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Abstract

The aim of this article is the comparison of flow properties of base and polymer-modified asphalts in different
experimental modes. Various concentrations of polymers were added to base asphalt. Effect of the modification was
observed and peculiar behaviour (noticed especially in steady state measurements) was modeled.

When polymer-modified asphalts are studied in small amplitude oscillations, the obtained dynamic material functions
are not very different qualitatively from those of conventional asphalts. The situation is changed when the same
materials are studied in the strong steady shear regime (with a broad range of shear rates). In the blends of soft
(conventional) asphalt with styrene-butadiene-styrene (SBS) and ethylene-vinyl-acetate (EVA) copolymers, the shear
viscosity function exhibits a typical non-Newtonian behaviour at some temperatures. Then, at other temperatures
(depending on the polymer and its concentration), the viscosity function has a double-step shear-thinning behaviour
and, in some cases, even a small shear-thickening region can be observed. This unusual behaviour is caused by
rearrangement of a polydomain structure and detachment of flexible chains in polymer-modified asphalt. The
resulting network is responsible for the nonlinear behaviour of polymer-modified asphalts. It is shown that the
generalized rubber-like liquid model can describe this nonlinear behaviour of polymer-modified asphalts well.
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1. Introduction

It is generally agreed that asphalt has a colloidal nature. It can be fractioned by solvent fraction
methods or by thin layer chromatography into: saturates, aromatics, resins and asphaltenes (SARA) The
polarity and molecular weight of these fractions increases in the respectlve order of SARAM. It is difficult
to define the asphalt molecule the working model of such a molecule is “a system of repeatlng units of
similar composmon X-ray diffractograms of asphaltenes showed a characteristic pattern of aromatic
sheets (width, 9-15 A) stacked in layers (thickness, 16-24 A)®l. Dickie et al.” found ewdence for large
associations of asphaltene particles to gather into clusters. According to Lian et al.™ an aggregate of
asphaltene particles with adsorbed resins can form a supermicelle (10-20 nm). These can coalesce into
giant supermicelles (200-2000nm), and eventually grow into a liquid crystal (~100 000nm). The colloidal
structure of asphalt and its time evolution are controlled by the chemistry of its compounds, especially by
the asphaltenes/resin ratio. The majority of asphalt colloidal particles have a characteristic dimension of
10-15nm, and they are usually classified as multipolymers (i.e. polycondensates of random polymers with
a variety of building blocks).

Yen ™ used infrared spectra for the study of the charge-transfer characteristics of polyaromatic
molecules and associations in asphalt. Four bands located approximately at 865, 815, 760 and 730 cm™
were observed in asphalt. The first three bands correspond to aromatlc C-H out of plane bending
vibrations. The fourth band, occurrlng as a shoulder at 731-720 cm™, was assigned to in-plane methylene
rocking vibrations of paraffinic nature!® . By studying the frequency shlfts of infrared spectra of asphalt in
various solvents and complexing reagents, Yen concluded that colloidal characteristics of asphalt might
be explained through the charge-transfer nature of aromatic systems of asphaltic macrostructure.
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The study of the internal structure of asphalt is made extremely difficult by the very high viscosity of
asphalt and the complexity of its components. The studies have to be performed in a diluted solvent,
which inadvertently changes the structure of the part of asphalt with either the largest molecular weight or
the greatest polarity. Thus, the decisive evidence of the internal structure of asphalt is still lacking.

When used for paving applications, asphalt from crude oil distillation sometimes does not provide
efficient resistance towards factors influencing the quality of the pavement (temperature extremes,
imposed stress, accumulated strain, etc.). In order to enhance asphalt binder properties and widen the
service temperature e asphalt is often modified by various additives (different fillers, fibers, polymers,
etc.). Polymer modification improves mechanical properties, decreases thermal susceptibility and
permanent deformation (rutting), and increases resistance to low-temperature cracking. The most
commonly used additives are copolymers, such as SBS, EVA, etc. The wide use of this type of polymer
for modification is due to their thermoplastic nature at higher temperatures and their ability to form
networks upon cooling. It has been shown® that rheological properties may change dramatically by
modification of the base asphalt by these types of polymers.

2. Materials and Methods
Materials

In this study, a soft base asphalt (200/300 Pen grade) was modified with styrene-butadiene-styrene
(SBS) and ethylene-vinyl-acetate (EVA) polymers. Their concentration in the resulting polymer-modified
asphalts (PMA) varied from 1 to 8%, by weight. The SBS was radial with star architecture and had an
average of 3.5 arms. Its molecular weight was 150000 and the B/S ratio was 70/30.

SBS polymers consist of styrene-butadiene-styrene tri-block chains and have a two-phase
morphology, where the spherical domains are formed by the polystyrene blocks within a matrix of
polybutadiene. Polystyrene has a glass transition temperature of about 95°C, and the elastomeric blocks
of rubber have a glass transition temperature of about -80°C. The extreme difference in glass transition
temperatures and the fact that SBS exhibits physical crosslinking make this polymer very interesting for
asphalt modification.

The EVA copolymer used for asphalt modification in this study contained 25% of vinyl acetate. EVA
copolymer is created by the insertion of vinyl acetate units into the polyethylene chain, introducing
structural irregularities and causing a decrease in its crystallization ability. As a result, as the level of vinyl
acetate in copolymer increases, the level of crystallinity reduces from about 60% to 10%. As the degree
of crystallinity decreases, the number of defects in the crystals increases; therefore, the melting
temperature can change from about 100°C, for very low acetate content, to about 60°C corresponding to
an acetate content around 30% by weight. If the operating conditions are properly chosen, the EVA-
modified asphalt contains a physical network where the crosslinking units are the crystallites rich in
ethylene units®.

Instruments

The studies discussed in this article included FTIR spectrometry, viscosity and frequency sweep
measurements. These were performed on two types of instruments. The FTIR spectra were captured by a
Nexus 670 FT-IR spectrometer from Thermo Nicolet. The other two types of measurements were
accomplished with the help of an ARES 33-A rheometer (manufactured by TA Instruments), which is a
controlled strain rheometer. In this type of instrument, the desired strain is set and the stress as an output
is measured.

Methods

The samples for FTIR spectrometry were prepared by dissolution of a small amount of asphalt in
tetrahydrofuran (THF). This solution was then applied to NaCl plate to form a film thick enough so that the
absorbance at 1376 cm™ (symmetrical deformation vibration of the CH; group) would fall between 0.4 and
0.6.

The samples for rheological measurements were prepared by the melting of the asphalt in a small
container. The melted asphalt was then poured into rubberized moulds to form asphalt discs in the final
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form. After reaching the ambient temperature, the samples were moved into the freezer and then used for
measurement.

The viscosity of the asphalt was tested in a cone and plate geometry setup with the cone/plate (CP)
diameters being 25 or 50 mm (cone angle 4°), depending on the temperature used for the measurement.
The larger CP diameter was used for measurements at temperatures higher than 60°C.

When working in the dynamic mode of the instrument (frequency sweep measurements), torsional
bar geometry was chosen for measurements at subzero temperatures. In this mode, the strain applied to
the sample was very small (again, depending on the temperature), and the frequency was changed from
0.01 to 15 Hz. In the steady mode (viscosity measurements), the shear rates applied on the sample
ranged from 5x10™* to 100 s™.

The temperature interval in the dynamic measurements was from -40°C to 90°C; in steady shear
measurements, it was 40°C-90°C (in some cases, up to 130°C).

3. Results and Discussion
Fourier Transform Infrared (FTIR) Spectroscopy

Conventional asphalt is a material with a complicated structure, and there are number of theories
about the possible composition of such a complex substance. Generally, it has been agreed that asphalt
is a colloidal material, where asphaltenes are stabilized by the layer of resins, which are dispersed in the
oily phase (saturates, naphthene aromatics). When polymer is added into this structure, the task of a
clear explanation of the intermolecular relationships becomes even more challenging. This is the reason
why a series of rheological tests, accompanied by methods of physical chemistry, etc., is hecessary for
finding the best possible modifier in order to create an asphalt binder with improved engineering
properties.

One of the methods reported here is FTIR spectroscopy. Figures 1 and 2 portray the infrared spectra
of asphalts used in this study. Figure 1 displays spectra that compare the base asphalt with the different
concentrations of the SBS PMA. The typical peaks for asphalts, identified by Yen [4], are clearly visible in
the region between 900 cm™ and 700 cm™. The characteristic bands for SBS polymer are situated around
966 cm™ and 698 cm™[10]. As seen from the spectra, these peaks border four typical asphalt peaks from
both sides. The increasing concentration of polymer is clearly seen in these two bands, as well as their
absence in the base asphalt.

The characterization of the EVA PMA and its comparison with Elvax© polymer (pure EVA polymer)
and with base asphalt are presented in Figure 2, where the FTIR spectra are shown. There are two
characteristic bands for the EVA copolymer, and their location is around 1736 and 1242 cm™. Once
again, as in the case of SBS-modified asphalts, the different concentrations of EVA in asphalt can be
seen in these peaks. The typical asphalt peaks are again clearly seen.
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Figure 1: Infrared spectra: base asphalt and different concentrations of SBS in PMA.
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Figure 2: Infrared spectra: base asphalt and different concentrations of EVA in PMA and
Elvax polymer.
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Dynamic Oscillation Characterization

The linear viscoelastic properties of asphalt are often characterized by performing small amplitude
oscillations on the tested asphalt sample [11]. From the components of the complex modulus

G*(w) =G'(w) +1G"(w), the relaxation spectrum of the tested material can be determined. In the
case of Maxwell relaxation modes, the storage (elastic) (G ') and the loss (viscous) (G ") modulus are
directly related to the discrete relaxation spectrum {g;, 4} [12]:

J, A,
G'(w) = Zlg ((wi))z, "(w) = Zligz))ﬂ’; )

Other linear viscoelastic functions can be calculated by knowing the relaxation spectrumllz].

Figure 3 displays the dynamic master curve (after superposition of dynamic data measured at
temperatures from -70°C to 90°C) of the 8% SBS PMA. The bar under the figure shows the temperatures
that correspond to the reduced frequencies. The measured data are represented by symbols, and the
lines represent the fit to equations in (1). The biggest problem is usually the construction of smooth
master curves (especially for asphalt with a high content of polymer). The overall fit to the experimental
data is satisfactory, except at 50°C and very low temperatures. It is not yet clear if the latter represents
another transition, or if it is an artifact of the testing geometry. The software (IRIS ) had no problem
fitting even complicated data, such as shown in Figure 3.
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Figure 3: Master curve, 8% SBS PMA; T,=0°C.
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Steady Shear Viscosity

The classic non-Newtonian behaviour of the base asphalt is portrayed in Figure 4 — note the a long zero-
shear viscosity plateau. When a certain critical shear rate is reached, sharp shear thinning begins. The
higher the temperature is, the higher the critical shear rate. For temperatures up to 60°C, the critical shear
rate is captured in Figure 4. In this asphalt, a critical shear rate of more than 100s™ would be needed to
achieve the shear thinning at the highest temperatures.
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Figure 4: Viscosity function, base asphalt; Figure 5: Viscosities comparison, 2% SBS PMA (e),
T=40°C, 50°C, 60°C, 70°C, 80°C, 90°C. 2% EVA PMA (A); T=40°C, 50°C, 60°C, 70°C, 80°C,
90°C.

The situation is different when asphalts are modified with EVA or SBS copolymers. The viscosity
function starts to change gradually with increasing concentrations of the added polymer. Figure 5
represents this scenario, where 2% SBS PMA and 2% EVA PMA are displayed. The transition between
Newtonian and non-Newtonian behaviour is not as sharp as in the case of the base asphalt.

The effect of polymer modification starts to be noticeable with the addition of 4% of the polymer.
Figure 6 confirms this, as it shows the viscosity function of the 4% SBS PMA at different temperatures. It
is obvious that the shape of the viscosity curve is different from previous figures. At 50°C and 60°C, it
does not go through only one, but two non-Newtonian shear-thinning regions. Peculiar behaviour is seen
in Figure 7, where the 4% SBS PMA and the 4% EVA PMA are compared at 50°C and 60°C. The
viscosity of the 4% SBS PMA at 50°C shows a small shear thickening, with its peak at around 0.05 s™.
The viscosity function of this PMA has four distinct regions that were described in the Ilterature[ “and are
found in a variety of materials such as liquid crystals, mesophase carbon pitches *>*® liquid crystal
polymers 7?9 etc.

Regions of viscosity function can be seen on the example of 4% SBS PMA at 60°C.The first plateau
(“Region 0”) ends at about 0.01 s™, where “Region 1” begins. Region 1 is the first shear-thinning region.
This levels off to another (mtermedlate) plateau (“Region 27). This begins at 0.1 s™; and, the last shear
thinning (“Region 3”) starts at 1 s™
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Figure 6: Viscosity function, 4% SBS PMA; Figure 7: Viscosity function, 4% SBS PMA () and
T =40°C, 50°C, 60°C, 70°C, 80°C, 90°C. 4% EVA PMA (+); T = 50°C, 60°C.

Similar double-step shearing can also be observed in the blends of asphalt with four and more
percent of the EVA copolymer, except that it is seen at higher temperatures. The viscosities of the 4%
EVA PMA can be found in Figure 8, where four regions of the viscosity function appeared at 70°C, 80°C
and 90°C. For clarity, these are portrayed in Figure 9 in a semi-log plot.
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Figure 8: Viscosity function, 4% EVA PMA; Figure 9: Viscosity function, 4% EVA PMA; T = 70°C,
T =40°C, 50°C, 60°C, 70°C, 80°C, 90°C. 80°C, 90°C.

Figure 10 displays the viscosities of the 8% SBS PMA, where four regions are observed at temperatures
higher than 70°C.
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Figure 10: Viscosity function, 8% SBS PMA; Figure 11: Viscosity function, 8% EVA PMA; T= 40°C,
T = 40°C, 50°C, 60°C, 70°C, 80°C, 90°C. 50°C, 60°C, 70°C, 80°C, 90°C,100°C, 110°C, 120°C,
130°C.

Figures 11 and 12 display the viscosities of the 8% EVA PMA. The semi-log plot in Figure 12 shows that
these regions were shifted to even higher temperatures (T= 100°C).
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Figure 12: Viscosity function, 8% EVA PMA; Figure 13: Viscosity fit, equation (6), base asphalt;
T=100°C, 110°C, 120°C, 130°C. T =40°C.

The observed double-step shear thinning in the viscosity function of the studied PMAs is interesting
and not yet quite understood. It is plausible to assume that the role of block coPonmers is a deciding
factor in this behaviour. These materials are known to form lamellae morphology 211" The shear-induced
alignment together with the molecular architecture of the copolymer certainly play roles in the mechanical
response of the network to the applied shear and also to the temperature.

The mesoscopic models of flow-aligning Ii(iuid crystals usually lead to the viscosity function
expressed as a Carreau-Yashuda power law fluid®?. To describe a double-step shear-thinning viscosity
function, the two terms have to be used®?. Even with two terms of the Carreau-Yashuda type, it is not
possible to describe a shear-thickening part of the viscosity function, which is observed at some
temperatures in some PMAs.

As the viscosity function revealed, the network found in PMAs studied here is weak and not
permanent. The nonlinear generalization of Lodge’s rubber-like liquid model®?® was used to model
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significant nonlinear effects in transient flows of PMAs?*. We can show that this model can simulate the
above-described behaviour of the viscosity function.

Assume that the extra stress tensor, 7 , in PMA is given as:
t
r:J.M(t—t‘,I,II)C’l(t‘)dt' @)
- ~t

where, M is the nonlinear memory function, c™ (t") is the relative Finger tensor, and | and Il are the first
~t

two principal invariants of ct.
~t

For the sudden start of the simple shear (shear rate, /' ), the constitutive equation (2) yields the shear
stress component:

o t
7 =7t M(s| yt))ds+y [M(s,| ys| sds @
t 0

. 2
Note that, 1=11=3 + (7 t)? fort<0,and1=11= 3+ (t—t")? fort>t>0.

We have found out that instead of using the usual time-strain factorization of the memory function, the
transient shear experiments are better described in PMAs by the memory function written as:

M(s,7) = Z 4, (s)hy (7) @)

Hence each i-th relaxation mode has its own damping function, hi. In equation (4), 7, is the strain and
is the linear viscoelastic memory function of the i-th relaxation mode. Since the memory function g is
related to the relaxation function G, (modulus) as,

dG (s)

14 (8) = ds (5)

one can calculate the stress growth coefficient nt(t,y) = Tiy (t)/)/

by knowing G, and hi. The shear viscosity function is simply the limit of 77" for t — oo. Thus, for the

simulation of the viscosity function one needs the input functions: G, (S) and h,(| j/S ). For

example, the Maxwell relaxation modes G, = g, exp(—s/4,)

and the Osaki-Laun damping functions h, =k, exp(-¢, | j/S )+ @-k;)exp(-2 | 78 ) [27] yield:
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(6)

()

a7

are the reciprocal nonlinear relaxation times, now functions of the shear rate. With the set of input
parameters [0;, 4, ¢, B,k ]i.1,. . one can fit the data of the shear viscosity function obtained in the

base and polymer-modified asphalts. The results with only two relaxation modes are shown in Figures 13-
16, where the basic types of the viscosity function observed in the studied asphalts are fitted to equation

(6).
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Figure 14: Viscosity fit, equation (6), 4% EVA Figure 15: Viscosity fit, equation (6), 4% SBS PMA;

PMA; T = 70°C.
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Figure 16: Viscosity fit, equation (6), two modes, 8% SBS PMA; T = 80°C.
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As can be seen from Figures 13-16, the presented nonlinear model fits the viscosities very well and

can even capture all nonlinear effects, such as the shear thickening at certain temperatures.
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Conclusions

It was observed that the flow behaviour of polymer-modified asphalt is different from the one of base
asphalt. This difference (peculiar behaviour of viscosity function of PMAS) is better captured by steady
shear measurements than by dynamic measurements.

The construction of the master curves from the dynamic (oscillation) measurements did not show a
significant difference between the base and polymer-modified asphalts, as the viscosity function did.

When the viscosity function was investigated, it revealed some nonlinear effects that dynamic
measurements could not. The observed “anomalous” behaviour of the viscosity function is probably
caused by rearrangement of the polydomain structures accompanied by detachment of flexible chains,
which can temporarily join some domains.

The interrupted shear experiments, and also the investigation of the shear creep, in the discussed
materials point to a structure that is time dependent. We were able to model this type of nonlinear
behaviour successfully with the nonlinear generalization of Lodge’s rubber-like liquid model.
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