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Abstract

This paper deals with the fundamental differences between industrial and paving-
grade bituminous binders. The paper is presented in two main sections: 1) a review
of the materials’ colloidal structure and the required properties for the industrial
and paving applications; 2) a wide range of experimental tests with which the
bituminous binders were studied and compared. In this research, a 160/220
industrial bitumen was studied and compared to a paving-grade bitumen with the
same penetration and with a lower penetration, 70/100 one. The research consisted
of physical, chemical, thermal, microstructural, and rheological analysis to provide
a comprehensive understanding of these bituminous binders of diverse applications.
Overall, the comparison of the tests’ results indicated that while the asphaltene
content and its characteristics have a great influence on the bitumen’s properties, it
is not the only fundamental factor. During the study of the chemical structures via
Atomic Force Microscopy (AFM), it was found that the Peri phase (attributed to the
resins) also plays an important role, defining the bitumen’s physical visco-elastic
properties. In fact, from a microstructural point of view using AFM a significant
difference was notified between the industrial bitumen and the paving-grade ones.
These differences allow the paving-grade bitumens to be more elastic and ductile
compared to the industrial bitumen.

1. Introduction

majority of bitumen being used in paving and roof-
ing applications [1]. It is estimated that globally

1.1. On the type of bituminous binding products

Frequently-used blackish, viscous, and sticky
material: bitumen is known for its complex char-
acteristics, which can often induce difficulties in
its applications. Bitumen is manufactured from the
distillation of crude oil during petroleum refining.
It is produced to meet a variety of specifications
based upon physical properties for specific end
uses. Its main characteristics as an adhesive, as
well as being waterproof, thermoplastic, durable,
modifiable and recyclable making it ideal as a con-
struction and engineering material. There are more
than 250 known applications of bitumen, with the
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about 85% of all the bitumen to be used as a binder
in various kinds of asphalt pavements, about 10%
of global bitumen production to be used for roofing
applications, and the remaining 5% is used for a
variety of building materials such as pipe coatings,
carpet backing, joint sealants, and paint [2]. Thus
considering the main application, bitumen can be
mainly divided into two groups of 1) paving-grade
and 2) industrial bitumens, which includes also the
roofing bitumens. In short, the term roofing bitumen
is largely meaningless, and if used to denote the
hot-applied products that characterized the indus-
try decades ago, misleading and erroneous [3]. The
many different types of bitumen used in current-day
roofing exhibit dramatic differences in engineering
properties. While the term roofing bitumen and
oxidize bitumen are often used interchangeably in
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literature and sometimes synonymous, an oxidized
bitumen product is just one of the diverse types of
bitumen-based products used in the roofing indus-
try. Oxidized Bitumen or Blown bitumen grades
are produced by passing air through the penetra-
tion grades [4]. This process gives the bitumen
more rubbery properties than its original formula
and they are simply harder bitumen. Oxidized Bi-
tumen has a wide variety of industrial applications
such as bonding bitumen for roofing membranes,
hot-applied waterproofing layers, carpet tile manu-
facture, liquid bitumen coatings, the production of
bituminous paint, mastic and etc.

Comparing the engineering specifications of the
bituminous binders to be used in the fields of pave-
ment construction and industrial applications, sig-
nificant differences exist. Paving-grade bitumens
are characterised by low-penetration and preferred
more elastic properties. Given its adhesion and co-
hesion properties and high impermeability, paving
bitumen offers resistance to most acids and salts,
in this way it guarantees long-lasting performance;
moreover, this material can be recycled [5]. These
bitumens are nowadays classified based on pene-
tration, viscosity, and performance depend on the
specifications. In comparison, industrial bitumens
except for those of oxidized ones are of low pene-
trations. For industrial applications e.g. production
of bituminous membranes, electrical and thermal
insulations, the properties of the bitumen must
guarantee the resistance to aging and oxidation
under various weather conditions, as well as pro-
tection, flexibility and impermeability [6]. From
another perspective, considering the level of bitu-
men modification, there is also a significant differ-
ence between the modified paving-grade bitumens
compared to the industrially-used ones. While for
the modified paving-grade bitumens (here refers to
the most common bitumen modification using SBS
copolymers) the quantity of the polymer is usually
less than 5% (by the weight of bitumen) and the
bitumen provides the matrix of the compound, for
the industrial bitumens, the polymer itself makes
the matrix of the compound [7, 8]. For instance,
due to the low cost and waste-based, polymeric
products such as atactic polypropylene can be used
in a quantity as high as 25% in some industrial
applications. Specific chemical characteristics are
designed to provide compatibility with polypropyl-
ene polymers, SBS compounds (elastomeric poly-
mers) and polymers of self-adhesive elastomeric
membranes [5, 9]. For instance, it has been shown
that both the compatibility and stability of poly-

mer-added bitumens depend not only on the dif-
ference in density and viscosity between bitumen
and polymer but also on bitumen’s microstructure
and its chemical properties [10, 11], in which these
bitumens are different.

1.2. Bitumen from a chemical perspective

From a chemical point of view, apart from the
original properties of the crude oil and the process-
ing technique, bitumen is a composite material that
can be easily separated into two major fractions by
solvent extraction with n-heptane. These fractions
are the insoluble fraction of asphaltenes and the
soluble fraction known as maltenes. Maltenes as
soluble part in n-heptane can in turn, be subdivided
into saturates, aromatics, and resins, which, togeth-
er with the asphaltenes, are known as SARA frac-
tions. It should be noted that the percentage of the
fractions depends on the crude oil origin, the man-
ufacturing process and the grade of the bitumen.

To date, several colloidal models have been in-
troduced, describing the bitumen chemical struc-
ture, however as shown in Fig. 1 the bitumen’s
structure can be described as a colloidal dispersion
of asphaltene micelles into maltene. According to
the relative proportion of asphaltene and resins,
shown in Table 1, three different types of colloi-
dal structures, namely sol, gel, and sol-gel bitumen
can be recognized [12]. In the sol-type bitumen
the asphaltene micelles are fully dispersed without
any interaction that leads to Newtonian behaviour.
The sol-type bitumen is characterized by a great-
er fluidity, plasticity, and temperature sensitivity,
but low viscosity [13] on the contrary, a gel bitu-
men contains a higher content of asphaltene and
fully interconnected micelles showing a highly
non-Newtonian behaviour. The gel-type asphalt
is characterized by an inferior fluidity, plasticity,
and temperature sensitivity, but a higher viscos-
ity. Between these two extremes, the majority of
bitumens were found to have an intermediate be-
haviour because of the mixed sol-gel structure. The
bitumens of this structure are considered as pav-
ing-grade bitumens [14].

Table 1
Types of bitumen structure vs. composition [12]
Bitumen Type  Asphaltenes  Resins Oils
(%) (%) (%)
Sol bitumen <18 >36 <48
Gel bitumen >25 <24 > 50
Sol-Gel bitumen 21 to 23 30to34 45t049
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Fig. 1. Schematic model of bitumen’s colloidal structure [10].
1.3. Problem statement and objectives three different penetration-graded bitumens were

investigated: a 70/100 and a 160/220 paving-grade
It has sometimes been assumed that once the bitumen and a 160/220 industrial bitumen. Table 2

chemistry of bitumen is known we will be able to compares some of the physical properties of the bi-
predict its performance as a construction material, tumens. While generally the 160/220 paving-grade
however, the knowledge of the chemical composi- bitumen is primarily used for the production of
tion is also a limited help for understanding bitu- bituminous emulsions, the 160/220 industrial bitu-
men and some of the advanced analytical are not men has been designed for compounds with high
easily translated to physical properties. For this polymer content such as waterproofing membranes
purpose, in continuation of the authors’ former pa- and sealing materials. As mentioned before, the
per [15—17], aimed at an interdisciplinary study on industrial bitumen has high compatibility with
the fundamental differences between paving-grade high polymer content modification while the same
and industrially-used bitumens. The authors be- grade paving one has poor compatibility with high

lieve that the outcomes of this study could provide polymer proportion.
new insights into the characteristics of these two

major categories of bitumens. However, the au- 3. Methods
thors believe that for having universal deductions
further research on bitumens of different origins is The experimental program of the presented
still needed to be carried out. research consisted of five sections, providing a
comprehensive understanding of the characteris-
2. Materials tics of industrial and paving-grade bitumens. Fig-
ure 2 shows the research plan and applied testing
Considering the objectives of this research, methods.
Table 2

Some of the properties of the bitumens

Measured properties Test method Unit Paving-grade Industrial
70/100 160/220 160/220

Penetration @25 °C EN 1426 0.1 mm 70-100 160-220 160-220
Softening Point (R&B) EN 1427 °C 46 41 39
Upper PG AASHTO °C 58 52 52
Flash Point EN 2592 °C >230 >220 >220
Dynamic Viscosity @ 60 °C EN 12596 Pa.s >90 >30 -
Fraass Breaking Point EN 12593 °C <-10 <-15 -
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Analysis and Test methods

Chemical Microscopic Thermal Rheological Physical
analysis analysis analysis analysis properties
Atomic Scanning Thermo- Controlled Multiple- Dynamic
Asphaltene Force Electron gravimetric Shear Stress viscosity Elastic
content Microscopy Microscopy Analysis Deformation Creep- Cone & Ductility recovery
AFM SEM TGA Test Recovery plate
CSD MSCR
Fig. 2. Research plan.
Table 3
Asphaltene content of the bituminous binders
Description Bitumen type
Paving-grade 70/100 Paving-grade 160/220 Industrial 160/220
Asphaltene content (%) (n-Heptane) 16.25 14.37 20.18
Asphaltene content (%) (n-Pentane) 23.16 21.6 N/A

4. Experimental works, results, and analysis
4.1. Chemical analysis; Asphaltene content

In the present research, a modified method based
on ASTM D 6560 was applied for separating and
quantifying the asphaltene content of the bitumens.
For this purpose, in a vessel, a volume (in milliliters)
of Chloroform (CHCIl;) was added to an amount (in
grams) of bitumen (e.g., 3 g of bitumen for 3 mL
of CHCIl;) and the mixture was then agitated care-
fully until the bitumen was dissolved. Then, a vol-
ume of n-Pentane and/or n-Heptane (forty times of
the CHCI; volume) was added to the solution and
was kept in darkness for a minimum of two hours
while agitated occasionally. Finally, the precipitat-
ed asphaltenes were filtered, using a funnel with
filter paper by vacuum (Whatman 42 ashless). It is
worth mentioning that the test was carried out us-
ing both solvents (n-Pentane and n-Heptane). This
was done because it was notified that the type of
solvent has a significant effect on the tests’ results.
During the test, it was understood that n-Pentane
was not a suitable solvent for industrial bitumen.
This could be due to the difference between the as-
phaltene bonds or another dissoluble component in
n-Pentan, which attests to the chemical difference
between the bitumens. Table 3 represents the as-
phaltene content of the bitumens. According to the
values, it can be seen that as expected, the 70/100

paving-grade showed the highest content of asphal-
tene while for the two softer bitumens the asphal-
tene contents were almost the same.

4.2. Microscopic analysis
4.2.1. Atomic Force Microscopy (AFM)

Introduced in 1986, the Atomic Force Micro-
scope (AFM) has long been recognized as a useful
tool for investigating the material’s microstructure
at micro and Nano-scale. AFM can be used to dif-
ferentiate the bitumens based on their morpholo-
gy [18]. Depending on the mode of measurement
(Non-Contact Mode (NCM) or Pulsed-Force Mode
(PFM)), either the surface topography or the me-
chanical properties of bitumen can be identified. In
the AFM images of bitumen, four phases are typi-
cally observed: 1) Catana phase consisting of topo-
graphic features also known as bee-structures; II)
Peri phase consisting of the region surrounding the
bee-structures; III) Para phase including the pre-
dominant smooth matrix; IV) Sal phase included
high phase-contrast spots, very small and rough-
ly circular [18, 19]. Accordingly, in the literature
considering the aforementioned bitumen colloidal
structure, the recognized phases via AFM could
correspond to the four well-known chemical frac-
tions of bitumen, SARA. However, it should be tak-
en into account that until now there is no consensus
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between the researchers on this claim. Considering
the first hypothesis, the asphaltenes are referred to
the bee structures (in some context also referred to
the crystallized paraffin content of bitumen) [20].
The impression of “bees” stems from alternating
higher and lower parts in the surface topography of
it. Resins as the region surrounding the bee-struc-
tures so-called Peri phase, and aromatics and sat-
urates as the smooth matrix, known as Para phase
[13, 21-23]. However, as mentioned before, from
the literature there is an evident gap between inter-
pretations of the researchers.

In this research, the AFM samples were pre-
pared by placing 20 + 5 mg of bitumen on a steel
plaque (12 mm diameter and 0.4 £ 0.08 mm thick-
ness). The plaque was then kept at 100 + 5 °C
until the sample was melted, providing a smooth
surface. Then the plaque was cooled to room tem-
perature (~25 °C) with a cooling rate of 60 °C/h
(fast cooling). It has been reported that the mor-
phology of bitumen observed by means of AFM
depends on the mode of conditioning (the rate of
cooling the sample), evident in both phase contrast
and topography images [24]. This phenomenon
was also experienced here and observed by com-
paring the images obtained from differently-cooled
samples.

Figure 3 shows the topography and phase imag-
es of the tested bitumen samples. The differences

Paving-g rade',70/1 00

between the samples are quite evident. Comparing
the two paving-grade bitumens, it can be seen that
the 70/100 bitumen exhibited a rougher surface
with larger bee structures in addition to an evident
Para phase. From another perspective, comparing
the paving-grade bitumens with the industrial one,
the difference is more significant. While for the
paving-grade 160/220 bitumen at least three main
phases can be distinguished, for the industrial bitu-
men the Peri phase (attributed to resins) is more ex-
tended as the dominant phase. In addition, the bee
structures were characterised with a flattened and
diminished form for the industrial bitumen. The
overall comparison implies the effect of Catana
phase (bee structures) and Peri phase on the physi-
cal characteristics of the bitumens. Considering the
bitumens’ colloidal structure, it could be stated that
the structure of the industrial bitumen is more sim-
ilar to sol type bitumen with a more extended resin
fraction, and the microstructure of the paving-grade
bitumens are more similar to sol-gel type. The in-
tegrity of such analysis could be proven by the
compatibility rate of these bitumens, where indus-
trial bitumen showed high compatibility with high
polymer content. Overall, according to the AFM
images, the origin of the differences between the
paving-grade and industrial bitumen relies on the
chemical structure including asphaltene and malten
phase characteristics, in particular, polar resins.

Industrial 160/220

Fig. 3. AFM images. Phase images on the top and topography images in the bottom.
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Fig. 4. SEM images at different magnitudes.

4.2.2. Scanning Electron Microscopy (SEM)

Another microscopic technique, which can pro-
vide insights into the structure of bitumen is the
Scanning Electron Microscope (SEM) [25]. Whilst
AFM and SEM have some significant differences,
the observations are considered as complementary.
Both devices involve interacting with a surface to
generate an image; one using electrons and one us-
ing light. SEM also has a distinct advantage over
AFM when it comes to determining the composi-
tion of a material [26]. However, the observation
of bitumen structure with SEM is not easy. The
high viscosity of bitumen at ambient temperature
and its generally high-temperature sensitivity, its
high oil content, and its colloidal behaviour make
microscopic observation methods very difficult
[27]. SEM generally does not permit observation
of non-conducting oily samples because the reso-
lution is too poor. Nevertheless, even if it does not
allow observation of the oil phase, it still provides
a very good resolution for the asphaltene skeleton,
shown in several research works. The study of as-
phaltenes structure is useful to explain the bitumen
rheological properties [28].

Figure 4 compares the SEM images of the test-
ed bitumens at different magnitudes. As it can be
seen, while the two paving-grade bitumens have
a smooth surface, the industrial bitumen surface
appears rough and with pores (somehow spongy).
The obtained images get more significance when

Paving-grade 160/220

Paving-grade 160/220

1

< i
“' <
/
0/220

||||||

/ In ?:rial 160/220

20.0pm Y v 20.0pm
125 kv

the surface of the bitumen by AFM is referred to the
corresponding SEM images, showing a fundamen-
tal difference between industrial and paving-grade
bitumens. Accordingly, for the industrial bitumen,
the Peri phase (in AFM analysis) can be seen as
a rough connected surface and the bee structures
(high stiffness) as bright spots in some way cov-
ered by the so-called Peri phase within AFM. As
for the paving-grade bitumens, the same relevance
can be seen between the AFM and SEM images
where the paving-grade 70/100 bitumen showed
high-stiffness particles surrounded by limited and
separated Peri phase.

4.3. Thermal Analysis; Thermogravimetric Anal-
ysis (TGA)

During its production, processing, and applica-
tion, bitumen is always recognized as a tempera-
ture-dependent material. Thermal analysis for the
characterization of bitumen is widely used today
both in research and industry. Thermogravimetry
(TG), or Thermo-Gravimetric Analysis (TGA),
is a well-proved thermal analysing method for
measuring the mass changes as a function of tem-
perature or time [29]. In this research, the test was
carried out on an approximately 3-mg sample of
the bitumens and considering a heating rate of
10 °C/min in an air atmosphere. Figure 5 shows
the TGA chromatograms of the bitumens, which
were acquired from room temperature to 750 °C.
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Fig. 5. Thermogravimetric analysis (TGA) of all investigated bitumens.

The chromatograms are characterized mainly by
three distinct stages of the thermal decomposi-
tions of the bitumens. Accordingly, the first stage
is characterized by continuous mass loss. This
was observed due to the volatilization/reaction of
low-boiling components, such as saturates and po-
lar aromatics, which terminates at a temperature
around 420 °C, regardless of the bitumen type. The
second stage falls within the range of 420 to 510 °C
(approximately), during which, the decomposition/
volatilization of resins, along with aromatics and a
few of the asphaltenes becomes highly prominent.
It is noteworthy that as expected, the industrial bitu-
men showed a higher amount of resins compared to
the same penetration paving-grade bitumen. Final-
ly, the third stage is terminated at a high tempera-
ture of 610 °C for 70/100 paving-grade bitumen
and 660 °C for the 2 soft bitumen binders. There-
fore, the larger molecules decompose into small-
er molecules in the gas phase. As shown in many
chemical studies, the final remaining component of
the bitumen sample is coke (i.e., generated by po-
lymerization of asphaltene). Considering the final
remaining, it can be declared that the 70/100 bitu-
men showed a higher quantity of asphaltenes com-
pared to the softer bitumens, however, the indus-
trial bitumen showed a higher content of the final
remaining compared to the 160-220 paving-grade
bitumen. In line with the other tests’ results, this
could be due to the higher Peri phase (probably res-
ins as semi-rigid aromatics) of the industrial bitu-
men compared to the paving grade bitumens.

4.4. Rheological analysis
4.4.1. Rheological parameters

Given that the response of bitumen to stress is

dependent on both temperature and loading time,
the rheology of bitumen is defined by its stress-
strain-time-temperature response [30]. The rhe-
ological properties of bitumen are generally ex-
pressed in terms of complex modulus (G*), phase
angle (9), and complex viscosity (n*). The com-
plex modulus is considered as the stiffness param-
eter of a binder that includes its viscos and elastic
properties and the phase angle is generally used
to separate the viscosity from the elastic compo-
nents [31-34]. Materials that behave like elastic
solid have a low phase angle. The more a bitumen
behaves like a fluid, the higher the phase angle
would be.

The rheological analysis, using DSR, generally
starts with the amplitude sweep test. It determines
the linear viscoelastic range and its limits. A typ-
ical measurement profile for an amplitude sweep
is a logarithmic increase of the strain from 0.01%
to 100% with five measuring points per decade
and a constant angular frequency (®) of 10 rad/s.
A diagram of such settings for the tested bitumens
is given in Fig. 6. The tests have been done at
10 °C using 8 mm plate-plate geometry. The data
for LVE range is then used for the following fre-
quency sweep tests. According to the obtained pro-
files, it can be seen that apart from the origin of the
bitumens, the level of penetration has a great effect
on the linear LVE range. While the two 160/220
bitumen showed similar behaviour and the profile
of the 70/100 bitumen is evidently different.

Having the LVE of the bitumens, the dynamic
visco-elastic parameters of materials were deter-
mined adopting Controlled Shear Deformation test
(CSD) - Frequency Sweep (FS) under the follow-
ing test conditions:

* temperatures: 0-90 °C, with 10-degree steps;

* frequencies: 0.01-10 Hz (nineteen values);

Eurasian Chemico-Technological Journal 23 (2021) 45-57



52

Advanced Characterization of Bituminous Binders: Comparing Industrial

—&— Paving-grade 70/100 —O— Paving-grade 160/220 —A— Industrial 160/220

1.LE+08

1.E+07

1.LE+06

1.E+05

-
S

1.LE+03

Complex modulus (MPa)

1.E+02

1.E+01

1.E+00

0.01 0.1

1
Strain (y)

100

* Red points are the considered targets for LVE range

Fig. 6. Amplitude sweep diagrams at 10 °C.

—O— Paving-grade 160/220

—&— Industrial 160/220
1.E+08

1.E+07
1.E+06
1.E+05

1.E+04

G* (Pa)

1.E+03

1.E+02

1.E+01

1.E+00

10 20 30

—&— Paving-grade 70/100

Frequency: 1 Hz

40 50 60 70 80 90

Temprature (C)

Fig. 7. Compared isochronal plots of the complex shear moduli.

* parallel plate geometries: 8 mm diameter with
a 2 mm gap (low to intermediate temperatures;
0-30 °C); 25 mm diameter with a 1 mm gap (high
temperatures 40-90 °C);

 strain amplitude: within LVE response ac-
cording to the value obtained from AS test.

The DSR rheological data for the bitumens
were then presented in the form of isochronal plots
of complex modulus and phase angle at a reference
frequency of 1 Hz. In addition, for providing com-
plete data for the analysis, the black diagrams of
the tested bitumens were compared.

G* is defined as the ratio of maximum (shear)
stress to maximum strain and provides a measure
of the total resistance to deformation when the
bitumen is subjected to shear loading. Superpave
considers the complex modulus as the stiffness of
the bitumen including its elastic properties. The G*
isochronal plot for the tested bitumens at 1 Hz is
shown in Fig. 7. Accordingly, it can be seen that

the 160/220 paving-grade bitumen showed a lower
G* compared to the industrial bitumen in the tested
temperature range up to approximately 50 °C, from
which the difference is insignificant. This could be
due to the presence of high paraffinic constituent
content of industrial bitumen, which was previous-
ly seen by AFM images. Through the low to medi-
um level of temperatures, the contradiction of the
paraffinic constituents makes bitumen harder and
at higher temperatures acts in contrary, compared
with the same penetration grade paving bitumen.
From another perspective, comparing the types of
bitumen, as it could be expected throughout all the
test temperature range, the 70/100 bitumen is stift-
er than both 160/220 bitumens.

In rheological tests with the DSR, the phase an-
gle is an indirect measure of how fluid the mate-
rial i1s. The more a material behaves like a fluid,
the higher the phase angle. Materials that behave
like elastic solid have a lower phase angle [35].
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The phase angle is a measure of the viscoelastic
balance of bitumen behaviour as tan 6 = G”/G’,
where G’ is the storage modulus and G” is the loss
modulus of the material [36]. According to the re-
sults shown in Fig. 8, it can be seen that while both
of the paving-grade bitumens showed the same
viscoelastic response especially after 40 °C, the in-
dustrial bitumen showed a greater elastic response
compared to paving-grade ones.

Besides the isochronal plots, Black diagrams
were also drawn to analyse the obtained rheological
data from another perspective. As Black diagrams
do not require any manipulation of the rheologi-
cal data before data representation, they provide a
quick and suitable means of identifying differences
in rheological data and the breakdown of time-tem-
perature equivalence and thermo-rheological sim-
plicity [37]. According to Fig. 9, it can be seen that
the Black diagram allows the unique rheological
characteristics of the industrial bitumen to be iden-

tified. Compared to the paving-grade bitumens, the
industrial bitumen showed the presence of an elas-
tic constituent differently compared to those pav-
ing-grade ones. A shifting of the rheological data
more towards a lower phase angle (greater elastic
behaviour) depicts this. However, compared to the
typical black diagrams of SBS, EVA, etc. it differs.
While for such those PmBs, the plots tend to lower
phase angle at higher temperatures, making a curve
plateau, here with decreasing the G*, the phase an-
gles get more close. This behaviour is also can be
seen in the isochronal plots where, at higher tem-
peratures the behaviour of bitumens were similar,
and at medium to low temperatures, the industrial
bitumen showed higher stiffness.

4.4.2. Elastic response

Multiple Stress Creep Recovery (MSCR)
test is the latest improvement to the Superpave
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Table 4

Non-recoverable compliance and recoverable strain 46 °C

Bitumen Non-recoverable compliance-Jnr (1/kPa) Recoverable strain-R (%)

0.1 (kPa) 3.2 (kPa) 0.1 (kPa) 3.2 (kPa)
Paving-grade 70/100 0.597 0.627 7.62 3.39
Paving-grade 160/220 1.466 2.202 19.09 1.57
Industrial 160/220 1.963 2.327 5.82 0.08

Performance Grade (PG) specifications and a reli-
able alternative to the G*/sin 6 parameter. The test
uses a well-established creep and recovery concept
to evaluate the binder’s potential for permanent
deformation. It was also introduced to evaluate bi-
tuminous materials at high service temperatures,
in particular, to evaluate the stress or loading re-
sistance [38]. A single MSCR test can provide
information on both the performance and level of
modification of the bitumen [39]. In the MSCR
test, using DSR, a 1-second creep load is applied
to a bitumen sample. After the 1-second, the load
is removed and the sample is allowed to recover
for 9 sec. The test is started with the application of
low stress (0.1 kPa) for 10 creep/recovery cycles
then the stress increased to 3.2 kPa and repeated
for an additional 10 cycles. The MSCR test mea-
sures the non-recoverable creep compliance (Jnr)
and percent recovery (R). Jnr (compliance) is in-
versely related to the complex modulus. The lower
the Jnr value the stiffer the bitumen. Percent re-
covery shows how readily the sample will return
to its original shape after being subjected to a load
or stress.

According to the results shown in Table 4, the
paving-grade 160-220 bitumens showed consid-
erably larger elastic properties compared to the
Industrial bitumen of the same pen grade. For the
paving-grade 70/100 bitumen, as it could be ex-
pected the recoverable strain at 0.1 kPa was less
compared with the paving-grade bitumen 160/220
and vice versa at 3.2 kPa. This could be due to the
chemical structure of this bitumen with a higher
content of asphaltene as stiffness at higher tempera-
tures, which has been shown in the upper section.

4.4.3.Viscosity

The viscosity of bitumen is its internal resistance
to flow or measure of its resistance to deformation
by either shear stress or tensile stress. Bitumen vis-
cosity is one of the most important processing and
service properties. There are various definitions of

viscosity and several testing methods to measure
it. In practice, it influences the workability and re-
sistance to mix both in pavement construction and
other industrial applications [40]. For the present
research, the dynamic viscosity of the bitumens
was tested using DSR, applying cone and plate
method (50 mm diameter was used) according to
EN 13702. The test involves the determination
of torque for a pre-set shear rate. Using a known
torque and cone factor, the testing system calcu-
lates the viscosity based on the following equation:

A-Md
n=—--
4

where: A is the cone factor expressed m=; Md is
the torque expressed in N.m; and vy is the shear rate
expressed in s

Figure 10 represents the dynamic viscosity of
the tested bitumens at two different temperatures.
According to the results it can be seen that while
the dynamic viscosity of 70/100 bitumen is signifi-
cantly higher compared to 160/220 bitumens, the
difference between the paving-grade and industrial
bitumens is not that much. This implies that from
a viscosity point of view at high temperatures, the
160/220 bitumens act similarly as has been shown
within isochronal plots and the balk diagram.

3.500

mPaving-grade 70/100  ®Paving-grade 160/220  @Industrial 160/220

3.008

3.000

2.500

2.000

1.500

Dynamic viscosity (Pa.s)

1.000

0.500

0.109 0.056
NN\ ===
150

0.000

Temperature (°C)

Fig. 10. Dynamic viscosity of Industrial bitumen vs.
paving-grade bitumens.
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Table 5
Ductility and elastic recovery
Description Standard Bitumen type
Paving-grade 70/100  Paving-grade 160/220  Industrial 160/220
Ductility (mm) ASTM D 113 113 143 112
Elastic recovery (%) EN 13398 10 21 15

4.5. Ductility and conventional Elastic recovery

The ductility of bitumen is its property to elon-
gate under traffic load without getting cracked in
road pavement construction works. Hence, it is as-
sumed that it makes the pavement more resistant
to cracks [41]. As ASTM D 113, the ductility of a
bituminous material is measured by the distance to
which it will elongate before breaking when two
ends of a piece of the material (in a special form),
are pulled apart at a specified speed and a specified
temperature.

The elastic recovery of bitumen is considered as
an indication of bitumen’s cohesion and potential
self-healing properties. Within conventional testing
methods, the test involves the determination of bitu-
men elasticity being the distance between the ends
of a stretched and cut sample under pre-set condi-
tions. Here, the elastic recovery of the bitumens was
determined using a ductilometer according to EN
13398. The standard is especially applicable to bi-
tuminous binders modified with thermoplastic elas-
tomers, but it can be also used with other bitumi-
nous binders, which generate only limited recovery.

The ductility and elastic recovery tests were
conducted using at least three repetitions provid-
ing an understanding of the differences between
the ductility and elastic properties of the indus-
trial and paving-grade bitumens. The test results
are shown in Table 5. According to the values, the
paving-grade 160/220 showed the highest ductility
and elastic recovery. Notably, the same behaviour
was observed via MSCR test results. As it could be
expected the paving-grade 70/100 bitumen showed
lower ductility and recovery compared to that of
160/220, which could be due to the high amount
of asphaltene.

5. Conclusions

The main objective of this study was to inves-
tigate the differences between industrial bitumens
(not the oxidized ones) and paving-grade bitumens.
For this purpose, an interdisciplinary approach was

implemented and a wide range of tests was carried
out, providing comprehensive and detailed knowl-
edge. The follows are some of the main concluding
remarks:

- Asphaltene separation showed that there is a
significant difference not only between the asphal-
tene content but also the whole chemical structure
of the tested bitumen. Not the same solvent wasap-
plicable for asphaltene separation of the bitumens.

- The comparison of the AFM images showed
this method as an efficient approach in bitumen mi-
cro-structural investigations. Apart from what the
bee structures refer to, both topography and phase
images exhibited more concentration of bee struc-
tures for the paving-grade bitumens with bigger in
size and rougher surface compared to the industri-
al bitumen with the same penetration. In addition,
for the industrial bitumen, the Peri phase (in some
references attributed to the resins) was the domain
phase, observed.

- Stress/loading behaviour of the paving-grade
and industrial bitumen in terms of non-recoverable
creep compliance (Jnr) and percent recovery (R)
was compared by MSCR test. According to the re-
sults, the paving-grade bitumen 160/220 showed
the highest elastic recovery among the tested bitu-
mens. This was in line with the conventional elas-
tic recovery and ductility tests’ results.

- The dynamic viscosity of the bitumens was
determined by means of DSR using cone and plate
set up at 2 different temperatures. The lowest vis-
cosity was always recorded for the industrial bi-
tumen, which could be related to the saturate/wax
content and asphaltene characteristics observed via
microscopic images. The results were in line with
the other rheological data and the bitumen aspects,
where the industrial bitumen showed paste-like
(toothpaste) material at medium to high levels of
temperatures.
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