EA{b2 (8 -c2})) +d, va],
{s, 5, 110}, PlotRange » { {10, 110}, {0, 2200} },
GridLines » {{0, 5, 10, 15, 18.5, 20, 21, 25, 30, 35, 40, #4, 45, 50, 55, 60, 65, 70, 75, 79,
80, 85, 90, 95, 100, 105, 110}, (0, 100, 200, 300, 400, 500, 600, 700, 800, 980, 1000,
1100, 1200, 1360, 1400, 1500, 1600, 1700, 1800, 1900, 2000}}, PlotStyle - (Thick, Red}]

Show [plotData, £itData]

plotData s ListPlot{dataFull, Plotkange -+ { {10, 110}, {0, 2200}},
Grididnes - { {0, 5, 10, 15, 18.5, 20, 21, 25, 30, 35, 40, 44, 45, S0, S5, 60, 65, 70, 75, 19, BO, 95, 90,
95, 100, 105, 110}, (0, 100, 200, 300, 400, 500, 600, 700, 800, 300, 1000, 1100, 1200, 1300,
1400, 1500, 1600, 1700, 1800, 1900, 2000} }, AxesOrigin - (0, 0}, PlotStyle + {Thick, Brown}]

¥3 s Pindpit (datafull,
AL/ (BA(-al (8-cl)} +RA (DL (8-cl))) +Ad/ (BA({-a2 (8-c2}) +BA (b2 (s~-c2)}) +da+ s,
({AL, 1611.11}, {al, .244154), (bl, 0.569322}, (cl, 30.0), (A2, 3375},
{a2, 0.0325}, (b2, 0.422051), {c2, 27.8), (da, 195}, (S, -1}}, #]
(Al >232.915, a1 +1.0661, bl »0.208908, c! -23.3445, A + 1761.04,
a2 20.140826, k2 »0.490858, c2 +20.1715, da »116.657, db »-0.827435)
fitData s Plot [ReplaceAll(
AL/ (EA(-al (8=cl)) » BA(bL (8-Cl)})) +A2/ (EA{-82 (8-C2)) »BA (b2 (8-C2))) s dav b1, 2],
(s, 5, 110}, PlotRange + {{10, 110}, (0, 2000} },
aridLines» ({0, 5. 10, 15, 16.5, 20, 21, 25, 20, 35, 40, 44, 45, 50, 55, 60, 65, 70, 75, 19,
80, 83, 90, 95, 100, 105, 110}, {0, 100, 200, 100, 400, 500, €00, 700, 800, 700, 1000,
1100, 1200, 1300, 1400, 1500, 1600, 1700, 1800, 1900, 2000}}, PlotStyls -+ {Thick, Red}]
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6.4 More simulations using Mathematica for fit-

ting the samples with GFF
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Figure 6.9: Specimen E9 on GFF
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Figure 6.10: Specimen AAE on GFF
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Figure 6.11: Specimen H2 on GFF
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Figure 6.12: Specimen N1 on GFF
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Figure 6.13: Specimen N2 on GFF
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Figure 6.14: Specimen N3 on GFF
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6.5 Procedure to follow Gaussian and Lorentzian
analysis

In the final procedure, the following steps are employed:

(i) select a background at the lowest value in the range 260 = 70°.

(ii) fit the (100) band while giving initial values to other peaks.

(iii) fit the v peak and the (002) peak with initial estimates that aim at reproducing
the shape of the swunmed peak.

(iv) manually optimize the peak position and width while regressing the peak.

(v) finally perform a regression analysis of each individual peak position. This
procedure does not include consideration of the minimum region between the (002)
peak and the (100) peak that, in some Gaussian cases, required an additional peak

at 26 30° that has not been assigned to any crystallite component.















