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ABSTRACT: It is estimated that about ten kilograms of tires are discarded per inhabitant
annually. The negative impact of this residue can be reduced, since rubber can be reused as a
constituent of asphalt rubber (AR) binder in road pavements. However, the materials which
constitute the AR binders and their interaction are not sufficiently characterized. In this work
several base bitumens interacted with crumb rubber, in order to produce AR binders, which
were subsequently separated, by using a modified “Basket drainage method” to recover the
residual bitumen and rubber. EN 12591 or 14023 standards tests and the Dynamic Shear
Rheometer (DSR) were used to evaluate the changes in the properties of the binders during
AR production. The swelling and depolymerisation changes in the rubber were evaluated
through microscopic tests. It was observed that the characteristics of the base bitumen sig-
nificantly affect the rubber and the AR binder properties (mainly for interactions with softer
bitumens).

1 INTRODUCTION

The introduction of crumb rubber in the production of Asphalt Rubber (AR) mixtures
for road pavements should be considered as a sustainable technology which transforms an
unwanted residue into a new bituminous mixture highly resistant to fatigue and fracture.
However, the addition of rubber into a bituminous mixture increases its complexity. Hence,
it is essential to carry out a study to understand the interaction between its constituents, in
order to optimize the performance of AR mixtures.

The main objective of this study is to evaluate the properties of the AR binder components
(base bitumen and rubber) and their influence in the functional and rheological properties of
the AR modified binder. Another objective of this research is to assess the changes that occur
in the base bitumen and in the rubber after their reciprocal interaction in the process of the
AR binder production. Finally, this work also aims to establish the relationship between the
rheological and functional properties of AR binders.

2 LITERATURE REVIEW ON BITUMEN AND RUBBER INTERACTION

At present the pavement technology and the evaluation of bituminous mixtures are essentially
based on empirical-mechanist studies. Frequently, the materials that constitute asphalt pave-
ments are not sufficiently characterized, more specifically concerning their physicochemical
constitution, their rheological properties and their mutual interaction at a microscopic scale.

Therefore, it is essential to develop the knowledge about the interaction between the constit-
uents of bituminous materials used in flexible pavements by carrying out their characterization
at a microscopic level, so as to understand their macroscopic structural and functional behav-
iour. This additional study becomes more significant for modified or unconventional mixtures
due to their complexity (e.g. Asphalt Rubber). Actually, beyond the traditional constituents
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of the bituminous layers of the pavements, the use of crumb rubber (recycled from used tires)
should be studied as a form of environmental protection and as a pavement performance
enhancer.

When crumb rubber is blended at high temperatures with bitumen to produce a modified
binder (i.e. wet process), the two materials interact once bitumen components migrate into
the rubber causing it to swell (Bahia and Davies, 1994). Initially, the interaction between
crumb rubber and bitumen is a non-chemical reaction, where the rubber particles are swollen
by the absorption of the aromatic oils of bitumen (Heitzman, 1992).

Absorption of bitumen components by the rubber inevitably depletes the bitumen of the
absorbed components and, consequently, modifies its properties, by making it stiffer and
more brittle (Singleton et al. 2000, Artamendi et al. 2002, Airey et al. 2003). Furthermore,
the rubber particles may also suffer some form of degradation (mainly devulcanization and
depolymerisation) when they are mixed with bitumen at high temperatures for prolonged
periods of time (Billiter et al. 1997a, Billiter et al. 1997b, Zanzotto et al. 1996). The extent of
swelling and degradation depends on the nature of the rubbers, the chemical composition of
bitumen and the mixing conditions of time, temperature and degree of agitation. In addition,
these processes will determine the mechanical properties of the crumb rubber modified bind-
ers (Abdelrahman & Carpenter, 1999). The asphalt rubber binders are very asphalt depend-
ent: lower saturates and asphaltenes contents improve the asphalt capacity to dissolve rubber
(Billiter et al. 1996).

Blending crumb rubber into asphalt is believed to improve its elastic and energy absorption
properties, which are directly related to the resistance of the binder to cracking and rutting
failures (Gopal et al. 2002). Bahia & Davis (1995) concluded that the impact of crumb rub-
ber content (2-20%) on the reduction of stiffness at low temperature (20 to 0°C) is a linear
function of the rubber content and independent of the rubber source and that the lower the
stiffness of the asphalt, the less significant the effect of the rubber. The addition of crumb
rubber improves the resistance of asphalt binders to low temperature cracking. Optimum
crumb rubber contents must be determined for each crumb rubber size and asphalt binder
(Gopal et al. 2002).

The use of low penetration grade bitumens in asphalt-rubber mixtures reduces the rate and
the amount of swelling of the crumb rubber particles. However, any changes in the rheologi-
cal properties of the binder following rubber-bitumen interaction could result in the binder
becoming embrittled (losing flexibility and capacity to resist cracking and fretting). The use
of high penetration grade bitumen will increase the rate and the amount of rubber swelling
and therefore the shape and rigidity of the rubber. However, the binder should still have
sufficient flexibility following the rubber—bitumen interaction to resist cracking and fretting
(Airey et al. 2003). The basket drainage bitumen absorption method was found to be a simple
and effective way to monitor rubber-bitumen interaction. The crumb rubber particles absorb
bitumen and swell when added together at mixing temperatures. The rate and amount of
absorption is mainly dependent on the test temperature and complex chemical nature of bitu-
men, but only marginally dependent on the bitumen type and grade. In addition to normal
oxidation, the residual bitumen experienced further changes in mechanical and rheological
properties in terms of increase in stiffness, elasticity, viscosity and reduction in penetration
(Rahman, 2004).

Rheology is the science that deals with the deformation and flow of matter. The rheo-
logical characteristics of bitumen at a particular temperature are determined by the
constitution (chemical composition) and the structure (physical arrangement) of the
molecules. Any changes in the constitution, structure or both will result in changes in
the rheology. Thus, to understand changes in bitumen rheology, it is essential to under-
stand how the structure and constitution of bitumen interact to influence its rheology
(Read & Whiteoak, 2003).

Asphalt rubber (wet method) is a very special binder if compared to others. Extremely
low phase angles at high temperatures/low frequencies and relatively high phase angles and
low stiffness at very low temperatures/high frequencies make it a very interesting binder
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(van de Ven & Jenkins, 2003). The addition of crumb rubber to bitumen decreases the
elastic and viscous moduli at low temperatures and, therefore, it causes an increase in binder
flexibility. On the contrary, at high temperatures a significant increase in both moduli and
a notable drop in the loss tangent values result in a more elastic binder. Furthermore, it
can be deduced that the thermal susceptibility of the binder is clearly reduced as a conse-
quence of rubber addition. Consequently, enhanced resistance to permanent deformation,
low-temperature and fatigue cracking should be expected in the resulting asphalt rubber
mixtures (Navarro et al. 2005).

3 ASPHALT RUBBER PRODUCTION, SEPARATION
AND CHARACTERISATION

3.1 Bitumen selection, sample preparation and crumb rubber selection

A single source of petroleum was used in the experimental work with the aim of reducing
the number of factors that can influence the analysis of the results. Four types of bitu-
mens, with penetrations varying between 10 and 200 dmm, were collected from the same
distillation column, intentionally selected to represent the usual commercial bitumens (pen
grades 10/20, 40/50, 60/70 and 150/200). These bitumens were combined in different propor-
tions, as indicated in Table 1, in order to obtain sixteen different samples of bitumen for
characterisation.

According to the supplier (RECIPAV), the crumb rubber used in this work was obtained
by the cryogenic process and was grinded from 30% of truck tires and 70% of car tires. The
supplied rubber was sieved in laboratory, in order to obtain and use only the fraction of rub-
ber that went through the sieve ASTM #20 (0.850 mm) and retained in the sieve ASTM #40
(0.425 mm).

Table 1. Proportions of commercial bitumen used to obtain the
sixteen samples of bitumen.

Commercial bitumen used to produce the samples (%)

Bitumen

Sample 10/20 40/50 60/70 150/200
A 100 0 0 0
B 75 25 0 0
D 25 75 0 0
E 0 100 0 0
F 0 75 0 25
G 0 50 0 50
H 0 25 0 75
1 0 0 100

J 25 0 75

K 50 0 50

L 75 0 25

M 0 0 0 100
N 0 0 25 75
(0] 0 0 50 50
P 0 0 75 25
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3.2 Production and separation of the asphalt-rubber binder

The asphalt-rubber binder production facility consisted of an electric heating device in which
the aluminium containers with the bitumen were placed. A wire basket (# 0.420 mm) was
also placed inside the container in order to allow the final separation between rubber and
bitumen constituents (rubber particles were retained in the basket). The procedures for the
production of the asphalt rubber binder and for the separation of its constituents were the
following:

— Heating of 1 kg of each base bitumen at 180°C and collecting of a sample (BASE);

— Introduction of 17.5% of crumb rubber (CR) by mass of asphalt rubber;

— Continuous heating of the asphalt rubber binder at 180°C for 60 minutes (digestion time)
while stirring the binder at a velocity of 230 rot/min (Fig. 1);

— After finishing the production period, a sample of asphalt rubber (AR) were collected;

— Suspension of the wire basket with the AR binder in an oven at 180°C for 15 min, so as to
separate its constituents, and collection of a sample of the dry recovered rubber (RR) and
of the residual bitumen (RES) (Fig. 2);

— The recovered rubber was washed with toluene for further analysis;

— The residual bitumen was dissolved in toluene and filtered to reclaim some residual rubber
particles (FR) eventually suspended in the residual bitumen.

3.3 Analytical determinations

The characteristics of the materials involved in the production of AR, crumb rubber and
bitumen, were assessed in this work by using several test methods carried out on the sam-
ples of binder (BASE, AR, RES) and rubber (CR, RR, FR) collected during the previous
procedures.

Following the EN 12591 and 14023 standards, the characteristics of the different samples
of binder (BASE, AR, RES) evaluated in this work were the penetration (PEN) at 25°C

Figure 1. Production of the asphalt-rubber binder.

Residual
Bitumen

Figure 2. Separation of the AR binder in its constituents (residual bitumen and recovered rubber).
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(following the EN 1426 standard), the softening point, also known as ring and ball (RB)
temperature (following the EN 1427 standard) and the dynamic viscosity (DV) at 180°C, by
using a rotating spindle apparatus (following the EN 13302 standard). The elastic recovery
(ER) was also assessed in accordance with the ASTM D5329 standard, but only for the AR
modified binder. In order to determine the behaviour of all the binders (BASE, AR, RES)
at different temperatures (operating, application and mixing temperatures) and frequencies,
they were tested in a Dynamic Shear Rheometer (DSR) capable of measuring their rheologi-
cal properties (in accordance with the EN 14770 standard).

The characteristics of the different samples of rubber (CR, RR and FR) were evaluated by
carrying out solubility and microscopic (MIC) tests in the rubber particles before and after the
interaction with the bitumen (to study the changes occurred in the production of the AR).

The analytical research performed in this work is systematized in Table 2.

The rheological properties of the binders were measured in a rotational DSR with parallel
plate sample geometries of 40 mm and 1 mm gap. The rheometer was set up to test in an oscil-
latory mode to guarantee a dynamic response from the specimen, ensuring that the specimen
was tested in the linear region over the temperature (25 to 180°C) and frequency range chosen
(0.1 to 10 Hz). Preliminary tests were carried out at different temperatures and frequencies,
in order to select stress values at which the binders are in the linear range. The stress values
selected to carry out the DSR tests varied between 1000 Pa at 25°C and 3 Pa at 180°C.

The DSR tests began at the lowest selected temperature and frequency and continued to
the highest. During the test, the selected oscillatory shear stress was applied to the specimen
and the torque (1) and angular rotation (0) values were measured, as well as the resulting
shear strain.

The final results of the test involved the determination of the standard of the complex shear
modulus (|G*|—ratio between peak stress and peak strain), the phase angle (8 - phase dif-
ference between stress and strain), the viscosity and the G*/sen(d) (equivalent to |G*|/sen(d))

Table 2. Analytical determinations carried out in this work.

Analytical determinations

Sample PEN, RB and DV tests ER tests MIC tests  DSR tests

Rubber CR

A BASE, AR, RES AR RR, FR BASE, AR, RES
B BASE, AR, RES AR BASE, AR, RES
C BASE, AR, RES AR

D BASE, AR, RES AR

E BASE, AR, RES AR RR, FR BASE, AR, RES
F BASE, AR, RES AR

G BASE, AR, RES AR

H BASE, AR, RES AR

I BASE, AR, RES AR RR, FR BASE, AR, RES
J BASE, AR, RES AR BASE, AR, RES
K BASE, AR, RES AR

L BASE, AR, RES AR

M BASE, AR, RES AR RR, FR BASE, AR, RES
N BASE, AR, RES AR

o BASE, AR, RES AR BASE, AR, RES
P BASE, AR, RES AR BASE, AR, RES
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values of the binders over a range of test frequencies and test temperatures. Other results
of this test presented in this work were G” (storage modulus), the real part of the complex
shear modulus |G*| associated with the elastic part of the material behaviour, and G” (loss
modulus), the imaginary part of the complex shear modulus associated with the viscous part
of the material behaviour.

4 RESULTS AND DISCUSSION

4.1 Rubber characteristics and changes observed during the AR production

Initially, the crumb rubber solubility was assessed according to ASTM D 6814-02 standard,
in order to indirectly evaluate the depolymerisation potential of the studied rubber after
interacting with bitumen. Two solvents were used in this test, toluene and cyclehexane, being
the crumb rubber mass loss equal to 10.9% and 10.7% respectively (low depolymerisation
potential).

The crumb rubber particles collected during the AR production, before (CR) and after
(RR and FR) interacting with different types of bitumen, were cleaned with toluene and
analysed by microscopic methods. The results of the microscopic analysis of the rubber that
have interacted with the four commercial bitumens used in this work (A, E, I and M) are
presented in Figure 3.

The differences between the initial crumb rubber particles and the recovered rubber are
evident for all the AR binders produced with the four commercial bitumens. The recov-
ered rubber particles vary in shape and size, whereas the initial crumb rubber particles are
clearly more homogeneous. These changes in the crumb rubber morphology cannot result
simply from its solubility in the solvent constituents of the bitumen, since the observed
changes are visibly superior to 11% (depolymerisation and devulcanization changes may
be occurring).

Comparing the recovered rubber particles from ARs produced with different bitumens, it
was possible to observe that the interaction with softer bitumens (M) resulted in a greater
variability in the shape and size of the rubber particles than the in harder bitumens (A),

N
Y e

¢ rubber ‘ .‘

™ . |
» % Qe ¢ ‘o
lmm‘ & mm. <&
';; [ 4 1_F1;.; MFI& '
?{"% £ ‘;‘ ! ’ .. <
- e > a” ,’f e
. 1 a( A g i &
’;@ sd " Tmm_" il | e weudl

Figure 3. Microscopic photographs of crumb rubber before and after interacting with four base
bitumens.
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suggesting that the bitumen constitution has a significant influence in its interaction with the
crumb rubber.

The clear evidence of the changes in the rubber particles properties during the AR produc-
tion can be observed in the microscopic photos of the rubber particles filtered (FR) from the
residual bitumen. In fact the size of the crumb rubber particles has inevitably changed during
the AR production, since the residual bitumens present some residual rubber particles in its
constitution although the initial rubber particles cannot pass through the wire basket.

In conclusion the crumb rubber particles interact with the bitumen in the AR production, and
the changes in the shape and size of the rubber particles are more evident in softer bitumens.

4.2 Functional characterization of the studied binders

Traditionally, bitumen is the binding material used in flexible pavements. The evolution of
technology brought new bituminous materials by using modified binders with more complex
behaviour, namely asphalt rubber mixtures modified with crumb rubber.

The functional characteristics of the different samples of binder (base bitumen—BASE,;
final asphalt rubber binder—AR; residual bitumen removed from the AR—RES) collected
throughout the AR production were assessed in this part of the work, in order to evaluate the
changes in the binder properties caused by the addition of rubber to the bitumen. Thus, the
functional characteristics (penetration, R&B and Viscosity) of the sixteen (A to P) different
base or BASE bitumens used in this study are presented in Figure 4, as well as the properties
of the corresponding AR and RES binders. The elastic recovery property is also presented
for AR binders.

The results of the different tests were very consistent with the proportions of the commer-
cial bitumen used to produce the sixteen base bitumens. Actually, the changes in the constitu-
tion of the samples (from harder to softer bitumens) originated an ordered sequence for the
evaluated functional properties, represented by a trend line in Figure 4.

For every functional property evaluated, the AR binder results presented the greatest dis-
persion, mainly due to the heterogeneity of this material.

As expected, the AR binder presented much lower penetration values and higher R&B
temperatures and dynamic viscosities than the corresponding base bitumen. However, it was
noticed that the residual bitumens (RES) had penetration values similar to the AR binders,
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Figure 4. Functional characterization of the different binders (BASE, AR and RES).
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although the R&B temperature and the dynamic viscosity of these two materials were very
different. Thus, the decrease of the AR binder penetration is greatly influenced by the hard-
ening of the base bitumen during the AR production, while the behaviour of the AR binder
at higher temperatures (R&B and dynamic viscosity temperatures) is more influenced by the
crumb rubber particles.

The R&B test is the most effective to find variations in the behaviour of the different
materials, given that it distinguish very well the several base bitumens (A to P) and the
different types of binder (BASE, AR, RES). The greatest variation of all the functional
characteristics, between the sixteen bitumens, was observed for the base bitumens (BASE).
In opposition, the functional characteristics of the AR binders produced with the differ-
ent bitumens are very similar, mainly the dynamic viscosity and the elastic recovery which
hardly vary.

The analysis of the residual bitumen (RES) characteristics demonstrated that significant
changes in the base bitumen characteristics are induced by the rubber during the AR produc-
tion, since the residual bitumen became harder and the remaining functional characteristic
were clearly different from the ones of the base bitumen (BASE).

The comparison between the several types of bitumen used to produce AR showed that
the highest variations in the functional characteristics of the binder (AR and RES binders
compared with the BASE bitumen) are obtained by softer bitumens. This result is consistent
with the microscopic evaluation of the most significant changes in the morphology of rubber
particles when softer bitumens are used to produce AR binders. Thus, even if the 150/200
bitumen (M) was not generally used to produce asphalt rubber or hot asphalt mixtures, the
experimental results showed that it presents the greatest interaction with the crumb rubber,
thus being a very good alternative to produce AR binders with final properties similar to
those of ARs made with 60/70 bitumens.

4.3 Rheological characterization of the studied binders

One of the most significant values normally used to describe the bitumen rheology is
G*/sen(d), specially in the Superpave method developed in the context of SHRP program.
Figure 5 shows the isochronal plots of G*/sen(d) of the BASE bitumen and of the result-
ant AR and RES binders at a frequency of 1.0 Hz and temperatures between 25 and
180°C for eight bitumens selected to carry out the rheological tests (A, B, E, I, J, M, O and
P). A comparative plot of the three materials (BASE, AR and RES) is also presented for
the commercial base bitumens (A, E, I and M).

The isochronal plot of the rheology of the BASE bitumens illustrates the variation of
their stiffness and viscoelastic nature with the temperature and type of bitumen evaluated.
The lines representing the rheological properties of the different BASE bitumens are in con-
formity with the previous functional characterisation, i.e. the harder bitumens with lower
penetrations and higher R&B temperature and dynamic viscosity also present the highest
values of G*/sen(d) in the rheology tests for every tested temperature. The change in the
gradient of the rheology lines demonstrates a variation in the nature of the bitumen. It is
mostly a viscoelastic semisolid material below 100°C (when the quick reduction of stiffness
results mainly from the loss of the elastic component), becoming a viscous liquid at higher
temperatures (when the stiffness decrease is a consequence of the reduction of viscosity).
At approximately 180°C the bitumen behaviour is almost independent of the bitumen type,
trending for a constant and very low value of G*/sen(d).

The isochronal plot of the rheology of the residual bitumen (RES) is very similar to one
of the new bitumen. However, the RES bitumen is stiffer (higher values of G*/sen(5), mainly
below 100°C) and the lines representing the rheology of the different RES bitumens are
closer to each other (small differences between the rheology of the several types of RES bitu-
men, since the interaction with the crumb rubber has hardened the softest bitumens). The
inflexion of the rheology curves at 100°C is less pronounced than for new bitumens, because
the transition between the semisolid and the liquid phases is not so sudden and some elastic-
ity is maintained.
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Figure 5. Isochronal plots of G*/sen(8) rheological characteristic of the studied binders at 1.0 Hz.

The analysis of the rheology of the AR binder showed that it is the stiffest material, being
the less susceptible to the change of the base bitumen type (plots are very similar) and to the
variation of temperature. In fact, the high increase in the elasticity of the AR binder at all the
studied temperatures, caused by the presence of rubber particles, totally changes the rheology
of the binder, by reducing the influence of the temperature in the nature of the binder behav-
iour, mainly for temperatures above 100°C (the AR does not totally become a viscous liquid).

Asphalt binders must have a set of characteristics, in order to allow its adequate use in road
pavement construction at different temperatures. Binders should not be very rigid at low and
medium operating temperatures (to avoid cracking distresses), but they should be sufficiently
stiff at high operating temperatures to improve their resistance to permanent deformation.
The AR binders fulfil these demands for every base bitumen used, even for the softer bitumen
150/200 (M), since the G*/sen(d) values at 25-35°C are similar to the BASE bitumens, being
much higher at 60-80°C. However, the several AR binders present elevated viscosities at high
temperatures, making the mixing and application of AR mixtures difficult.

In pavements, bituminous mixtures performance depends on the weather conditions, as
well as on the load and speed of the heavy vehicles. The influence of these parameters in the
behaviour of the asphalt binders were evaluated by carrying out rheology tests at different
frequencies and temperatures, the results of which are presented in Figure 6 for the com-
mercial bitumen .

Figure 6 exemplifies, only for one of the tested bitumens (60/70 or I), the typical varia-
tion of the rheological behaviour (G*/sen(d) value) of the different types of binder evaluated
(BASE bitumen, AR binder and RES binder). The left side illustrates the isochronal plots
(for frequencies between 0.1 and 10 Hz) of the binders from 25 to 180°C, while the right side
illustrates the isothermal plots (for temperatures between 25 and 180°C) of the same binders
from 0.1 to 10 Hz.

At 25-35°C the rheology of the different materials (BASE, AR and RES) is less influenced
by the frequency than at higher temperatures (superior to 100°C).

The rheological behaviour of the BASE and RES bitumens is similar, especially at higher
temperatures (near 180°C), although the RES bitumen has higher values of G*/sen(d) for all
frequencies at 25°C. The comparison of these two materials with the AR binder showed that,
if the temperature increases, the rheology of the BASE and RES bitumens evolves differently
from the AR binder (which is clearly stiffer).
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Figure 6. Variation of G*/sen(d) with temperature and frequency for one binder (BASE, AR and RES).

By observing the isochronal and isothermal plots of the AR binder, it is noticeable that its
rheological behaviour is analogous to that of the BASE and RES bitumens for temperatures
inferior to 100°C at all frequencies. However, for temperatures above 100°C the behaviour of the
AR binder almost becomes independent of the frequency, trending for a single value of G*/sen(d)
clearly superior to the ones of the BASE and RES bitumens (except for frequencies near 10 Hz).

Finally, by analysing the effect of the frequency in the rheology of the binders for the dif-
ferent isothermal curves, it is possible to observe that all curves have the same shape (being
almost parallel), for all the materials, for temperatures below 100°C, presenting higher values
of G*/sen(d) as the temperature reduces and the frequency increases. The influence of the
frequency is still the same for the AR binder at higher temperatures and frequencies, but for
the BASE and RES bitumens the influence of the frequency in the rheology increases sub-
stantially for temperatures above 150°C and frequencies superior to 3.0 Hz.

4.4  Comparison between the rheological and functional properties of binders

During the pavement life cycle, the asphalt binders used in bituminous materials should always
present the adequate characteristics, initially during the mixing and application phases at ele-
vated temperatures (Fig. 7), then during the operating phase, in order to resist to the weather
and traffic actions at low and medium temperatures (Figs 8, 9) and, finally, in the removal
and recycling of the distressed mixtures (this last phase was not studied in this work).

The results of the two different approaches used to assess the binder behaviour (functional
and rheological for a reference frequency of 1 Hz) will be compared next for the eight BASE,
AR and RES binders (A, B, E, I, J, M, O and P) evaluated in this study.

At mixing and application temperatures, the functional parameter measured in this work
was the dynamic viscosity at 180°C. Figure 7 compares the dynamic viscosity at 180°C with
two rheological properties measured at 180°C, the complex viscosity (77*) and the complex
shear modulus (G*). The values of G* are approximately the same of G*/sen(d) at this tem-
perature (180°C), because the phase angle (8) is nearly 90°. In fact, at this temperature the
binders behave as a viscous liquid with an insignificant elastic component.

The relations between the functional and rheological properties at 180°C represented in
the graphics of Figure 7 are nearly linear, with a similar positive slope for the BASE, AR
and RES binders. The AR binder is clearly more viscous than the BASE and RES bitumens,
being the viscosity of the AR binder less dependent on the base bitumen characteristics. The
comparison between the dynamic viscosity (functional) and the complex viscosity (rheology)
presented the best relation, being the slope nearly equal to 1 (since 1 Pa.s = 1000 cP).

At high operating temperatures causing rutting distresses, the functional parameter
measured in this work was the R&B softening temperature. Figure 8 compares the R&B
temperature with two rheological properties measured at 50 and 80°C, the n* and the shear
modulus (G*).

The set of lines presented in Figure 8 show an exponential relation between the R&B func-
tional properties of all the binders and the corresponding rheological parameters (n* and G*)
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Figure 7. Rheological vs. functional properties at production and application temperatures.
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Figure 8. Rheological vs. functional properties at high operating temperatures cause rutting.
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Figure 9. Rheological vs. functional properties at operating temperatures cause fatigue cracking.

measured at 50°C and 80°C. The range of values of the R&B results is visibly inferior to the
rheological classification, and thus the rheology axis is presented in a logarithmic scale.

At 50°C the differences between the different binders (BASE, AR and RES) are clear,
since the lines relating the functional and rheological properties of those binders are visibly
disconnected. This occurs because the softening temperature of several binders is superior
to 50°C, mainly the AR binders that only melt above 70°C. At 80°C the relation between the
functional and rheological properties can be drawn by a continuous line adjusted to all bind-
ers. Thus, the R&B temperature has a very good correspondence to the rheological properties
at 80°C. Figure 8 also confirms the previous observations that the softer AR binder is stiffer
than all the BASE bitumens, especially if this comparison is made at 80°C.

At medium operating temperatures causing fatigue cracking distresses, the functional
parameter measured in this work was penetration at 25°C. Thus, Figure 9 relates the penetra-
tion value of the several binders to two rheological properties measured at 25°C, namely the
complex viscosity (n*) and the complex shear modulus (G*).

The potential trending lines shown in Figure 9 presented the best fit to the relation between
the functional and rheological properties measured at 25°C. Apparently the relation between
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both properties is not so good at this temperature, since the dispersion of the several points
has increased (probably due to the type of rheometer used in this work). Furthermore, the
relation between the functional and rheological properties of the different types of binder
(BASE, AR and RES) cannot be adjusted by a single trending line, in opposition to the
previous relations.

The range of values of the penetration results is visibly inferior to the rheological clas-
sification, especially for the RES and AR binders, and thus the rheology axis is presented in
a logarithmic scale. Actually, the penetration values of the RES and AR binders show little
variation, being always inferior to 50 dmm. It is worth to mention that, by analysing the rhe-
ology of the different binders for the same penetration value, the RES bitumen is the stiffest
material, followed by the BASE bitumen, being the AR binder the softest material (this result
is consistent with the best fatigue cracking resistance of this material).

5 CONCLUSIONS

The main conclusions that can be drawn from the results of this work are the following:

— during the AR binder production, the interaction of the crumb rubber particles with
softer bitumens is clearly superior than with harder bitumens, and thus the morphology
of the rubber particles is clearly more influenced by softer bitumens (apparently the rub-
ber particles in contact with softer bitumens swell much more, splitting and releasing a
great amount of very small elements recovered in the residual bitumen);

— the functional characterization of binders is more effective for bitumens than for AR
modified binders, because the AR functional properties are poorly influenced by the type
of base bitumen used (especially at higher temperatures); the AR binder results present
greater dispersions, mainly because of the heterogeneity of this material;

— the 150/200 bitumen is rarely used to produce asphalt rubber, but it greatly interacts with
crumb rubber, being a very good alternative to produce AR binders with very good char-
acteristics (similar to those obtained with 60/70 bitumens) during the life cycle of the
pavement;

— the rheology of AR binders at higher temperatures (160 to 180°C) is independent from
the type of base bitumen used (trending for the same value of G*/sen(d)), although being
clearly stiffer than the BASE and RES bitumens at these temperatures (the high stiffness of
the AR binder at those temperatures makes difficult its mixing and application; the increase
of temperature beyond 160°C almost does not affect the AR rheological characteristics);

— the lowest values of G*/sen(d) for AR binders at application temperatures were obtained for
lower frequencies (apparently the compaction of AR mixtures should be carried out at low
speeds), in opposition to the softening effect of frequency for the BASE and RES bitumens;

— the relation between functional and rheological properties of binders depends on the test
temperature, being this relation very good for all the studied binders (BASE, AR and
RES) at higher temperatures (dynamic viscosity and R&B temperature), but not so good
at medium operating temperatures (penetration).
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