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Abstract

Pavement recycling has been an important rehabilitation technique to deal with reclaimed
materials from old pavements which are usually sent to landfills. The application of this
technique contributes to: i) the accomplishment of the requirements defined by the
European legislation for the amount of material sent to landfills; ii) the reduction in the use
of new raw materials used to produce pavement layers. The reduction of materials to be
used in pavement rehabilitation has also been possible through the use of asphalt rubber
binder (i.e. asphalt modified by crumb rubber from ground tyres) in the production of
asphalt mixtures. These mixtures, named asphalt rubber mixtures, have shown an excellent
performance in pavement rehabilitation in terms of fatigue and reflective cracking. This
behaviour is based on the physical properties of the asphalt rubber which are transferred
from the rubber to the net asphalt. The use of asphalt rubber in pavement recycling
produces a binder which is a blend of the reclaimed mix binder and the new asphalt rubber
added to the reclaimed asphalt mix. This recycled binder presents properties mainly based
on recycling rates and on the binders used in recycling. The behaviour of the recycled
mixture depends on these factors. This paper presents the results of the properties
evaluated for recycled mixtures derived from the type of binder presented in the reclaimed
asphalt mix and recycling rate. The influence of the reclaimed asphalt mixes and recycling
rate was studied to optimize the behaviour of the recycled mixtures. The mechanical
performance in terms of stiffness and fatigue resistance was also evaluated for the
recycling design process.

INTRODUCTION

Hot mix asphalt recycling in plant is defined as a technique to produce hot mix asphalt in plant
with a certain percentage of reclaimed asphalt granulates as raw material. This percentage can
vary between 0 % and almost 100 %, depending on the type of plant and the type of mixture to be



produced. Recycling is the re-use of (waste) materials in the same way they had been used for
their initial purpose (PIARC, 2003). This process involves the aim of extending the life and
usefulness of something that seems to have no more purpose.

Recycling of road pavements have become effective during the last few years by the recycling of
old pavements and by the use of crumb rubber recycled from ground tyres. The recycling of
reclaimed asphalt mixtures is well known and used worldwide to recover used material and to
reduce the use of new ones. The recycling of rubber from ground tyres is also a very used process
to modify asphalt in order to produce asphalt rubber with which asphalt rubber mixtures are
obtained. These mixtures present an excellent performance in pavement rehabilitation due to the
properties of the asphalt rubber binder.

The application of asphalt rubber binder in pavement recycling is very recent. Tia and Ruth
(2003), from the USA, were pioneers in this process. They carried out laboratory investigation to
determine if the amount of crumb rubber in asphalt rubber had any adverse effects on the
recycling and recycled mix properties.

The research allowed concluding that the recycling of mixtures with 33 and 50% of reclaimed
asphalt mix are insensitive to the crumb rubber content up to 9% of the total binder. The use of
20% of crumb rubber in the binder of a recycled mixture with 40% of reclaimed asphalt mix can
be combined with 60% virgin aggregate without incurring in any significant problems in
construction and in service performance, provided that the aggregate gradation of the mixture is
properly selected.

The use of crumb rubber modifier in hot mix asphalt mixtures can be traced back to the 1940s,
when natural rubber was introduced into asphalt to increase its engineering performance. Since
the 1960s, researchers and engineers have used crumb rubber recycled from used tyres in hot mix
asphalt mixtures (Pais et al, 2008).

Considering the performance of asphalt rubber mixes, mainly in pavement overlays, pavement
rehabilitation using recycled pavements should be carried out with asphalt rubber to increase the
pavement overlay life due to reflective cracking. In this case, the existing pavement is milled and
the reclaimed asphalt mix is used to produce a new mix by adding raw aggregates and an asphalt
rubber binder.

The results presented in this work summarize part of a project in which the study of pavement
recycling with asphalt rubber is the main goal. The project studied two reclaimed asphalt mixes
to produce recycled mixtures in which the raw materials are composed of new aggregates and
asphalt rubber. The main goal of this project is the study of the performance of recycled mixtures
for several design parameters, such as asphalt rubber properties, recycling ratio and reclaimed
asphalt characteristics. The performance of recycled mixes will be evaluated through fatigue,
permanent deformation and reflective cracking resistance. The last two properties will be
evaluated afterwards.

The part of the project presented in this paper shows: 1) the characterization of the reclaimed
asphalt mixtures; ii) the design of the asphalt rubber to be used in the recycling; iii) the prediction
of the recycled binder properties (i.e. the binder resulting from the addition of the asphalt rubber



to the binder of the reclaimed asphalt mixture); iv) the evaluation of the mechanical properties of
the recycled mixtures in terms of stiffness and fatigue resistance.

RECLAIMED ASPHALT MIXTURES

For this study two sources of reclaimed asphalt mixtures were obtained from two different
pavements under rehabilitation. The materials correspond to old wearing courses milled by the
traditional process resulting in a material with an aggregate gradation different from the one used
to produce the original material. Due to the climatic influence, the binder presents characteristics
that are different from those of the original binder, mainly in terms of stiffness. The reclaimed
asphalt mixtures, F1 and F2, were tested in laboratory in order to characterize their physical
properties, i.e. aggregate gradation and asphalt content; the binder was recovered to evaluate: 1)
penetration; ii) softening point; iii) apparent viscosity. These values are presented in Table 1. The
penetration of the recovered asphalt was reduced from a 35/50 pen to a 10/20 pen. The different
penetrations of F1 and F2 asphalt have some influence in the recycled mixture, once the asphalt
stiffness of F1 asphalt is about 50% higher than one of F2 asphalt. The other characteristics are
identical in both materials.

Table 1 — Characteristics of recovered asphalt of the reclaimed mixes

Recovered | Penetration | Softening point | Viscosity
asphalt (mm/10) (°C) (cP)
F1 12 68 275
F2 18 65 313

The aggregate gradation of the reclaimed asphalt mixes, after extracting the asphalt, is presented
in Figure 1 together with the gradation limits for the recycled asphalt rubber mix, which is a
typical gap-graded asphalt rubber mix.
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Figure 1 — Aggregate gradation of reclaimed mixes, recycled mix specification
limits and final mix



The aggregate gradation curves for F1 and F2 reclaimed mixes exhibit a continuous gradation
characterized by the presence of a significant amount of fine aggregates if compared to the
gradation of the gap-graded mix used to produce the asphalt rubber mix of this work. F1
reclaimed mix presents more fines than mix F2, what will affect the design of recycled mixes.

The calculation of the recycling ratio, i.e. the amount of reclaimed material used in the
production of the recycled mixture, allowed concluding that for F1 material the recycling ratio
can reach 30% and for F2 material the recycling ratio can reach 45%.

Reclaimed asphalt mix F1 presented an asphalt content of 5.9% (in relation to the total weight of
the mix) obtained by the ignition method, whereas the F2 material exhibited an asphalt content of
5.0%.

DESIGN OF THE ASPHALT RUBBER

The design of the asphalt rubbers to be applied when recycling the reclaimed mix considered two
types of binders: a) 35/50 pen asphalt; b) 50/70 pen asphalt. These binders are the ones adopted
in Portugal for the different temperature conditions in the country. Due to the climatic conditions
the 35/50 pen asphalt is the principal binder used for all types of asphalt mixes applied in
pavement construction and rehabilitation. The 50/70 pen asphalt is used for pavements in the
coldest parts of the country.

The main characteristics of these binders (penetration, softening point and apparent viscosity) are
presented in Table 2. The 35/50 pen asphalt used in this work exhibits a softer behaviour
compared to the typical 35/50 pen asphalt as the penetration of the binder used is near the
maximum limit of this property.

Table 2 — Characteristics of the new asphalt used in this work

Asphalt Penetration | Softening point | Viscosity
type (mm/10) °C) (cP)
35/50 48 54 172
50/70 56 52 230

The crumb rubber from waste tyres used in this study was obtained through the cryogenic
process. The rubber gradation was tested following the requirements of ASTM C136 and the
Greenbook recommendations. The rubber used followed the ADOT requirements type B namely
with a grain gradation between 0.18 and 0.6 mm.

In accordance with the materials defined above, eight types of asphalt rubber were produced, four
for each asphalt type. For the 50/70 pen asphalt, the content of crumb rubber was 18, 20, 22 and
24%. For the 35/50 pen asphalt, the content of crumb rubber was 18, 19, 20 and 21%. The
difference in the content of crumb rubber used in these two asphalts results from the fact that the
50/70 is softer than 35/50 pen asphalt. The softer binders can be mixed with more crumb rubber
without increasing the viscosity of the asphalt rubber.



The different types of asphalt rubber were produced in laboratory at a temperature of 175 °C, a
digestion time of 45 minutes and tested in relation to penetration, softening point, resilience and
viscosity. The results of the design of the crumb rubber are shown in Table 3 and represented in
Figure 2 where it is observable that the increase of crumb rubber reduces penetration: the more
content of crumb rubber, the harder asphalt rubber becomes. The same conclusion may be drawn
for viscosity and softening point. In terms of resilience, the increase of the content in crumb
rubber produces a more elastic asphalt rubber.

As expected these two types of asphalt used to produce the asphalt rubber produce different final
products. The main difference between them appears from the fact that 50/70 pen asphalt allows
adding about 1% more crumb rubber than 35/50 pen asphalt.

The design of asphalt rubber intends to define the crumb rubber content necessary to produce
asphalt rubber. The main reason for choosing crumb rubber is because of the viscosity of asphalt
rubber, as it is important in order to ensure a correct mixing of the binder with the aggregates and
a correct compaction of the final mix.

Table 3 — Asphalt rubber characteristics

Asphalt Asphalt Rubber | Penetration | Softening point | Viscosity Resilience
rubber type content (mm/10) (°C) (cP) (%)
Al 50/70 18% 22 67 2013 53
A2 50/70 20% 21 71 2758 58
A3 50/70 22% 20 73 4975 61
A4 50/70 24% 19 78 8537 64
Bl 35/50 18% 22 69 2104 55
B2 35/50 19% 21 71 2705 56
B3 35/50 20% 19 73 3533 56
B4 35/50 21% 19 73 5229 59

The production of asphalt rubber mixes is mainly made by using the continuous blend process, in
which asphalt rubber is produced near the asphalt mix plant with the help of specific equipment,
and supplied to the asphalt mix plant in accordance with needs. To reach the asphalt mix plant,
asphalt rubber needs to have a specific viscosity to be pumped appropriately. Present equipment
can supply asphalt rubber with a viscosity inferior to 5000 cP.

Based on the obtained results, a content of 22% crumb rubber may be used to produce asphalt
rubber with 50/70 pen asphalt, as it was used in this study (asphalt rubber A3). For the 35/50 pen
asphalt, only 20% crumb rubber can be used (asphalt rubber B3).

An analysis of Figure 2 allows the conclusion that the influence of the content in crumb rubber is
more significant to values which are higher than 18%. From this value viscosity increases
exponentially and no more than 3% to 5% of crumb rubber can be added. The influence of the
content of crumb rubber on the other asphalt rubber characteristics follows a linear trend.
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RECYCLED BINDER

The next phase of this work aimed at the evaluation of the characteristics of the binder resulting
from the addition of asphalt rubber to the recovered asphalt from reclaimed mixes, simulating a
recycling process. For this study both asphalt rubbers defined above (A3 and B3) were used
together with the recycling ratios previously defined. For F1 material, which allows using up to
30% of reclaimed material, three recycling ratios were defined: 10, 20 and 30%. For F2 material,
which allows using up to 45% of reclaimed material, 10, 25 and 40% recycling ratios were
defined.

The results of this study (Table 4 and Figure 3) are related to the characteristics assessed for
recycled binders, i.e. penetration, softening point, resilience and viscosity, as well as to the value
of content in crumb rubber for recycled mixes. The results related to the characterization of the
recycled binder allow the conclusion that the penetration exhibits a different trend depending on
the reclaimed material. The increase of the ratio of F1 material produced a penetration decrease
that was not expected. For the remaining characteristics, the increase of the recycling ratio
produced a decrease in viscosity, softening point and resilience, as expected, as the asphalt rubber
was modified by a conventional asphalt, in this case aged due to climatic conditions.

In practical terms, the recycled binder is a mix of recovered asphalt from a reclaimed mix in a
percentage given by the recycling ratio and asphalt rubber. Thus, the characteristics of the
recycled binder are a function of the characteristics of those two components. Relatively to



penetration and softening point, this approach can be considered valid and the characteristics of
the recycled binder can be calculated once the characteristics of the components are known. For
viscosity, due to the digestion of the crumb rubber, mainly after mixing, the calculation is not
valid. The calculated viscosity gives values 50% higher than the measured viscosity.

Table 4 — Recycled binder characteristics

. . . . .. Crumb
Asphalt rubber Recycling Penetration Solfz?lltng Viscosity | Resilience rubber
Reclaimed Asphalt ratio (mm/10) °C) (cP) %) co(r;/‘tgnt
A3 10% 19 72 3484 53 19.8
F1 20% 18 72 2816 48 17.6
30% 15 74 1430 47 15.4
B3 10% 19 73 2512 49 18.0
F1 20% 18 72 1549 44 15.0
30% 16 70 966 42 12.0
B3 10% 22 76 2275 54 18.0
2 25% 23 75 1354 50 15.0
40% 24 70 800 44 12.0
A3 10% 20 75 3525 56 19.8
F2 25% 21 73 1946 52 17.6
40% 21 71 916 47 15.4
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Figure 3 — Influence of recycling ratio on the recycled binder characteristics

The analysis of the influence of the recycling ratio, asphalt rubber and recovered asphalt on the
recycled binder, expressed in Figure 3, allows the conclusion that any recycling ratio can be used



to produce a recycled mix because the recycled binder presents characteristics which make
possible the production of asphalt mixes. This can be mostly observed through viscosity. As the
recycling ratio increases the recycled binder remains less modified by the crumb rubber and the
expected performance of the recycled asphalt mixes will be reduced if compared with the
performance of typical asphalt rubber mixes.

RECYCLED MIXTURES

The recycled mixture with 30% of F1 reclaimed material and B3 asphalt rubber, produced with
the 35/50 per asphalt and 20% of crumb rubber, was characterized in terms of Marshall
properties, stiffness modulus and fatigue resistance for 5 binder contents (8.5, 9.0, 9.5, 10.0 e
10.5%).

The Marshall test results expressed by the stability, flow, bulk density and void content are
presented in Table 5. The Marshall stability as well as the bulk density are almost constant for all
binder contents of the recycled mixes. The only variables which exhibit some variability with the
binder content are the flow and the void content. Both variables present typical values for asphalt
rubber mixes not allowing to define the binder content for the recycled mixture.

The test procedure for stiffness and fatigue resistance for all mixtures included placement of the
specimens in an environmental chamber during 2 hours to reach the test temperature. The test
configuration employed in this study was the four-point bending test in controlled strain. In
controlled strain mode, the strain is kept constant and the stress decreases during the test.

Table 5 — Marshall test results

Binder Marshall Flow Bulk Void
content stability density content
(%) (kN) (mm) | (g/cm3) (%)
8.5 8.1 4.2 2.25 5.0
9.0 8.4 54 2.26 3.8
9.5 8.4 4.4 2.25 3.8
10.0 8.3 3.7 2.24 3.6
10.5 8.3 5.5 2.25 3.2

The frequency sweep test was used to measure the stiffness and the phase angle of mixtures when
subjected to different loading frequencies. In this study, seven frequencies were tested (10; 5; 2;
1;0,5; 0,2; 0,1 Hz) in 100 cycles. The results of frequency sweep tests to determine the stiffness
of the mixtures, conducted at 20 °C, are shown in Figure 4.
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Figure 4 — Stiffness of recycled mixtures

The stiffness of the recycled mixes increases with the decrease of the binder content and exhibits
the maximum value of 4700 MPa at 10 Hz for the mixture with 8.5% binder content. The mixture
with 10% binder content has 4000 MPa at 10 Hz, which is only 20% less than the maximum
obtained in this study.

Flexural fatigue tests were conducted according to the AASHTO TP 8-94 (Standard Test Method
for Determining the Fatigue Life of Compacted HMA Subjected to Repeated Flexural Bending).
All tests were carried out at 20 °C and at 10 Hz. The flexural beam device allows testing beam
specimens up to dimensions of 50 mm by 63 mm by 380 mm. Fatigue failure was assumed to
occur when the flexural stiffness reduces to 50 % the initial value. The fatigue tests were
conducted in strain control applying 3 different strain levels (400x10°, 600x10° and 800x10°)
and for each one 3 specimens were tested through a sinusoidal loading without rest periods.

The mixtures with 9.0%, 9.5% and 10.0% binder content were tested with only 2 strain levels.
Despite this fact, the results presented a high precision, as illustrated in Figure 5.

The analysis of this figure allows the conclusion that, as expected, the increase of the binder
content of the asphalt mixture increases the fatigue resistance. This fact allows that, in terms of
design of the asphalt mixture, the binder content can be defined as a function of the expected
traffic. However, this choice must also be based on the resistance to the permanent deformation
of the asphalt mixtures to ensure that rutting does not occur for the design traffic.
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The fatigue test results expressed in terms of fatigue law (Equation 1) are presented in Table 6, as
well as the N (fatigue life for a tensile strain of 100x10) and & (tensile strain for a fatigue life

of 1x10°).
e
¢ (1)

where: N = fatigue life;
¢ = tensile strain (10);
a, b = coefficients.

Table 6 — Coefficients of the fatigue laws

Binder content (%) a b R? Nioo 6
8.5 9.764E+19 5.419 0.966 1.42E+09 382
9.0 7.246E+14 3.574 0.865 5.16E+07 302
9.5 3.834E+22 6.163 0.859 1.81E+10 491
10.0 1.653E+22 5.940 0.895 2.18E+10 537
10.5 2.130E+19 4.941 0.998 2.79E+09 498

The fatigue resistance of the recycled mixtures was compared to the typical mixtures with asphalt
rubber. Thus, it can be concluded that they have an identical performance as the typical asphalt
rubber mixtures (Figure 6). Some differences can be found in this comparison due to the binder
content. Nevertheless, it can be established that for an average binder content of 9.0-9.5%, the
performance is identical, suggesting that recycling does not affect the fatigue performance.
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CONCLUSION

This paper presented the results of a study carried out to determine recycling of a reclaimed
asphalt mixture using as new binder an asphalt rubber. The study comprised learning about the
reclaimed material, the design of the asphalt rubber, the prediction of the recycled binder
properties and the fatigue performance of the recycled mixtures.

The design of asphalt rubber defines the crumb rubber content to be used to produce asphalt
rubber. The values obtained, 22% of crumb rubber content for 50/70 pen asphalt and 20% crumb
rubber for 35/50 pen asphalt, are the typical values for asphalt rubber. The 50/70 pen asphalt with
more crumb rubber probably will be the best solution for recycling because it will have a better
performance in recycled asphalt mixes.

The results of the characterization of the recycled binder allowed the conclusion that penetration
can exhibit different trends depending on the reclaimed material as a result of the reduced
recycling ratios.

The analysis of the fatigue results performed on the recycled mixtures allowed the conclusion
that the increase of the binder content of the asphalt mixture increases the fatigue resistance and
the fatigue resistance obtained for the recycled mixtures compares well with the typical mixtures
with asphalt rubber.
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