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Abstract

This work deals with the characterisation of the linear viscoelastic properties, closely related to its performance as road paving binder, of
ambient ground tire rubber-modified bitumen. Specifically, the influence that rubber particle size exerts on the rheological properties of these
binders has been studied. The resulting viscoelastic behaviour has been compared with that shown by unmodified and polymer-modified
(SBS) bitumens. In total, an unmodified bitumen, five ground tire rubber-modified and three polymer-modified (SBS) bitumens have been
studied. Rubber-modified bitumens show improved viscoelastic characteristics and, therefore, higher viscosity than unmodified binders.
Consequently, enhanced resistance to permanent deformation or rutting and low-temperature cracking should be expected in ground tire
rubber-modified bitumens. In addition, rubber-modified bitumen (9 wt.%) shows very similar linear viscoelastic properties to SBS-modified
bitumen having 3wt.% SBS at10°C, and 7 wt.% SBS at 75C.
© 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction A limited number of polymers have been used as modify-
ing agents. However, the high cost of these polymers com-
Bitumen has been widely used as an adhesive materialpared to bitumen means that the amount of polymer needed
in pavement mixtures, surface dressing, bridge deck water-to improve pavement performance should be as small as pos-
proofing, overlays and the protection of buildings, for ex- sible [9]. This major restriction could be avoided by using
ample waterproofing roof and joint and crack seals. This recycled polymers, such as granulated tire rubbers.
is because asphalt is strong, readily adhesive, highly water- From an environmental and economic standpoint, the use
proof and durable [1]. In general, the components of bitu- of ground tire rubber as a bitumen-modifying agent may
men can be broadly categorised as maltenes and asphaltenesontribute to solving a waste disposal problem and to im-
The viscoelastic properties of bitumen, and consequently its proving the quality of road pavements. Two different ground
performance as a road paving binder, are dramatically in- tire rubbers may be obtained depending on the temperature
fluenced by the ratio between the asphaltene and maltenedf the process: (A) ambient ground rubber, which is obtained
fractions [2—4]. at room temperature and has a sponge-like surface that, con-
There are several major distresses of road pavement re-sequently, has a large surface area, which increases the re-
lated to bitumen properties. Since bitumen is a viscoelastic action rate with bitumen. (B) cryogenically ground rubber,
material, its rheological properties are very sensitive to which is obtained at or below the embrittlement tempera-
temperature as well as to the rate of loading. With respect ture of the rubber, and produces clean flat surfaces, which
to temperature, the most frequent problems of road pave-reduce the reaction rate [10].
ment are rutting, fatigue cracking and thermal cracking Different studies have noted the relationship between the
[3]. Polymer modification has beneficial effects on bitumen rheological characteristics of asphalt binders and field per-
binders and therefore on road pavements: decreased therformance [11], illustrating the importance of understand-
mal susceptibility and permanent deformation (rutting) and ing the rheological behaviour of bitumen. Bitumen is a
increased resistance to low-temperature cracking, since theéNewtonian fluid when handled and mixed with mineral ag-
binder undergoes a decrease in its effective glass transitiongregates at high temperatures. The linear viscoelastic region

temperature [3-8]. describes the resistance of the bitumen to traffic loading (rut-
ting and cracking due to fatigue) [4].
* Corresponding author. Tel:34-95901-7421; fax:+34-95901-7477. The main objective of this work has been to study the
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To this end, the effect that particle size exerts on the that no structural modifications occurred during the time

linear viscoelastic properties and flow behaviour of these required for each test. Measurements were done in a tem-

binders has been studied. Their rheological characteristicsperature range betweefil0 and 75C. Flow measurements

have been compared with those shown by unmodified andat 50°C were conducted in Haake RS150 rheometer, using

polymer-modified (SBS) bitumens. a profiled plate-and-plate geometry (20 mm diameter; 1 and
2mm gap).

2. Experimental
3. Results and discussion
An unmodified bitumen 60/70 penetration grade, supplied
by Construciones Morales, S.A. (Spain), three SBS-modified 3 1 |nfluence of processing temperature
(1, 3 and 7wt.% SBS) bitumens and five ground tire

rubber-modified bitumens were tested in this study. Prior to studying the influence of processing variables on
Styrene-butadiene-styrene triblock copolymer (SBS), the viscoelastic properties of modified binders, the effect
Kraton D-1101CS, provided by Shell Chemical Company of processing conditions on the unmodified bitumen used
(UK) and ambient ground tire rubber, M35 (Table 1), do- was investigated. Fig. 1 shows the frequency dependence
nated by Alfredo Mesalles, S.A. (Spain) were used as mod- of the viscoelastic functions, storag&’] and loss G”)
ifying agents. The commercial ground rubber, M35, had moduli at —10°C for bitumen 60/70 and the evolutions
a mean particle diameter of 0.63mm and a wide particle of ahove-mentioned functions when this material was pro-
size distribution. Five rubber fractions (0.1, 0.29, 0.35, 0.63 cessed at 180C and 1200 rpm (bitumen 180). As may be
and 0.74mm mean diameters) were separated by screeningeen, both samples show higher values of the loss modulus in
from sample M35. The morphology of the rubber particles the |ow-frequency region, compared to the storage modulus.
was observed with a Jeol JSM-5410 scanning electron mi- By contrast, higher values of the storage modulus are found
croscope (20kV and 7560, using samples coated with gt high frequencies. As a consequence, for both samples, the
gold to avoid charging. Modified binders were processed storage and loss moduli undergo a continuous increase with
for 1.5h in an open low-shear batch mixer at 180and a  frequency and reach a cross-over point at an intermediate fre-
rotating speed of 1200 rpm. An unmodified bitumen (60/70) quency. This cross-over frequency is of the order of 0.3 rad/s
sample was also submitted to these processing conditions. for hitumen 180, and 0.7 rad/s for bitumen 60/70. However,
In order to analyse rubber devulcanization and depoly- the values of the storage modulus at the cross-over fre-
merization due to processing, rubber-modified bitumen was quency are approximately the same in both casd©{ Pa).
dissolved in tetrahydrofuran (THF). The insoluble particles pMost of the bitumen components are of low molecular
(remaining rubber with particles of carbon black, etc.) were \yeight, so that entanglement effects are not significant and,
removed by filtration using Albet 150 filter papers (3»% therefore, a continuous transition from the elastic (glassy)

pore size). THF was removed from the soluble fraction in tg the Newtonian region takes place by decreasing the fre-
a vacuum oven at 5@. Previous analysis carried out with  quency [4].

fresh (non-processed) crumb rubber showed that 11 wt.% of ag may be seen in Fig. 1, the processing conditions, to

its components were soluble in THF (Tables 1 and 2). Such yhjch bitumen 180 was submitted, give rise to an increase in
components would correspond to process oils, plasticizerspoth moduli in comparison with bitumen 60/70, although the
and other tire rubber additives. resulting viscoelastic curves display a similar shape. Hence,

Frequency sweep tests, between 0.01 and 100rad/sthermal treatment favours bitumen hardening or “primary
in the linear viscoelasticity range, were performed in a ageing” [12].
controlled-stress Haake RS150 rheometer, using profiled Rather different viscoelastic behaviours were found at
plate-and-plate geometries (10 and 20 mm diameter; 1 and75°C (Fig. 2). Thus, both samples exhibit higher values of
2mm gap). Stress sweep tests, at the frequency of 1Hzthe loss modulus than the storage modulus in the experi-
were previously carried out on each sample to determine mental frequency window, having’ and G” slopes close
the linear viscoelasticity region. Time-sweep tests, at a con-
stant stress and frequency, were also performed to confirmTable 2

Remaining insoluble rubber after bitumen processing

Table _1 " Sample (9wt.%, 180C) Insoluble rubber (wt.%)
Chemical composition for fresh crumb rubber (non-processed)
M ial ” 0.10mm 85
aterial wt.% 0.20mm 86
Total rubber hydrocarbon 50+ 5 0.35mm 85
(natural and synthetic rubber) 0.63mm 85
Carbon black 32t 3 0.74mm 86
THF extractable 1¥3 Fresh crumb rubber 89

Ash 4+ 2 (non-processed)
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Fig. 1. Evolution of the storage and loss moduli with frequency-20°C for different bitumens.

to 2 and 1, respectively, as corresponds to the Newtonianbitumen 180. Similar results have been also shown by other
or terminal region of the mechanical spectrum. These authors [14].

results demonstrate the predominantly viscous character- An increase in the storage modulus (which contributes
istics of these materials at 7&. At this temperature, to the increase in viscosity) improves asphalt performance
the differences between bitumen 60/70 and bitumen 180 at high temperature, such as permanent deformation or rut-
samples are even more important. Thus, the processeding [15-17]. On the other hand, such an increase may
sample shows higher values of both moduli in the whole favour low-temperature cracking, as a result of brittle frac-
frequency range. Bitumen hardening or primary ageing, ture of the glassy bitumen matrix, which would appear at
as a consequence of processing, results from the partialhigher temperatures after processing at AB8(3-8]. As
oxidation of the maltene fraction, leading to an increase a consequence, a suitable modifying agent should reduce
in asphaltene concentration [13], in this case from 20.2 the values ofG’ at low temperatures and increase them at
to 21.2wt.% This fact was also confirmed by the increase high temperatures [18-21]. In the following sections, the
in zero-shear-limiting viscosityyo, found at 50C, from use of ground tire rubber as a modifying agent will be
4.6 x 10°Pas for bitumen 60/70 t0.8 x 103Pas for  evaluated.
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Fig. 2. Evolution of the storage and loss moduli with frequency &t7%or different bitumens.
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3.2. Effect of tire rubber addition

low-temperature yields positive effects on the performance
of a road asphalt binder, since rubber addition seems to move

Fig. 1 shows the influence of particle size on the lin- the glassy region of the mechanical spectrum to a higher
ear viscoelastic behaviour at10°C of selected ground
tire rubber-modified bitumens with the same concentration would appear at lower temperatures.
(9 wt.% rubber). If we compare rubber-modified bitumens

At high temperatures (i.

frequency (or lower temperature). Hence, thermal cracking

e. &), the rheological be-

and processed bitumen (bitumen 180), it is apparent that rub-haviour shown by rubber-modified bitumens is similar to
ber addition decreases the values of both moduii Hd°C that displayed by unmodified binders (Fig. 2). Thus, they
in the high-frequency region. Such a reduction is more ev- show a predominantly viscous behaviq@”’ > G’) in the
ident as rubber particle size increases (see Figs. 1 and 3)whole frequency range studied, typical of the terminal re-
Thus, a rubber-modified bitumen with a rubber particle size gion of the mechanical spectrum. Rubber addition leads
of 0.1 mm shows values slightly lower than bitumen 60/70, to an increase in both storage and loss moduli, which is
whilst a rubber-modified bitumen with a rubber particle more important as particle size becomes larger, showing an

size of 0.7 mm shows the minimum values @f and G".
As mentioned before, a decrease in the storage modulus afrequencies (Fig. 4).

exponential increase in both moduli, more apparent at low
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Fig. 4. Evolution of the storage and loss moduli with rubber particle size at three selected frequencie€.at 75



F.J. Navarro et al./Chemical Engineering Journal 89 (2002) 53-61

The dynamic linear viscoelastic behaviour of these sys-

tems may be described by a generalised Maxwell model

(Figs. 1 and 2):

N 2
(wA;)
G =G Gi————— 1
N wA;
G’ = G —— 2
2 "1+ (wr)? @

i=1

whereGe is the elastic modulus.
This model considers a superposition of a seriell of-

57
3.3. Rheology and microstructure

The presence of insoluble rubber particles in the bitumen
after processing was confirmed by a filter test. Rubber-
modified bitumens were dissolved in tetrahydrofuran (THF),
where the only insoluble components are rubber waste con-
sisting of sulphur-cross-linked rubber-containing carbon
black [22]. A comparison of the original network (fresh
crumb rubber) with that resulting after processing provides
information on the devulcanization/depolymerization pro-
cess. As shown in Table 2, approximately 85 wt.% insoluble
rubber particles remain after processing. In comparison
with fresh crumb rubber, a slight decrease4t.%) in

dependent relaxation processes, each process having a rgpsoluble components is detected after mixing at 4B0

laxation timei; and a relaxation strengtB;. The resulting
distribution or spectrum of relaxation times may be used to
obtain the zero-shear-limiting viscosity of the materigl,

as follows:

N
no = ZGI)H'
i=1

whereN = 15 for all samples studied.

The evolution ofyg with particle size at 73C has been
inserted in Fig. 2B. Zero-shear-limiting viscosity at B
undergoes an exponential increase as rubber particle siz
(PS) does.

no = 158 &-80PS

®3)

(4)

which is not affected by particle size and must be related to
a devulcanization/depolymerization process [23]. As a re-
sult, the rheological properties of rubber-modified bitumens
would depend on both soluble and insoluble components of
ground rubber.

As may be deduced from Fig. 5, bitumen modified just by
the soluble rubber fraction, obtained by removing the insolu-
ble particles by filtration, shows enhanced viscoelastic char-
acteristics compared with bitumen 180. However, the effect
of the insoluble components is more evident, especially at
high temperatures, where the terminal or flow region of the

$nechanical spectrum appears. Hence, at high temperatures

the rheological response of the material seems to be mainly
affected by the presence of rubber particles.
Rheology of suspensions can be influenced by particle

As a result, at high temperatures, rubber-modified bitumens Brownian motion, shape anisotropy, buoyancy and sedimen-
display improved viscoelastic characteristics and, therefore, tation forces as well as a variety of interaction forces be-
higher viscosity than unmodified binders. Consequently, tween particles [24]. However, if the fluid phase surrounding
enhanced resistance to permanent deformation or ruttingthe particles has a very high viscosity (above 1 Pas), as is the
should be expected in ground tire rubber-modified bitumens. case here (see Fig. 6), then the viscous forces, imposed by
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Fig. 6. Influence of particle size on the flow behaviour of ground tire rubber-modified bitumens.

the fluid on the particles upon inception of flow are so large an exponential increase with particle size af60
that particle—particle interactions will be negligible. Conse- 34PS
. » . Ac=162¢€ (6)
guently, no long-range “structures” can build as a result of
(7)

forces between the particles, and they act as truly inert sus- 0= 2.2 x 10f g262PS
pended particles [25]. A fact confirmed by the predominant '
viscous properties shown by the modified bitumens studied Taking into account the fact that the solid volume fraction re-
at high temperature (Fig. 2). mains almost constant after processing (Table 2), an increase
In addition to this, it should be expected that the pres- jn particle size would lead to a decrease in viscosity, since
ence of the particles would increase the flow resistance of specific surface area of particles decreases as well. However,
the material, since the adhesion of the fluid at the particle— particle shape must also be taken into consideration. Thus,
liquid interface must increase the viscous dissipation in the gifferent authors found a dependence of the particle aspect
liquid [26]. This result may be also seen in Fig. 6, where ratio (length/diameter) on the viscosity of polymeric fluids
a remarkable increase in viscosity with rubber addition is [28-30] so that higher aspect ratios lead to higher viscosi-
shown. Moreover, a modification of the rheological response tjes [25,30]. Hence, the increase in viscosity observed with
is found, from a Newtonian behaviour in a wide range of jncreasing particle size would be related to an increase in
shear rates (bitumen 60/70 and bitumen 180) to a shear-the aspect ratio of the rubber. This assumption is confirmed
thinning behaviour (rubber-modified bitumens). Thus, the j, Fig. 8, which shows the rubber particle shape of two sam-
flow curves show a tendency to a constant viscosity at low ples having different size (0.29 and 0.74mm). As may be
shear ratesyo, followed by a power-law decrease in viscos-  seen, rubber particles are not spherical, furthermore aspect
ity. As a result, flow behaviour shown by rubber-modified ratio increases with particle size (from an approximate value
bitumens, is properly described by the Carreau model gf 1 2 for sample 0.29 mm to 2.9 for sample 0.74 mm).

[27]: The exponential increase iy with particle size (Fig. 7)
1m0 implies that the critical shear rate, for the onset of the
n= 1+ (hey)2)s () shear-thinning region, related to the progressive orienta-

tion of the non-spherical particles along the shear field,

where s is a parameter related to the slope of the decreases. As may be observed in Fig. 7, the slope of
shear-thinning region anédlc a characteristic time of the power-law region increases with particle size. An inter-
material, defined as. = 1/y¢, whereyc is a critical shear  esting technological result may be deduced from this fact.
rate for the onset of this intermediate region. Namely, bitumen containing the largest particle size, which

Fig. 7 shows the influence of particle size on the Carreau shows enhanced rheological behaviour at rest (in the linear

model parameters. As may be seen, bgtlandng undergo viscoelastic region and at low shear rate), also shows the
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lowest viscosity at high shear rates, where it would be han- If a SBS elastomer is added to bitumen, it absorbs part
dled and mixed with mineral aggregates at high temperatureof the maltene fraction (i.e. saturates and naphthene aro-
(around 135C). However, undissolved and undispersed matics) [20], with which the polymer is extended. Con-

crumb rubber in the bitumens may cause a high viscosity sequently, SBS-modified bitumen is a multiphase system
in the compaction temperature region (above Atpand formed by a polymer-rich phase and an asphaltene-rich
sedimentation of the rubber particles during transporting phase [20,32]. The SBS builds a three-dimensional network

and storage of the binders (163—1&1) [23,31]. in the polymer-rich phase with the swollen polystyrene
endblocks acting as physical cross-links. Depending on
3.4. SBS-modified bitumens the polymer concentration and the swelling ability of the

maltenic fraction, the polymer-rich phase may become the

Finally, it has been considered quite interesting to com- continuous one. It is apparent, from the experimental re-

pare the rheological behaviours shown by both ground sults obtained (Fig. 9), that the asphaltene-rich phase is the
rubber-modified and SBS-modified bitumens, the latter be- continuous one in the polymer-modified bitumens studied
ing widely used as asphalt binder (Figs. 9 and 10). Both in this work (up to 7wt.% SBS). Thus, the addition of SBS
bitumens show similar linear viscoelastic behaviours and to the unmodified bitumen only produces an increase in the
functions at—10 and 75C. linear viscoelasticity functions at high temperatures, mainly

(A)

Fig. 8. SEM of two ground samples having different mean particle size: (A) 0.74 mm; (B) 0.29 mm.
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Fig. 10. Evolution of the storage and loss moduli with frequency &atC7%or rubber-modified and SBS-modified bitumens.

in the low-frequency range, and a slight decrease in ther- show predominantly viscous characteristics at@pstypical
mal susceptibility, due to the fact th& and G” decrease  of the terminal region of the mechanical spectrum.
at low temperatures. As can be deduced from Figs. 9 and The effect of processing on the unmodified bitumen is to
10, 9wt.% rubber addition (0.35 mm particle size) to bitu- increase both the storage and loss moduli. This fact con-
men provides similar viscoelastic properties to those shown tributes to the reduction of permanent deformation or rutting
by 7wt.% SBS-modified binder at10°C, and by 3wt.% but it favours low-temperature cracking, as a result of brittle
SBS-modified binder at 75C. fracture of the glassy bitumen matrix.
Bitumen modification using ground tire rubber produces
a significant increase in both moduli at high temperature. On
the contrary, a significant decrease in the values of both lin-
ear viscoelasticity functions is observed at low temperature
All the modified and unmodified bitumens studied show (i.e. —10°C). This effect is more important as the rubber
a continuous transition from the elastic (glassy) to the particle size increases. As a result, rubber-modified bitumens
Newtonian region, which takes place by decreasing the show improved viscoelastic characteristics and, therefore,
frequency at low temperatures. In contrast, these materialshigher viscosity than unmodified binders. Consequently,

4. Conclusions
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enhanced resistance to permanent deformation or rutting [8] X. Lu, U. Isacsson, Fuel 76 (1997) 1353-1359.
and low-temperature cracking should be expected in ground [9] N. Akmal, A.M. Usmani, Polym. News 24 (1999) 136-140.

tire rubber-modified bitumens.
The addition of SBS to the bitumen only produces an

increase in the linear viscoelasticity functions at high tem-
peratures, mainly in the low-frequency range, and a slight

decrease in thermal susceptibility, due to the fact@iand

G’ decrease at low temperatures. Rubber-modified bitumen

(9 wt.%) shows very similar linear viscoelastic properties to
SBS-moadified bitumen having 3wt.% SBS-at0°C, and
7wt.% SBS at 75C.
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